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Abstract

A model structure of the Hsc70/auxilin complex has been constructed to gain insight into interprotein
substrate transfer and ATP hydrolysis induced conformational changes in the multidomain Hsc70 structure.
The Hsc70/auxilin system, which is a member of the Hsp70/Hsp40 chaperone system family, uncoats
clathrin-coated vesicles in an ATP hydrolysis-driven process. Incorporating previous results from NMR and
mutant binding studies, the auxilin J-domain was docked into the Hsc70 ATPase domain lower cleft using
rigid backbone/flexible side chain molecular dynamics, and the Hsc70 substrate binding domain was docked
by a similar procedure. For comparison, J-domain and substrate binding domain docking sites were obtained
by the rigid-body docking programs DOT and ZDOCK, filtered and ranked by the program ClusPro, and
relaxed using the same rigid backbone/flexible side chain dynamics. The substrate binding domain sites
were assessed in terms of conserved surface complementarity and feasibility in the context of substrate
transfer, both for auxilin and another Hsp40 protein, Hsc20. This assessment favors placement of the
substrate binding domain near D152 on the ATPase domain surface adjacent to the J-domain invariant HPD
segment, with the Hsc70 interdomain linker in the lower cleft. Examining Hsc70 interdomain energetics, we
propose that long-range electrostatic interactions, perhaps due to a difference in the pKa values of bound
ATP and ADP, could play a major role in the structural change induced by ATP hydrolysis. Interdomain
electrostatic interactions also appear to play a role in stimulation of ATPase activity due to J-domain binding
and substrate binding by Hsc70.

Keywords: protein—protein docking; molecular modeling; DELPHI; solvation enthalpy and free energy;
Dnal DnaK; cyclin G-associated kinase GAK; distance-dependent dielectric; nucleotide binding; X-ray

The Hsc70/auxilin complex belongs to the Hsp70/Hsp40
family, a chaperone system best known for its role in the
heat shock response (Hsp: heat-shock protein; Hsc: heat-
shock cognate). The primary role of the Hsp70/Hsp40 chap-
erone system is to help nascent proteins fold and to prevent
protein aggregation (Fink 1999). Further study of these
heat-shock proteins and their homologs has revealed a much
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wider role for this chaperone system in both prokaryotes
and eukaryotes, carrying out such functions as protein trans-
location across membranes and multimeric protein complex
assembly and disassembly. An emerging theme for Hsp40
homologs is their role as adaptor proteins, each tailored to a
special role through the presence of target-specific domains,
and each containing a J-domain responsible for recruiting its
Hsp70 partner to the target site (Kelley 1998; Young et al.
2003). Considerably less varied than the Hsp40 proteins,
Hsp70 proteins bind tightly to locally unfolded peptides of
Hsp40-bound targets in an ATP-hydrolysis—driven process.
Understanding how J-domain containing proteins present
their specific substrates for binding by Hsp70 has been ham-
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pered for several reasons. First, the structure of the intact
Hsp70 protein is not known, although structures of its two
domains, the ATPase domain and the substrate binding do-
main (SBD), have been solved separately (Flaherty et al.
1990; Zhu et al. 1996). Without the structure of intact
Hsp70, it is unclear how ATP hydrolysis in the ATPase
domain is translated into changes in the substrate binding
properties of the SBD domain. Second, although several
J-domain structures have been solved, much less is known
structurally about the target-specific binding and interaction
of the corresponding full-length Hsp40 homologs. Finally,
although the interaction interface between the J-domain and
the ATPase domain of Hsp70 has been determined (Géssler
et al. 1998; Greene et al. 1998; Genevaux et al. 2002), this
contribution to the understanding of substrate transfer is
limited because the location of the Hsp70 substrate binding
domain (SBD) relative to the ATPase domain is not known.

Progress towards understanding the Hsp70/Hsp40 sub-
strate transfer process includes the determination of three
new structures of J-domains including their substrate in-
teracting domains (Cupp-Vickery and Vickery 2000; Kim
et al. 2001; Gruschus et al. 2004), and various experiments
indicating a large structural change in the Hsp70 protein
upon binding ATP, which is necessary for J-domain binding
(Johnson and McKay 1999; King et al. 1999; Suh et al.
1999; Jiang et al. 2000). In this study, we combine what is
experimentally known for the Hsp70/Hsp40 chaperone sys-
tem with molecular modeling to gain further insight into the
substrate transfer process. The Hsp40 homolog auxilin was
chosen as the system to be modeled system because, of all
J-domain protein structures known, its substrate binding do-
main is probably the best characterized, both structurally
and biochemically (Kelley 1998; Scheele et al. 2003;
Gruschus et al. 2004). The substrate of auxilin is clathrin,
and auxilin recruits its Hsp70 partner Hsc70 to uncoat clath-
rin-coated vesicles in an ATP-driven process (Ungewick-
ell et al. 1995; Jiang et al. 2000). Fortunately, the structures
of both domains of mammalian Hsc70 are known. Despite
considerable experimental information identifying the lower
cleft of the ATPase domain as the J-domain binding site
(Gissler et al. 1998; Suh et al. 1998; Genevaux et al. 2002),
to date, no molecular model has been produced. Therefore,
as the first step in the modeling, we have docked auxilin into
the lower cleft of the ATPase domain using molecular dy-
namics. Then, using this complex, we have explored the full
range of possible SBD docking sites. These sites are as-
sessed in terms of the interaction energetics with the
ATPase domain and J-domain, compatibility with experi-
mental observations, the amount of conserved residue sur-
face area at the interface, and the proximity of the J-domain
protein substrate interacting region to the peptide binding
groove of the SBD. The last two criteria turn out to be the
most crucial in discriminating among the SBD sites. Exam-
ining the locations of the substrate binding regions, using

2030 Protein Science, vol. 13

both auxilin and another new Hsp40 structure that includes
its substrate interacting region, Hsc20 (Cupp-Vickery and
Vickery 2000), the model complex favors placement of the
SBD on the ATPase domain surface adjacent to the invari-
ant HPD segment of the bound J-domain. Finally, we ex-
amine the role of long-range electrostatic interactions be-
tween the two domains of Hsc70 in inducing change in the
interdomain structure and in stimulation of ATP hydrolysis
upon binding substrate and the J-domain.

Results

Docking auxilin to Hsc70 ATPase

The binding interface between the J-domain and the ATPase
domain of Hsc70 has been located through a number of
mutant binding studies (Gissler et al. 1998; Suh et al. 1998;
Genevaux et al. 2002) and NMR chemical shift perturbation
studies (Greene et al. 1998; Landry 2003). Figure 1A sum-
marizes these results visually. These studies identify the
lower cleft, also called the minor cleft, of the ATPase do-
main as the binding site with the HPD loop and the preced-
ing helix comprising the J-domain interface. The lower cleft
lies between the two subdomains of the ATPase domain on
the opposite side of where the ATP binding cleft is located.

The most useful result of the mutant studies in terms of
molecular modeling is a rescue mutant pair by which loss of
function due to a D35N mutation of the DnaJ J-domain was
restored by an R167H mutation in DnaK (R171 in Hsc70;
Suh et al. 1998), where Dnal and DnaK are the Escherichia
coli analogs of mammalian Hsp40 and Hsc70. Both these
residues are invariant and found in very similar positions in
the E. coli and mammalian crystal structures (Flaherty et al.
1990; Gruschus et al. 2004). Although it is possible this
residue pair interacts through an allosteric mechanism, more
likely they lie near each other in the complex because both
residues are fully solvent-exposed in the unbound domains.
This information, combined with the other mutant binding
study results, is sufficient to orient the J-domain in the lower
cleft of the ATPase domain. Another J-domain feature that
independently verifies this binding orientation is the posi-
tive patch, a surface region of primarily positive residues
(Greene et al. 1998; Jiang et al. 2003). One expects a cor-
responding negative patch in the lower cleft region of
Hsc70, and indeed, there is such an acidic region, corre-
sponding to Hsc70 residues 199 through 234, as shown in
Figure 1B. Inserting the J-domain HPD loop and preceding
helix into the part of the Hsc70 lower cleft defined by the
mutant binding results, such that the positive patch of auxi-
lin contacts the negative region of the lower cleft, necessi-
tates R167 (R171) being placed close (<8 A) to D35
(D876).

