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ABSTRACT. We previously reported that a 100-kDa cofactor, recently identified as auxilin, is a DnaJ homolog
which is required for Hsc70 to uncoat clathrin baskets. In the present study we investigated the effect of
auxilin on the interaction of Hsc70 with pure clathrin baskets at pH 6, where no uncoating occurs. In a
reaction which required auxilin, the baskets activated the Hsc70 ATPase activity more than 100-fold with
an apparent dissociation constant of aboutM2 Maximal ATPase activity occurredta 1 to 1molar

ratio of auxilin to clathrin triskelion independent of the Hsc70 concentration suggesting that auxilin is
primarily complexed with the clathrin baskets. The binding of Hsc70 to baskets also required auxilin,
but less auxilin was needed for maximum binding than for maximum ATPase activity showing that auxilin
can catalytically induce binding of Hsc70. The binding also required ATP; Hsc70 dissociated from baskets
with a 6 min half-life when ATP was hydrolyzed to ADP. In contrast to auxilin, the assembly proteins,
AP-2 and ARgo, did not support activation of the Hsc70 ATPase activity by clathrin baskets nor did
soluble clathrin triskelions at pH 7 significantly activate the ATPase activity with auxilin present. Therefore,
the interaction of auxilin, clathrin baskets, and Hsc70-ATP is highly specific with auxilin first binding to

a clathrin triskelion in the baskets and then Hsc70-ATP strongly binding to the auxilin-clathrin complex;
the auxilin can then migrate to another clathrin triskelion before the ATPase cycle is complete.

Members of the Hsp70 family of proteins play a crucial by much slower steady-state uncoating (Greene & Eisenberg,
role in a number of physiological processes, and in several1990). The same time course of uncoating occurs with
of these processes, members of the DnaJ family have beenyrtificial clathrin baskets prepared with purified clathrin and
shown to act as partner proteins of the Hsp70s and the related,5rigys assembly proteins such as AP-2 andsdRnd the
ConStgL:ctlvethtimS" ;_he "1154076’750-"*'13'5 vlv<as L'_rsrt] demon- jnitial burst of uncoating is accompanied by activation of
strated for thd=scherichia colHsp70, DnakK, which Interacts . o070 ATPase activity (Barouetal., 1994). Both the
with E. coliDnaJ (Zyliczet al., 1985). More recently DnaJ- . .. . . I

initial burst of uncoating and the accompanying activation

like partner proteins have been shown to be involved in . . ;
several important functions of Hsc70s in eukaryotes. Mem- ©f the ATPase activity require only catalytic amounts of

bers of the Hsc70 family are the key ATPases involved in auxilin (Prasact al, 1993; Barouctet al, 1994; Ungewick-

the translocation of proteins across mitochondrial and en- €ll et al, 1995). On the basis of both its activity and the
doplasmic reticulum membranes, and in both cases, partneresence of a J-domain at its carboxyl-terminal end, which
proteins showing at least partial homology to DnaJ appearis homologous to the J-domain of DnaJ, auxilin appears to
to be involved in the interaction of protein substrates with be a DnaJ homolog (Ungewickedt al., 1995). If, indeed,
Hsc70 (Rassowt al, 1995). Hsc70 also plays an important  auxilin is acting as a DnaJ homolog, the uncoating reaction
role in the interaction of HSp90 with steroid receptors and becomes an exce”ent model System for Studying the mech_

tyrosine kinases, and here too there is evidence that DnalLynism of interaction of DnaJ homologs and Hsc70 since, in
homologs may be involved (Caplat al, 1995; Kimuraet o yaqt 1o the mitochondrial and endoplasmic reticulum

al., 1995)' Finally, HSC?O appears to be re§p0n3|ble for the translocation systems, the interaction of Hsc70 with clathrin
uncoating of clathrin-coated vesicles during endocytosis

(Schlossmaret al, 1984; Greene & Eisenberg, 1990), and 'bas!<ets and au?dlin can be readily studied in a soluble system
recent evidence suggests that auxilin, originally identified N ¢itro. Clathrin baskets cannot be uncoated by Hsc70 at
as a minor assembly protein (Ahle & Ungewickell, 1990), PH 6, unlike at pH 7, while at the same time, they still
is required for the uncoating reaction (Ungewickedlal., activate the Hsc70 ATPase activity (Braetlal, 1984). This
1995). enabled us to study the steady-state interaction of Hsc70 with
We previously showed that Hsc70 uncoats clathrin-coated clathrin baskets at pH 6 and quantitatively determine the role
vesicles in a stoichiometric initial burst of uncoating followed of auxilin in this interaction. We found that, in the presence
but not the absence of auxilin, clathrin baskets activated the