To better characterize the lower cleft binding site, mo-
lecular dynamics (MD) was performed using as starting
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Figure 1. The auxilin J-domain/ATPase interface. (A) Summary of residues determined to be involved in ATPase/J-domain interaction
by mutation (red and yellow) and NMR (pink). The J-domain of auxilin is shown on the left, and the ATPase domain on the right, with
the interaction interface surfaces of both proteins facing the viewer. The two red residues are a rescue mutant pair; function lost by the
D35N J-domain mutation is restored by a R171H ATPase mutation in the bacterial DnaK/Dnal system (Géssler et al. 1998). ATPase
residue D206, critical for the ATP-induced conformational change of Hsp70 and part of the ATPase active site cleft, is also shown.
Residues whose mutation did not affect interaction are shown in dark gray. The J-domain residue numbers correspond to Dnal except
for K847, which is unique to auxilin. (B) Electrostatic potential surfaces at the ATPase/J-domain interface. Blue represents positive
potential; red, negative. The J-domain “positive patch” corresponds to the prominent blue area on the auxilin J-domain surface. The
ATPase domain acidic region corresponds to the red area to the left and in the bottom portion of the “lower cleft,” seen running

vertically through the middle of the ATPase surface in this view.

structures 12 different NMR structures of the auxilin Aux-
C20 construct in various initial orientations and translated 8
to 12 A away from the ATPase domain lower cleft. The
Aux-C20 construct used in the NMR structure determina-
tion contains the J-domain and the preceding clathrin bind-
ing region and is the minimal functional fragment of auxilin
required for catalytic uncoating of clathrin-coated vesicles
(Ma et al. 2002; Gruschus et al. 2004). The backbones of
both the ATPase domain and Aux-C20 were kept semirigid,
while the side chains of Aux-C20 and the ATPase side
chains of the lower cleft and surrounding residues were
fully flexible (Fig. 2; see Materials and Methods). The non-
solvated 100-psec dynamics allowed the complementary
electrostatics of the interface to redock the complex and

explored the conformational space of possible side chain
contacts between the domains. As controls, four more dy-
namics runs were performed: three with “incorrect” initial
conformations, and one with no electrostatic interactions
(see Materials and Methods).

To compare with the lower cleft binding results, six ad-
ditional potential J-domain binding sites were generated us-
ing rigid-body docking programs, three with DOT (Vakser
1995; Mandell et al. 2001) and three with ZDOCK (Chen
et al. 2003). Each program generated 20,000 decoys, which
were then clustered, filtered (including side-chain energy
minimization), and ranked by the ClusPro program (Cama-
cho et al. 2000; Comeau et al. 2004). Docking the structures
of the free Aux-C20 and free Hsc70 ATPase domain pro-
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Figure 2. Docking of the auxilin J-domain to the ATPase domain of
Hsc70. The backbone of auxilin is shown in violet, and the mesh of C*-C*
distance restraints are indicated by dashed red lines. The portion of the
ATPase domain kept fixed during the docking dynamics is shown in black,
while the backbone shown in blue is kept tethered during the dynamics.

duced no lower cleft binding sites in the 10 highest ranked
DOT and ZDOCK hits. The majority of hits lay near the
ATP binding cleft. However, when given the structures of
Aux-C20 and the ATPase domain already docked at the
lower cleft binding site by dynamics, the third highest
ranked ZDOCK structure was docked the same way in the
lower cleft, although none of the DOT structures were. The
three highest ranking hits from ZDOCK and from DOT (see
Materials and Methods) were kept for comparison with the
lower cleft binding results, and are shown in Figure 3C. To
relax side chain conformations, these six structures were
also subjected to the same dynamics as the lower cleft
bound structures described above, except that only 50 psec
of dynamics was performed instead of 100 psec because the
DOT and ZDOCK structures were already docked.
Following the MD simulations of the lower cleft site
structures, the Aux-C20/ATPase interface of each docked
structure was examined for agreement with the experimen-
tal results. In five of the structures (the “good” set), the
docked Aux-C20 conformations were quite similar and their
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interfaces consistent with the experimental data, as was the
structure docked in the lower cleft by the program ZDOCK.
For the remaining lower cleft structures (the ‘“noncon-
verged” set), there was no convergence to any similar
docked conformation, nor were their interfaces fully con-
sistent with experimental results. The main difference
between the two sets was the depth of insertion into the
lower cleft of the J-domain helix preceding the HPD loop.
A comparison of these two sets of structures is shown in
Figure 3, A and B, and convergence statistics are given in
Table 1.

Examining the MD trajectories showed that Aux-C20
typically contacted the ATPase domain in the first 2 psec
and translated very little from this point of initial contact.
Instead, Aux-C20 would pivot about this initial contact dur-
ing the following 10 psec to achieve additional contacts,
maintaining this interface for the rest of the simulation. In
the case of the seven noncontrol structures in the noncon-
verged set, it seems the initial contact was too far from the
lower cleft to allow Aux-C20 to pivot inside. During the
MD of the six structures docked by DOT and ZDOCK, the
initial docking interface was maintained and slightly in-
creased through relaxation of side chain conformations and
small rotations of Aux-C20.

Direct electrostatic and van der Waals energies of inter-
action between Aux-C20 and the ATPase domain were cal-
culated, and the averages for the good and nonconverged
sets of lower cleft structures are given in Table 1. For the
six complexes docked by DOT and ZDOCK, the energies
of interaction are given in Table 2. Electrostatic desolva-
tion enthalpies due to complex formation, calculated with
DELPHI (Nicholls and Honig 1991) are also shown, as well
as empirical estimates of desolvation free energies(Wesson
and Eisenberg 1992), based on the buried hydrophobic and
buried hydrophilic interfacial surface areas.

In terms of direct electrostatic energies, the good struc-
tures and third-ranked ZDOCK structure appear much more
favorable on average. However, the electrostatic interaction
of the second-ranked DOT structure, with the J-domain
bound in the ATP binding cleft of the ATPase domain, is
just as favorable as the lower cleft bound structures, so the
electrostatic interaction alone is insufficient to distinguish
the experimental docking site from other possible sites. The
weakest electrostatic interaction (—=35 kcal/mole) was seen
for the control structure with the J-domain rotated 180 de-
grees in the lower cleft, such that the J-domain positive
patch was on the opposite side of the cleft as the ATPase
domain negative patch. The van der Waals interaction en-
ergies are more favorable for the good set compared to the
nonconverged set, due to greater shape complementary
when the Aux-C20 J-domain is fully inserted into the lower
cleft. However, three of the DOT and ZDOCK structures
not bound in the lower cleft have larger van der Waals
interaction energies than the good set structures.
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Figure 3. The ensembles of auxilin J-domain structures docked to the Hsc70 ATPase domain. The set of docked J-domains with interfaces most consistent
with experiment, the “good” set, is shown on the left (A). The good set has the HPD-loop and preceding helix of the J-domain most fully inserted into the
lower cleft. Those docked structures not fully consistent with experiment, the “nonconverged” set including the controls, are shown on the right (B). The
three DOT (D1-3) and three ZDOCK (Z1-3) docking sites are shown in (C). The Z3 docking site corresponds to the experimentally determined lower cleft
binding site. The ATPase domain is magenta, shown with a bound nucleotide in green.

To facilitate a comparison between the structures, an ap-
proximate indicator of the relative differences in interaction
free energies is provided, given by the sum of the electro-
static, van der Waals and desolvation free energy terms. The
desolvation free energy term estimates both electrostatic
and van der Waals desolvation enthalpic contributions, as
well as entropic contributions (Wesson and Eisenberg 1992).

Table 1. Aux-C20/ATPase domain docking energies, buried
surface areas, and convergence statistics

Good set Nonconverged set
Interaction energies (kcal/mole):
A. Direct electrostatic -159+6 -93 +35
B. van der Waals 42 +7 -31+6
C. Desolvation enthalpy +183 + 12 +115 + 38
D. Desolvation free energy +124 £ 15 +93 + 17
A+B+D -76+5 -31+27
Buried interface surface (AZ):
Buried hydrophobic 606 + 162 362115
Buried hydrophilic 582 + 100 428 + 145
Buried conserved Aux-C20 239 + 67 177 + 53
Buried conserved ATPase 569 + 55 455 £ 85
Backbone RMSD (A)*
All initial Aux-C20 combined 9.4
Initial Aux-C20 by set 5.3 11.2
Final Aux-C20 by set 2.1 10.0

“ For residues 814-905 of auxilin, found by aligning the ATPase domain.
Combined and “nonconverged” set RMSD calculations did not include
control structures with purposely “incorrect” initial structures (see Mate-
rials and Methods).

The sum of terms is lowest for the lower cleft binding sites.
The desolvation term favors burial of hydrophobic surface
and penalizes burial of hydrophilic surface. The ratios of
buried hydrophobic surface are higher in the good set,
which suggests that burial of hydrophobic surface plays a
significant role in the binding of the J-domain to the lower
cleft site.

Residues located at protein—protein interfaces are more
likely to be conserved than noninterface surface residues
(Hu et al. 2000). The amounts of conserved residue surface
area buried at the Aux-C20/ATPase domain interface are
given in Tables 1 and 2. More conserved surface area is
buried for the good set structures than for the nonconverged
set. For the non-lower cleft site DOT and ZDOCK struc-
tures, even less conserved surface residue area is buried.

A number of contacts between conserved J-domain and
Hsc70 residues are observed for the lower cleft binding site
structures (Fig. 4), although each contact described here
should be considered tentative until confirmed by experi-
ment. D876 (D35 in Dnal) of the HPD loop of the J-domain
formed a salt bridge with R171 of the Hsc70 ATPase do-
main in all the good set structures, third ZDOCK structure,
and in four structures from the nonconverged set. D876 also
always ended up within 8 A of another ATPase arginine,
R155, in all the good set structures and third ZDOCK struc-
ture. Both these arginines are very highly conserved in
Hsp70 family proteins. The histidine (H874) of the HPD
loop typically formed transient hydrogen bonds during the
MD with the backbone carbonyls of Hsc70 A148 and Y 149
and the side-chain carbonyl of Hsc70 N174. One of the most
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Table 2. DOT and ZDOCK AuxC20/ATPase domain docking energies and buried

surface areas

DOT1 DOT2 DOT4 ZDOCK1 ZDOCK?2 ZDOCK 3

Interaction energies (kcal/mole):

A. Direct electrostatic -92 -149 =81 -53 -36 -149

B. van der Waals —44 -53 -28 -60 -32 =50

C. Desolvation enthalpy +112 +178 +110 +97 +58 +179

D. Desolvation free energy +93 +152 +87 +147 +74 +127

A+B+D -43 =50 =22 +34 +6 =72
Buried interface surface (A2):

Buried hydrophobic 440 533 344 516 326 758

Buried hydrophilic 498 742 404 758 437 666

Buried conserved Aux-C20 76 0 69 2 18 250

Buried conserved ATPase 302 380 294 448 352 565

interesting potential contacts, seen in all the good set struc-
tures and the third ZDOCK structure, is the salt bridge
between R867 (K26 in DnalJ) and D206 of the ATPase
domain. This aspartate, D206, is quite important because it
is highly conserved in the Hsp70 family, forming part of the
ATP binding site and required for the ATP-binding induced
interdomain conformational change (Kamathloeb et al.
1995; Johnson and McKay 1999). R867 is part of the posi-
tive patch; other potential salt bridges observed during the
dynamics are indicated in Figure 4. Those between K847
and Hsc70 D213 or E218 are especially interesting because
K847 is unique to the auxilin family, and a recent study has
shown auxilin/Hsc70 binding is greatly reduced for a
K847C mutant (Jiang et al. 2003). As for hydrophobic in-
teractions, the most significant potential contact is between
L871 (L30 in Dnal) and V219 of Hsc70, which lies at the
bottom of the lower cleft.

He74 La7 7/ Al .o .
10 (36) ‘¥
(30) ""-‘__‘-_-', .

Figure 4. Potential interprotein contacts in the model ATPase/J-domain
complex. The auxilin J-domain backbone is shown as green-blue and the
ATPase backbone, as gray. Auxilin residues are labeled in green (Dnal
numbers in parentheses); ATPase residues, in purple. Potential interprotein
hydrogen bonds are indicated with dashed red lines.
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Docking the Hsc70 substrate binding
domain (SBD) to the ATPase/auxilin complex

Small-angle X-ray scattering and fluorescence experiments
have shown that after binding ATP, Hsc70 undergoes a
conformational change that is accompanied by a reduc-
tion in the radius of gyration (Johnson and McKay 1999).
J-domains bind more strongly to intact Hsc70 than to just
the ATPase alone (Gdssler et al. 1998). In an NMR chemi-
cal shift perturbation study, perturbation of the J-domain by
the ATPase domain alone appeared quite similar to pertur-
bation caused by an Hsc70 construct containing both do-
mains, with the possible exception of the HPD loop aspar-
tate, although this could be due to technical reasons (Greene
et al. 1998).

For the possible model structures of the SBD/ATPase/
auxilin complex, the interdomain complex should be rela-
tively compact, reflecting the observed reduction in the ra-
dius of gyration. Contact with the bound J-domain by the
SBD should be minimal, except perhaps in the vicinity of
the HPD loop, in agreement with the NMR data. Despite
minimal contact, the interaction between the J-domain and
the SBD should be favorable in accordance with the stron-
ger binding to intact Hsc70 compared to the ATPase domain
alone. The interaction interface likely contains contacts be-
tween conserved surface residues (Hu et al. 2000). The co-
valently linked domains impose a distance restraint between
the ATPase C terminus and SBD N terminus (see Materials
and Methods). Finally, one expects the peptide binding
groove of Hsc70 to be reasonably close to the clathrin bind-
ing region of Aux-C20 because this is where the substrate
transfer must physically occur.

The ATPase domain has an overabundance of conserved
surface regions compared to auxilin and the SBD. Focusing
instead on the SBD, in addition to the peptide binding
groove, conserved residues are found in the linker and two
loops spatially near the linker. The linker consists of resi-
dues 385-395, SENVQDLLLLD, and the two SBD loops
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(designated L2,3 and L6,7) consist of residues 417-421,
NTTIP, and residues 481-485, DANGI. Because the linker
contains many hydrophobic residues, the surface around the
ATPase C terminus was searched for a conserved region
with exposed hydrophobic surface. One such region is the
remainder of the lower cleft, the part of the lower cleft not
occupied by the J-domain. This region lies directly between
the bound J-domain and ATPase domain C terminus, mak-
ing it an obvious choice for potential interaction with the
linker.