* Corresponding author: Dr. Evan Eisenberg, Building 3, Rm B1- Hsc70 ATPase activity 100-fold with a dissociation constant

ﬁéfféfgter Drive MSC 0301, Bethesda, MD 20892-0301. Fax: (301) of 0.2 yM. Maximal ATPase activation occurred a 1 to
® Abstract published im\dvance ACS Abstractgpril 1, 1997. 1 molar ratio of auxilin to clathrin, whereas a 3-fold lower

ltAbere-}/jrat(ithT‘lS:tft'S%?P’M?gékg?ﬂ heat ?}h?Ck)p;ﬁtein: AffF)' asse,r;bly ratio was required for maximal binding of Hsc70 to baskets.
protein; , ditniotnreitol; y -morpnolino)ethanesultonic aclid; TP . .

SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel electro- We C(_)nCIUd_e that auxilin first form? a binary complex W'Fh
phoresis. clathrin, which induces Hsc70 to bind, and then the auxilin
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can migrate to another clathrin site before the ATPase cycle
is complete.

EXPERIMENTAL PROCEDURES

Preparation of Proteins.Hsc70 (the uncoating ATPase)
was prepared as described previously (Greene & Eisenberg
1990). Auxilin (100-kDa cofactor), clathrin, AR, and AP-2
were prepared as described (Barowathal, 1994). The
buffers used were buffer A (20 mM imidazole (pH 7.0), 2
mM magnesium acetate, 25 mM KCI, 10 mM (WEEO, 2
mM DTT) or buffer B, which is the same as buffer A except
the buffer was 20 mM MES (pH 6.0). When APs (stored
in 10 mM Tris, pH 8.0) were added to the reaction, the slight

Barouch et al.

1 2 3 4 5 6 M,
(kDa)
Clathrin- ] = —180
Auxilin- — 100
' HSC70- == = = — — 70

increase in pH was compensated by adding 10% (by volume)Ficure 1: Hsc70 does not uncoat but binds clathrin baskets in the

of 10x concentrated buffer B at a pH adjusted to achieve a
final pH of 6.0.
Preparation of Clathrin BasketsThe clathrin peak which

presence of auxilin and ATP at pH 6.0 (SBBAGE). Lanes 1, 3,

5: total mixture before centrifugation. Lanes 2, 4, 6: supernatant
of preceding lane after centrifugation at 25. Lanes +4: ATP
added. Lanes56: ADP added. Lanes 1, 2: clathrin baskets plus

was separated from the APs on a Sepharose-6 column wa$isc70. Lanes 3, 4: auxilin plus baskets and Hsc70. Lanes 5, 6:
then rechromatographed on the same column to remove anysame as lanes 3 and 4, but with ADP instead of ATP. Experimental

residual APs. The purified clathrin was dialyzed overnight
in 0.1 M MES (pH 6.0), 2 mM DTT centrifuged fdl h at
15000@, and the resulting pellet suspended in buffer B

conditions: 0.3:M Hsc70, 0.24M clathrin baskets, 0.4M auxilin,

and 20uM ATP or ADP in buffer B. Centrifugation of Hsc70 alone
resulted in 85% recovery of the protein in the supernatant. The
higher staining of Hsc70 in lanes 1, 3, and 5 is due to a 70 kDa

(above). The clathrin basket concentration, defined as thecontaminant present in the clathrin preparation.

concentration of clathrin triskelions in the baskets, was

determined from spectrophotometric absorbance at 280 nm

of a small aliquot depolymerized in 0.5 M Tris (pH 8.5) and
the extinction coefficient;y, 280 nm of 12 for clathrin
triskelions (Prasad & Lippoldt, 1988).