As with the docking of the J-domain, MD simulations
docking the SBD to the ATPase domain/J-domain complex
were first carried out with the SBD initially separated from
the complex, and the resulting docked structures were then
compared with DOT and ZDOCK results. Most of the linker
is flexible in the NMR structure of the SBD, especially the
N-terminal portion (Morshauser et al. 1999), and in the
X-ray structure this portion is truncated (Zhu et al. 1996), so
in the initial structures the linker was simply placed above
the lower cleft (see Materials and Methods). For the remain-
der of the SBD, three orientations yielding relatively com-
pact interdomain complexes are possible. One places the
domain to the right of the lower cleft near D152 of the
ATPase domain and the HPD loop of the J-domain, one
places it to left of the lower cleft near E218 of the ATPase
domain and the J-domain positive patch, and one directs the
domain away from the J-domain towards the ATP binding
cleft. The third choice is unlikely because it would place the
SBD too far from the clathrin binding region of auxilin.
Eleven initial structures forming a “fan” of conformations
(Fig. 5) encompassing the other two orientations and gra-
dations in between were generated with roughly 15 A be-
tween the nonlinker portion of the SBD and the ATPase
domain. In these initial structures the SBD was oriented

such that two conserved SBD loops near the linker faced the
ATPase domain. Like the J-domain docking simulation, the
nonlinker SBD backbone was held semirigid during the 50-
psec dynamics by a network of C* distance restraints (see
Materials and Methods).

During the dynamics, the separation between the ATPase
and substrate binding domains closed slowly over the
course of 15-25 psec. This is in contrast to the docking of
the J-domain to the ATPase domain, where the separation
typically closed in the first 2 psec of the simulation. The
tendency of the two Hsc70 domains to remain separated
longer might be due to electrostatic repulsion; the total
charges were —5 for the SBD and -2.5 for the ATPase
domain (the nucleotide is treated as partially protonated; see
Materials and Methods). The linker conformations varied
substantially due to the various initial placements of the
linker. The final docked structures fell into two categories,
those where the SBD ended up contacting the ATPase do-
main to the right of the lower cleft, and those to the left of
the lower cleft (Fig. 5). The structures to the right of the
lower cleft, the “HPD-loop/D152” set, formed more com-
pact complexes than the set bound to the left, the “positive-
patch/E218” set, with average radii of gyration of 37 A and
39 A, respectively (Table 3). The radius of gyration for
Hsc70 with the SBD fully extended away from the ATPase
domain is 45 A, so both sets are consistent with the experi-
mental observation of a more compact Hsc70 structure. Nei-
ther set of bound SBD structures seemed to converge to a
particular conformation, as indicated by the root-mean-
square deviations (RMSD) for the SBD backbone (Table 3).

The DOT and ZDOCK docking programs were first pro-
vided with the NMR structure of the free SBD (Morshauser
et al. 1999) and a “good” set structure of the ATPase/J-domain
complex, and then filtered and ranked by ClusPro. Neither

C

Figure 5. Initial (A) and final (B) structures of the substrate binding domain (SBD) docked with the ATPase/J-domain complex. (C) The DOT and ZDOCK
docking sites for the SBD. The ATPase domain is shown in blue, and in A and B the J-domain is in magenta. In C, the NoJ docking site for the SBD occupies
the J-domain binding site. In the final structures (B) the clump of structures to the upper right of the J-domain corresponds to the HPD-loop/D152 set, and

the clump to the upper left corresponds to the positive-patch/E218 set.
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Table 3. Substrate binding domain (SBD) docking energies, buried surfaces
areas, and convergence statistics

HPD-loop/D152 set Pos.-patch/E218 set

J-domain ATPase J-domain ATPase
Interaction energies (kcal/mole):
A. Direct electrostatic -20+5 -35+18 -28+13 -1+16
B. van der Waals -13+£9 -42 + 14 -6+5 -22+7
C. Desolvation enthalpy +31+ 10 +79 +21 +31+17 420+ 14
D. Desolvation free energy +32+ 19 +97 £ 25 +16 =14  +60 =25
A+B+D -1+9 +20 + 27 -19+7 +37 +32
Buried interface surface (A2):
Buried hydrophobic 181 =153 505 =229 117+9 289 + 139
Buried hydrophilic 189 £ 93 585 +205 93+75 299 + 103
Buried conserved SBD 49 + 48 79 +35 16+ 14 22 +21
Buried conserved J/A 8+ 13 188 = 124 0 32+£20
Backbone RMSD (A)
All initial SBD combined 23.9
Initial SBD by set 10.2 13.0
Final SBD by set 10.4 11.8
Av. Hsc70 Rad. of Gyration (A) 37.1+0.6 392+ 1.3

program docked the SBD in either the HPD-loop/D152 site
or the positive-patch/E218 site; the docking sites were all
near the ATP binding cleft. As with the docking of Aux-
C20, DOT and ZDOCK were run again, this time with the
SBD in one of two conformations from the MD docking
simulations, one with the SBD in its HPD-loop/D152 site
conformation and one in its positive-patch/E218 site con-
formation. For the HPD-loop/D152 site conformation, both
docking programs reproduced the docking at the HPD-loop/
D152 site, top-ranked for DOT and third-ranked for
ZDOCK. For the positive-patch/E218 site, neither program
reproduced the docking at this site. Interestingly, the fifth-
ranked ZDOCK site from the HPD-loop/D152 conforma-
tion run was moderately similar to the positive-patch/E218
set structures. Although located 25 A on average from the
positive-patch/E218 set structures, this docked structure still
contacted ATPase residue E218 and the positive patch of
the J-domain.

For comparison with the MD docking simulations, seven
DOT and ZDOCK SBD docking sites were kept for further
analysis (Fig. 5C). These include the DOT and ZDOCK
HPD-loop/D152 docking sites. Also included are the top-
ranked sites docked near the ATP binding cleft, for the free
SBD conformation (ATPcleft f), and from ZDOCK (ATP-
cleft z) and DOT (ATPcleft d) using the positive-patch/
E218 conformation. The ZDOCK result with the SBD
docked moderately near the positive-patch/E218 set of
structures was kept. The ZDOCK site (NoJ), with the SBD
docked in the lower cleft, was generated with the J-domain
not present. These structures were also subjected to the
same restraints and 50 psec dynamics as the previous SBD
docking simulations.
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The SBD interaction energies for the HPD-loop/D152
and positive-patch/E218 sets are given in Table 3, and the
interaction energies for the DOT and ZDOCK SBD sites
in Table 4. One should first consider the SBD/ATPase in-
teractions because J-domain proteins typically bind the
ATP-bound form of Hsp70; the reduction in size of Hsp70
upon binding ATP is independent of J-domain binding
(Johnson and McKay 1999; Suh et al. 1999). In contrast
with the J-domain electrostatic interaction energies, those
between the SBD and the ATPase domain are relatively
weak, roughly the same strength as the van der Waals
forces.

Looking at the sum of interaction energy terms, none of
the SBD sites appear to have a favorable interaction with the
ATPase domain because the sums are all positive. One pos-
sibility is that the charge states of the domains have not been
treated correctly, because long-range electrostatic interac-
tions can be quite significant. This important issue and its
implications regarding the ATP hydrolysis-driven mecha-
nism of the Hsp70/Hsp40 system are discussed in a follow-
ing section. Of course, the sum of terms is intended as an aid
in the comparison of interaction free energies; where this
sum equals zero depends on the choice of dielectric constant
and the method chosen for estimating the desolvation free
energy. The other point to keep in mind is that, unlike the
J-domain, the SBD is covalently linked to the ATPase do-
main. Even with the SBD fully extended away from the
ATPase domain, the direct interaction between the two do-
mains is still unfavorable, due to a long-range electrostatic
repulsion on the order of 10 kcal/mole. Thus, it is not im-
plausible that, under the right conditions, a compact form of
Hsc70 is favorable.
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Table 4. DOT and ZDOCK SBD docking energies and buried surfaces areas

HPD/D152% Pos/E218 ATPcleft z ATPcleft d ATPcleft f No J¢
I AP J A J A J A J A A
Interaction energies (kcal/mole)
A. Direct electrostatic -12 =32 =73 -44 -19 -88 =20 -61 -28 =57 =53
B. van der Waals =22 -33 -18 -40 0 =72 0 —45 0 =51 =52
C. Desolvation enthalpy +33 +58 +84 +83 +17 +144 +19 +88 +26 +94 +102
D. Desolv. free energy +47 +82 +39 +110 0 +194 0 +112 0 +129 +135
A+B+D +13 +17 -52 +26 -2 +34 -19 +6 -2 +21 +30
Buried interface surface (A%)
Buried hydrophobic 267 450 158 622 0 803 0 684 0 506 538
Buried hydrophilic 253 466 237 595 0 1028 0 579 0 750 810
Buried conserved SBD® 47 56 16 0 0 0 0 130 0 51 101
Buried conserved J/A” 3 202 0 29 0 84 0 51 0 60 448

# The values for the ZDOCK and DOT HPD/D152 sites were quite similar, and the averages are given.

®J: J-domain; A: ATPase domain.

¢ No J: No J-domain bound to the ATPase domain with SBD bound in the lower cleft J-domain binding site.

4 For the three ATP binding cleft sites, the J-domain and SBD do not contact, so the desolvation enthalpy (representing solvent screening) was used instead.
¢ Conserved surface of the SBD buried by the J-domain (J) and ATPase domain (A).

f Conserved surface of the J-domain (J) and ATPase domain (A) buried by the SBD.

Looking again at the interaction energy sums, the DOT
docking site at the ATPase active site (ATPcleft d) appears
the least unfavorable, followed by the HPD/D152 sites and
the ATPcleft f site. The ATPcleft d site also has the largest
buried hydrophobic to hydrophilic surface ratio. The most
unfavorable sites in terms of SBD/ATPase interaction en-
ergy sums appear to be the Pos/E218 sites, the lower cleft
(NoJ) site, and the ATPcleft z site. The overall spread in the
sums, from +6 kcal/mole to +37 kcal/mole, is much less
than the spread seen for the J-domain binding sites. Given
that the sums are only an approximate indicator of binding
free energies, it is not clear whether these smaller differ-
ences are significant. In fact, it could be that there is no
strongly preferred SBD site on the ATPase domain surface,
although the modeling results presented here are too ap-
proximate to draw any firm conclusion.

Tables 3 and 4 also show the interaction energies between
the SBD and the J-domain. A favorable interaction is con-
sistent with the experimentally observed stronger binding to
intact Hsc70 compared to the ATPase domain alone
(Géssler et al. 1998). Although the HPD-loop/D152 set
structures have the least favorable SBD/J-domain interac-
tions, the three with the least contact with the J-domain have

more favorable interactions, with an average energy term
sum of —8 kcal/mole. The positive-patch/E218 sites have
the strongest SBD/J-domain interactions. These sites place
the negatively charged SBD near the positive patch of the
J-domain, but in so doing, also place the SBD in contact
with the ATPase negative patch. The positive-patch/E218
sites, especially the one docked by ZDOCK, also contact the
loop between the first and second helices of the canonical
J-domain (helices 4 and 5 of Aux-C20), and no NMR per-
turbations were observed in this region.

Although the positive-patch/E218 sites with their more
favorable SBD/J-domain interaction energies would appear
to be more consistent with the stronger measured binding of
J-domain proteins to intact Hsc70, the NMR results seem to
rule out these sites. Experiment and the model structure
energetics do not appear to point toward a mutually consis-
tent conclusion with regard to a specific ATPase/SBD site.
However, there are two additional aspects of the potential
SBD sites to consider: One is the amount of buried con-
served residue surface area (Tables 3, 4), and the other,
discussed in the next section, is the distance between the
substrate binding region of Aux-C20 and the substrate bind-
ing groove of the SBD (Table 5).

Table 5. SBD substrate binding cleft to auxilin and Hsc20 substrate binding regions distances (A)

HPD-loop/D152 set Pos-patch/E218 set HPD/D152 d and z av.* Post/E218 z* ATPcleft z* ATPcleft d* ATPcleft f*
Auxilin® 29+ 11 51+13 25+9 64+ 10 81 =11 92+ 11 68 =10
Hsc20°¢ 42 82 48 66 62 98 76

#d: docked by DOT; z: docked by ZDOCK; f: SBD in free structure conformation, docked by ZDOCK.
" Distance taken between D781 C* of the clathrin binding helix of auxilin and L540 C* of the SBD (in the substrate binding groove).
¢ Distance taken between E100 C* of Hsc20 and L540 C* of the SBD (in the substrate binding groove).
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To the extent that the SBD positioning relative to the
ATPase and bound J-domain is important for substrate
transfer, one expects evolutionary pressure to conserve sur-
face residues at the corresponding protein—protein interfaces
(Hu et al. 2000). Although the lower cleft (NoJ) site has the
most buried conserved surface area, this is the J-domain
binding site. After the NoJ site, the HPD-loop/D152 sites
involve the most burial of conserved residue surface. The
least conserved interfaces are observed for the positive-
patch/E218 sites. Thus, surface residue conservation implies
the HPD-loop/D152 sites are more likely than the positive-
patch/E218 sites to correspond to the SBD location where
substrate transfer occurs.

Despite the lack of convergence to a particular bound
structure, some potentially interesting contacts were ob-
served between conserved residues of the SBD and the
ATPase domain and J-domain. Although these contacts
should be considered tentative, many of these residues
would make excellent candidates for additional mutational
analysis. For the HPD-loop/D152 set the invariant residue
D395 of the linker often ended up within 7 A of the invari-
ant ATPase residue R171, the same arginine that interacts
with the HPD loop aspartate of the J-domain. In addition,
the leucines and valine of the linker typically contacted the
conserved hydrophobic lower cleft residues 1380, 1379,
F217, and I181. P421 of the conserved SBD loop NTTIP
often ended up between the ATPase residues K159 and
1172; this SBD loop has been shown to change conforma-
tion when the SBD binds peptide substrate (Stevens et al.

2003). The solvent-exposed hydrophobic residue 1485 of
the conserved SBD loop DANGI was frequently situated
near Q156 of the ATPase domain and P875 (P34 in Dnal)
of the HPD-loop of the J-domain. Consistent contacts be-
tween conserved residues were not observed for the posi-
tive-patch/E218 sites.

Clathrin binding region of auxilin

One of the main goals of this study is to explore where the
clathrin binding region of auxilin might be located with
respect to the SBD of Hsc70. Using one HPD-loop/D152
SBD structure and one positive-patch/E218 SBD structure,
each closest to the average structure for their respective sets,
the 20 auxilin NMR structures were superimposed, and the
distance was calculated between helix 1 of Aux-C20, the
clathrin binding helix, and the substrate binding groove of
the SBD. The same was done for each DOT and ZDOCK
SBD structure. The results are shown in Table 5, and the
two representative SBD complexes are shown in Figure 6A.
Assuming that the clathrin binding helix is physically close
to the clathrin peptide that the SBD binds, the shorter av-
erage distance for the HPD-loop/D152 set structures, and
corresponding DOT and ZDOCK structures, supports the
argument that this set more closely represents the structure
in which substrate transfer is likely to occur. In addition to
the shorter distance, there is little or no intervening protein
structure between the clathrin binding helix and substrate
binding groove for the HPD-loop/D152 site structures; this

Figure 6. Alternate SBD sites in relation to Hsp40 substrate binding regions. (A) The SBD in relation to the clathrin binding region
of auxilin. The two possible docked conformations of the SBD are shown in green, representing the HPD-loop/D152 set, and yellow,
representing the positive-patch/E218 set. The SBD C-terminal segment bound in the substrate binding groove is shown in red. The
auxilin clathrin binding region is shown in dark blue except for the clathrin binding helix, which is shown in pink. The J-domain of
auxilin is purple, and the ATPase domain is blue. (B) The SBD in relation to Hsc20. The color scheme is the same as above, with the
J-domain of Hsc20 shown in purple and the C-terminal domain, in dark blue, with the conserved acidic residues of the putative substrate

interaction region shown in pink.
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is in contrast to all other potential SBD sites. The interaction
of helix 2 of Aux-C20 with the SBD in the HPD-loop/D152
site is also quite interesting. In the NMR structure this helix
is loosely packed against the surface of the J-domain
(Gruschus et al. 2004). When superimposed on the J-do-
main in the complex, this helix makes extensive contact
with the SBD (Fig. 6A). This suggests that helix 2 of Aux-
C20 might play a role in positioning the clathrin binding
helix of auxilin with respect to the SBD.

Other J-domains and their substrate binding regions

An important test of the model structures is their compat-
ibility with other known J-domain structures. The J-domain
protein Hsc20 provides a crucial test of the model, because
its C-terminal domain, the putative substrate interacting do-
main, is rigidly determined with regard to the J-domain
(Cupp-Vickery and Vickery 2000). The superimposed struc-
ture of Hsc20 fits quite well with the model, and is shown
in Figure 6B. Although the physiological partner of Hsc20
is Hsc66, the sequences of Hsc70 and Hsc66 are 33% iden-
tical (39% for just the ATPase domain), so their structures
should be similar. A conserved acidic patch on the Hsc20
C-terminal domain has been suggested to play a role in
substrate interaction (Cupp-Vickery and Vickery 2002). Al-
though the location of the Hsc20 acidic patch is different
than the clathrin binding helix of auxilin, this is not neces-
sarily a contradiction because their respective substrates,
IscU (Fe-S cluster assembly protein) and clathrin, are quite
different. The superimposed Hsc20 structure provides an
additional test of the plausibility of the different SBD dock-
ing sites in the context of substrate transfer. The distances
between the acidic patch and SBD substrate binding groove
for the different sites are given in Table 5. Like auxilin, the
HPD-loop/D152 site structures have shorter distances and
less intervening protein structure between the acidic patch
and SBD substrate binding groove.

The J-domains of Dnal and its human homolog super-
pose easily on the model structures, with their additional
C-terminal helix oriented such that the expected location
of the following G/F-rich region, an unstructured domain,
is situated similarly to the clathrin binding helix of aux-
ilin (Pellecchia et al. 1996; Qian et al. 1996; Huang et al.
1999; Gruschus et al. 2004), and thus nearer to the SBD
docked at the HPD-loop/D152 sites. The interaction of the
G/F-rich region with DnaK is indispensable for Dnal-en-
hanced hydrolysis (Karzai and McMacken 1996). The struc-
ture of another J-domain/substrate system, the viral large
T-antigen complex with retinoblastoma-associated protein
(PDB code 1GH6; Kim et al. 2001), is not compatible with
the model structures; both the substrate and the substrate
interacting region of the large T antigen overlap exten-
sively with the ATPase domain upon superposition of the
J-domain.

Discussion

With the large quantity of experimental data identifying the
ATPase domain/J-domain interface available, and given the
energetics, buried conserved surface area, and convergence
of the model ATPase/J-domain structures, the lower cleft
bound J-domain model structure should be a reasonable
approximation to the actual structure. Determining the SBD
location in the complex presents a more difficult modeling
challenge and reflects the more indirect experimental ob-
servations pertaining to its ATPase domain and J-domain
interactions. Surface residue conservation and distance from
the SBD to the substrate interacting regions of auxilin and
Hsc20 support the HPD-loop/D152 site as the SBD loca-
tion, at least for substrate transfer. In contrast, no clearly
favored SBD site was evident from the modeling energetics.
A likely possibility is that the position of the SBD during
substrate transfer actually results from an adaptivity in its
precise location responsive to the particular interactions
with its various substrates presented by different J-domain
proteins. Yet even having only an approximate structure of
the SBD/ATPase/J-domain complex allows one to pose spe-
cific questions regarding Hsc70 and its J-domain interac-
tions that heretofore were impossible to broach, and two of
these questions are probed here.

Hsc70 interdomain conformation and the ATP cycle

The mechanism by which binding of ATP by the ATPase
domain is translated into a conformational change at the
SBD (step 1 in Fig. 7) is unknown (Johnson and McKay
1999). The X-ray structures of the Hsc70 ATPase domain in
its ATP, ADP, and ADP + P, bound forms are practically
identical; even perturbations at the active site are relatively
small. This is in marked contrast to the large changes seen
upon hydrolysis for hexokinase and actin, whose ATPase
domains are close structural relatives of the Hsc70 ATPase
domain (Kabsch and Holmes 1995; Sablin et al. 2002).
However, interdomain communication does not necessarily
require major conformational changes of the ATPase do-
main, but instead, can occur due to charge distribution
changes at the active site due to ATP binding and hydroly-
sis. An important clue toward the resolution of this mystery
is the size reduction upon binding ATP (Johnson and
McKay 1999); part of the driving force in this size reduction
could be an ATP-induced change in the interdomain elec-
trostatics.

Using the model structures presented here, the electro-
static interaction energies between the SBD and the ATPase
domain in its ATP, ADP, and ADP + P; bound forms were
calculated for both the HPD-loop/D152 and positive-patch/
E218 sites (see Materials and Methods). The interaction
energies for the ATP and ADP bound forms for both sets of
sites were almost identical, differing by 0+ 1 kcal/mole,
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Figure 7. The ATP hydrolysis-driven cycle of substrate binding by Hsc70
in the Hsp70/Hsp40 chaperone system: /. Exchanging bound ADP with
ATP results in a decrease in the separation between the Hsc70 ATPase
domain (A) and the SBD (S), causing the SBD to adopt its low-affinity,
rapid on/off substrate binding state, perhaps by displacing the “lid” domain
(L), providing access to the SBD peptide binding groove. In the DnaK/
Dnal system, a nucleotide exchange factor protein, GrpE, is required for
this step. 2. The J-domain protein (J), already bound to substrate (sub),
recruits Hsc70 to the substrate location, binding in the lower cleft. Inter-
actions between the J-domain protein and the SBD and between the sub-
strate and the SBD are probably also important for recruiting and binding
Hsc70 at this step. 3. Substrate peptide binds in the SBD peptide binding
groove, setting the stage for ATP hydrolysis. 4. ATP hydrolysis occurs, the
Hsc70 interdomain separation increases, the SBD with its bound substrate
is transformed into its high affinity, slow on/off state, and the J-domain
protein dissociates. 5. The fifth step depends on the particular system. For
the Hsc70/auxilin system Hsc70 remains bound to its clathrin triskelia
substrate, causing it to dissociate from the clathrin-coated vesicle (Jiang et
al. 2000). For the DnaK/Dnal system, the substrate dissociates after some
degree of folding into its native state, freeing DnaK to repeat the cycle
(Mayer et al. 2000).

while the energy for the ADP + P, bound form was only
very slightly lower, by —2 + 1 kcal/mole. The closest atom—
atom distance between the SBD and bound nucleotide is
close to 20 A for both the HPD-loop/D152 and positive-
patch/E218 SBD sites, so these small numbers are not sur-
prising. Screening effects could further reduce this interac-
tion, and because there is almost certainly a desolvation
penalty for any SBD/ATPase domain contact, it is unclear
whether a direct electrostatic interaction of —2 kcal/mole
could provide enough driving force to bring the domains
together. Also, experiments have shown that the size reduc-
tion occurs upon binding ATP, not upon hydrolysis to the
ADP + P; form, so other hypotheses should be considered.

Another possible driving force could be that an additional
positive counterion binds along with ATP, making the elec-
trostatic interaction between domains more favorable (the
ADP + P; form has one Mg®* and two K*, and the ADP
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form has one Mg** and one K*). In fact, in structures of the
ATPase domain where K71 is mutated to prevent hydrolysis
of the bound ATP (O’Brien et al. 1996), a third K* ion is
present. Including this third K* yields a much stronger ad-
ditional electrostatic attraction between the domains for the
ATP-bound form, —13 + 2 kcal/mole. However, size reduc-
tion is blocked in the K71 mutants (Johnson and McKay
1999), and their substrate binding rates are quite different
from those of wild-type Hsc70 (Rajapandi et al. 1998). Fur-
thermore, in two X-ray structures of mutant ATPase do-
mains where a mixture of ATP and ADP + P, bound forms
are observed (T13G [Sousa and McKay 1998] and E175S
[Johnson and McKay 1999]), there is no evidence for this
additional K* ion.

A more likely possibility is that the charge states of the
bound nucleotides differ. The pKa values of ATP and ADP
in solution are very similar: 6.95 and 6.88, respectively.
This is because these numbers are so close to neutral pH that
ATP and ADP were considered to be 50% protonated in this
modeling study. However, the bound nucleotides could
have significantly different pKa values due to the active site
environment. If the pKa difference between bound ATP and
bound ADP were significantly larger than in solution, the
increased protonation of the bound ATP could have a pro-
nounced effect on the electrostatic interaction between the
ATPase domain and the SBD. To illustrate this effect, the
ATP-bound ATPase/SBD electrostatic interaction energy
was calculated for the model structures, first taking the
bound ATP as singly protonated at the O1A oxygen (see
Materials and Methods) and then with no protonation. On
average, the direct electrostatic interaction was lowered by
—12 £ 1 kcal/mole for the singly protonated case for both
the HPD-loop/D152 and positive-patch/E218 site structures.
More realistically, this additional attraction would be
smaller, multiplied by the fractional increase in protonation
of ATP relative to ADP. Measuring the pH dependence of
the reduction in size of Hsc70 upon binding ATP might
provide more information on the role of nucleotide pKa.

J-domain and substrate stimulation of ATP hydrolysis

J-domain proteins stimulate the ATP hydrolysis activity of
Hsc70; some do so mildly, such as auxilin and Hsc20 (Jiang
et al. 1997; Hoff et al. 2002), while with others, the stimu-
lation is more dramatic, as with DnaJ and its homologs
(Karzai and McMacken 1996). Given the model structure, it
is trivial to hypothesize how J-domains could provide
stimulation; the y phosphoryl group of the bound ATP lies
directly between the rest of the ATP and the J-domain, 12 A
from R867 of auxilin (which corresponds to K26 of Dnal;
see Figs. 4, 8). The positively charged J-domain should pull
the negatively charged phosphoryl group towards it, facili-
tating hydrolysis. The forces between the J-domain and the
v phosphoryl group are the same within error for both the
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Figure 8. The Hsc70/auxilin complex showing bound ADP + P; relative to the J-domain and SBD, and showing that the Hsc70
C-terminal “lid” domain and GrpE protein are compatible with the model structure. Auxilin is shown in violet, with the clathrin binding
region shown in purple except for the clathrin binding helix, which is shown in pink. The ATPase domain is shown in blue, and the
bound nucleotide (ADP + P;) is shown in red. The SBD, which is shown in its HPD-loop/D152 docking site, is green with bound
peptide in red. The lid domain is shown in closed form (yellow) and a hypothetical open form (orange), modeled by superposing lid
X-ray structure backbone atoms of residues 518-526 (PDB code 1DKX; Zhu et al. 1996) with the corresponding NMR structure
residues (PDB code 7HSC; Morshauser et al. 1999). The GrpE protein was placed by superposing the DnaK ATPase/GrpE complex
(PDB code 1DKG; Harrison et al. 1997) on the Hsc70 ATPase domain.

HPD-loop/D152 and positive-patch/E218 set structures,
-3 £ 1 keal/mole-A.

Of course, this “trivial” explanation provides at best only
a partial explanation of ATP hydrolysis in Hsc70/J-domain
systems. In the model structures the J-domain comes within
12 A of the ATP, and so one expects at least some structural
perturbation of the active site environment. Indeed, the con-
formation of D206, which forms part of the active site, and
which contacts the J-domain, varied considerably in the
docked structures. Differences in J-domain protein residues
contacting Hsc70 might account for some of the differences
in stimulation seen for different J-domains, which might
also be related to differences in their binding affinities;
auxilin and Hsc20 bind to their Hsp70 partners more tightly
than Dnal and its homologs (Jiang et al. 1997, 2003). To
complicate matters further, the presence of substrate dra-
matically enhances J-domain stimulation by auxilin and
Hsc20 (Hoff et al. 2000; Gruschus et al. 2004). In fact, it has
been proposed that the much greater ATPase stimulation by
DnaJ could be due to a Dnal peptide segment outside the
J-domain binding to the SBD (Karzai and McMacken
1996). Even without J-domain present, binding of substrate
can mildly stimulate ATPase activity (Gragerov et al. 1994;
Greene et al. 1995; Jordan and McMacken 1995; Hoff et al.
2002). Although both sets of SBD binding sites lie no closer
than 20 A to the bound ATP, the negatively charged SBD
still lies slightly closer to the y phosphoryl group than the
rest of the ATP. The average repulsive force due to direct

electrostatic interactions between the SBD and the y phos-
phoryl group is the same for both sets, +1 + 0 kcal/mole-A.
An increase in distance upon binding substrate could there-
fore facilitate hydrolysis, as could the binding of positively
charged peptide substrate (Liu et al. 2003).

In the peptide-bound form of the SBD, a helix of the lid
region lies over the peptide binding groove, while in the
nonpeptide-bound form it has been proposed that the helix
might be displaced, leaving the groove more exposed (see
Figs. 7, 8; Zhu et al. 1996; Morhauser et al. 1999). In X-ray
and NMR structures of the SBD, the interdomain linker is
undergoing conformational exchange. One of the linker
conformations is extended, as in the model structures pre-
sented here. This conformation corresponds to the ATP-
bound, reduced-sized form of Hsc70. The other linker con-
formation involves a small hydrophobic pocket formed in
part by the beginning of the helix that forms the lid over the
substrate binding groove (Zhu et al. 1996; Morshauser et al.
1999), and this conformation would then presumably cor-
respond to the expanded, ADP-bound form of Hsc70. The
L2,3 loop of the SBD, containing the conserved sequence
NTTIP, has been shown to be allosterically affected by the
binding of peptide (Stevens et al. 2003), and this loop is
near the linker and contacts the ATPase domain in the HPD-
loop/D152 site structure. Thus, linker conformation, [.2,3
loop conformation, substrate binding, and ATP hydrolysis
could all be coupled; that is, the lid helix closing over the
groove upon binding peptide along with the L2,3 loop
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conformational change could favor a shift of the linker from
its extended to its hydrophobic pocket conformation, mov-
ing the SBD away from the ATPase domain, facilitating
hydrolysis.

Materials and methods

Constructing the Hsc70/auxilin model complex

Models of the complex of auxilin with mammalian Hsp70 cognate
Hsc70 were constructed using the Discover module of the InsightIl
program (version 2000.1, Accelrys). For auxilin, the NMR struc-
ture of the 182-residue Aux-C20 construct was used (Han et al.
2000; Gruschus et al. 2004; PDB code 1N4C). Aux-C20 was in-
teractively docked onto the ATPase domain of Hsc70, with helix
five of Aux-C20 (the helix preceding the HPD loop) placed in the
lower cleft of Hsc70 and with the aspartate of the invariant HPD
loop of the auxilin J-domain placed near Argl71 of Hsc70 in
accordance with the rescue mutant pair experiment (Suh et al.
1998), and the J-domain positive patch in contact with the ATPase
domain negative region. The X-ray structure of ADP-bound wild-
type mammalian Hsc70 ATPase (Osipiuk et al. 1999; PDB code
1HJO) was used at this stage. From this initial docked structure,
Aux-C20 was then translated 8 to 12 A away from Hsc70 and
rotated up to 30° about a random axis. This procedure was repeated
using 12 different structures of the Aux-C20 NMR ensemble. The
first 47 residues of Aux-C20 were not included in the modeling
because these residues are unstructured. Four additional initial
starting structures were generated as controls. One control was
generated with the J-domain rotated 180° in the lower cleft, so that
the aspartate of the HPD loop (D876 in auxilin) was above the
opposite end of the lower cleft far (25 A) from Argl171 of Hsc70.
Another control was generated with D876 placed close (8 A) to
R171, but with the helix of the J-domain (helix 5 in Aux-C20)
running out the other end of the lower cleft, and another was
generated with the J-domain rotated 90° with respect to the lower
cleft. The fourth control was generated the same way as the 12
noncontrol initial structures, but the molecular dynamics were run
without the electrostatic term to explore the role of van der Waals
forces in the docking simulations. Each complex was subjected to
100 psec of nonsolvated molecular dynamics (AMBER force field,
4*r distance dependent dielectric, 400 K, 1-fsec time step, 24 A
cutoff), allowing the net electrostatic attraction between the
J-domain and ATPase to redock the complex.

The backbone of Aux-C20 was kept semirigid during the mo-
lecular dynamics through the use of distance restraints between its
o carbons. To generate the distance restraints, for each C* the
distance was calculated from the NMR structure to every 10th
subsequent C* in the sequence, and a harmonic distance restraint
was then employed (100 kcal/mole-A?) for a total of 845 restraints
(Fig. 2). In addition, to ensure the J-domain core remained intact,
a set of hydrophobic core carbon atoms were chosen, one per core
residue; distances between all these atoms were calculated for each
NMR structure, yielding 164 additional restraints (100 kcal/mole-
A?). For the ATPase domain, the backbone atoms of all residues
within 12 A of the initial interactively docked Aux-C20 structure
were tethered (100 kcal/mole-A2). All ATPase residues beyond 12
A and all heteroatoms were held fixed. Following molecular dy-
namics each complex was minimized with the same restraints us-
ing 1000 steps of conjugate gradient minimization.

For the docking of the substrate binding domain of Hsc70 to the
Aux-C20/ATPase complex, the NMR structure of the SBD of
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mammalian Hsc70 (Morshauser et al. 1999; PDB code 7HSC) was
used because it included most of the linker region (residues 385
through 396) between the two Hsc70 domains. One Aux-C20/
ATPase complex with an interfacial region that corresponded well
with mutation and NMR experiments was chosen for this phase.
For the ATPase structure the ADP plus inorganic phosphate bound
(ADP +P;) form of wild-type mammalian Hsc70 ATPase
(Wilbanks and McKay 1995; PDB code 1HPM) was used. Eleven
initial docked complexes were generated with the substrate bind-
ing domain translated and rotated so that the ATPase domain and
nonlinker portion of the SBD were separated by roughly 15 A. The
termini were kept within 7A, with a distance restraint imposed
between the termini (N to C), upper bound of 10 A and a lower
bound of 7 A (force constant 20 kcal/mole-A2). For the nonlinker
portion of the SBD, all residues past 396, C* distance restraints
were generated in the same manner as was done for Aux-C20
(1008 restraints). The backbone atoms of Aux-C20 and ATPase
residues within 20 A of the initial docked SBD were tethered (100
kcal/mole-A?), and all residues beyond 20 A were kept fixed. To
speed the docking simulation, only the canonical J-domain portion
of auxilin (residues 825 through 910) was used in the SBD docking
dynamics, and the full-length Aux-C20 was then superimposed on
the final complexes. Following dynamics, each complex was mini-
mized with the same restraints using 1000 steps of conjugate gra-
dient minimization.

DOT and ZDOCK docking
and ClusPro filtering and ranking

The DOT (Vakser 1995; Mandell et al. 2001) and ZDOCK (Chen
et al. 2003) programs were used to obtain rigid-body docking sites
for the auxilin J-domain and SBD on the ATPase domain. Up to
20,000 rigid-body docking sites from each program were then
filtered, clustered (9 A clustering radius) and ranked by the auto-
mated Cluspro Web server (http://nrc.bu.edu/cluster) (Camacho
et al. 2000; Comeau et al. 2004). DOT version 1.0 « and ZDOCK
version 2.3 were used with a 10° Euler angle increment, 1 A grid
step and 4 A surface layer. DOT was run using only shape comple-
mentarity, while ZDOCK included desolvation and electrostatic
terms in its target function. Bound nucleotide, ions and active site
water molecules were removed from the ATPase structures (PDB
codes 1HPM and 1HJO) before submitting to DOT and ZDOCK
because nonprotein groups are not supported. Only the canonical
J-domain part of the Aux-C20 structure (residues 825-910) was
used for docking. The full-length Aux-C20 structure was super-
imposed on the top-ranked ClusPro results, and those complexes
with steric clashes with the full-length Aux-C20 structure were
discarded. The DOT and ZDOCK programs used have not yet
implemented distance restraints, and ~75% of the docked SBD
sites were not plausible, with the linker N terminus too far from the
ATPase C terminus, and were discarded.

Energy calculations

Connolly surface calculations were done using InsightIl with a
probe radius of 1.4 A, with hydrophobic surfaces corresponding to
all aliphatic and aromatic carbon atoms and their attached hydro-
gen atoms. Direct electrostatic energy and force terms were cal-
culated with the InsightIl Discover module (AMBER force field,
e = 2,120 A cutoff), and solvation enthalpies from reaction field
energies calculated with the Insight]ll DELPHI module (Nicholls
and Honig 1991) (&;ema = 25 Eexternat = 80, 1.4 A probe radius,
329 x 329 x 329 grid with 0.5 A spacing). Solvation free energies
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were obtained using an empirical, surface area-dependent method
(Wesson and Eisenberg 1992) in the Solvation module of InsightII.

Crystallographic water molecules and counter ions in the
nucleotide binding site of the ATPase domain were included in the
energy and DELPHI calculations. The atom identified as water
405H in the 1HJO structure was replaced with a positive ion (K*)
in accordance with subsequent X-ray studies (Johnson and McKay
1999). To generate the ATP bound ATPase structures for electro-
static energy comparisons, the K71M mutant 1KAX ATPase struc-
ture was superimposed with the ITHPM (ADP+P;) structure, and
the 1KAX ATP, counterions, and water molecules kept. The K*
counterion identified as 492H was replaced with a water molecule
as suggested by (Johnson and McKay 1999). The ATP bound
structures were subjected to 1000 steps of additional minimization,
allowing active site residue side chains, water molecules and Aux-
C20 and SBD side chains to relax, but keeping the nucleotide and
counterions fixed. The default AMBER charges were used for
ADP and ATP where Amber assumes 50% singly protonated ADP
and ATP, with no explicit proton and the +0.5 charge spread
equally among the phosphoryl atoms, yielding net charges of —2.5
and 3.5, respectively. The inorganic phosphate (P;) was doubly
protonated with no explicit protons with a net charge of —1. The
radius of gyration of truncated Hsc70 (ATPase plus SBD) was
calculated as the root-mean-square radius calculated for all atoms
about the Hsc70 centroid.

The O1A site of ATP protonation was chosen based on exami-
nation of the X-ray structures of the ATP, ADP, and ADP + P,
bound forms of the ATPase domain. In the ADP-bound case, all
the potential phosphoryl oxygen protonation sites either have at
least two potential hydrogen bond donors, from the protein or from
crystallographic water, or are bound to Mg>*. However, in the
ATP-bound and ADP+P; bound forms the O1A oxygen appears to
have no obvious hydrogen-bonding partners. In the ADP-bound
case, this oxygen becomes bound to Mg>*. Detailed electrostatic
potential analysis, perhaps coupled to quantum mechanical calcu-
lations, could yield a more definitive argument regarding the O1A
site (Okimoto et al. 2001). The Aux-C20/ATPase/SBD model
structures with the bound ATP in its protonated and nonprotonated
forms were further minimized 500 steps, allowing active site resi-
due side chains, water molecules, and Aux-C20 and SBD side
chains to relax.

Accession numbers

Coordinates have been deposited with the Protein Data Bank, ac-
cession code 1Q2G. The Aux-C20/ATPase/SBD complex with the
SBD docked closest to the average for the HPD-loop/D152 set was
deposited.
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