ATPase and Binding Assay#ll assays were performed
at 25°C in buffer B and 2QuM [y32P]ATP (specific activity
0.4 Ci/mol) for ATPase assays, or nonradioactive ATP for

binding, unless otherwise indicated. Hsc70 was preincubated

in [y®2P]JATP or ATP for 10 min at 25C before addition to
the final reaction mixture (Barouclket al, 1994). The
binding of Hsc70 to baskets was routinely performed by
incubating Hsc70 with clathrin baskets for 15 min at°Z5
The reaction mixture was then centrifuged in a TL-100
ultracentrifuge at 3800@Dfor 6 min. After centrifugation,
the Hsc70 in the supernatant was quantified by SDS&
electrophoresis, followed by gel scanning. The quantification
of the released clathrin was determined by S8l elec-
trophoresis on 420% SDS gels followed by gel scanning
on a LKB Ultroscan-XL laser densitometer.

HPLC Analysis of Nucleotide Content.he bound nucle-
otide of Hsc70 was converted from ADP to ATP by an ATP-
regenerating system to measure the rate of ADP release (Ga
et al, 1993). The samples were analyzed using a HP 1090
liquid chromatograph from Hewlett-Packard. The samples
were treated with perchloric acid followed by neutralization
by KOH according to Gaet al. (1993).

Materials. Superose-6 was obtained from Pharmacia;
ATP, MES, creatine kinase, creatine phosphate, hexokinase
and imidazole from Sigma;yf?P]ATP from New England
Nuclear; and 420% polyacrylamide SDS gels from Inte-
grated Separation Systems.

RESULTS

We investigated the effect of auxilin on the interaction of
Hsc70 with pure clathrin baskets at pH 6, where uncoating

auxilin is present at a molar ratio of about 1 to 5 to both
clathrin baskets and Hsc70 (Prassdil., 1993; Barouclet

al,, 1994). However, at pH 6, both at this ratio and at
considerably higher ratios of auxilin to pure clathrin baskets
and Hsc70, auxilin induced very little uncoating (Figure 1,
lanes 1-4). On the other hand, auxilin has a major effect
on the interaction of Hsc70 with pure clathrin baskets; it
promotes the binding of Hsc70 to the baskets (Figure 1, lanes
3 and 4 compared to lanes 1 and 2). This binding shows an
absolute dependence on nucleotide. In the presence of ATP
but not ADP, auxilin promotes the binding of Hsc70 to
clathrin baskets, (Figure 1, lanes 4 and 6). We previously
obtained similar results with Aly—clathrin baskets at pH
6.5 (Ungewickellet al., 1995). Note also that almost all of
the auxilin binds to the clathrin baskets in the presence of
both ATP and ADP.

Our observation that auxilin does not induce the binding
of Hsc70 to clathrin baskets in ADP could be a kinetic
phenomenon in which Hsc70 binds as strongly in ADP as it
does in ATP but binds so slowly that essentially no binding
occurs over the time course of the experiment. In fact, for
the binding of Hsc70 to soluble clathrin triskelions at pH 7,

Qvhich is not auxilin dependent, Hsc70 was found to bind to

and dissociate from clathrin rapidly in ATP but very slowly
in ADP (Prasackt al., 1994). To determine whether this is
also the case for the binding of Hsc70 to clathrin baskets,
Hsc70 was first bound to the baskets in the presence of ATP
and stoichiometric auxilin. Hexokinase/glucose was then
added to hydrolyze the ATP completely to ADP, and after
varying times at 25 °C, the reaction mixture was centrifuged.
If the binding of Hsc70 to clathrin baskets is energetically
favored in ADP but is kinetically blocked, then the Hsc70
already bound in ATP will remain attached after the ATP is
hydrolyzed to ADP. However, Figure 2 shows that the
bound Hsc70, in fact, dissociates from clathrin baskets in
ADP with a half-life of about 6 min. Therefore, in the

does not occur (Braedit al., 1984); the baskets were prepared presence of auxilin and ADP, Hsc70 does not bind to clathrin
without assembly proteins. We first checked whether the baskets because this reaction is energetically unfavorable.
addition of auxilin would promote uncoating of these baskets  Since the binding of Hsc70 to clathrin baskets in ATP
by Hsc70 at pH 6. At pH 7 maximal uncoating occurs when requires auxilin, we examined whether activation of the
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Ficure 2: Time course of dissociation of Hsc70 from clathrin
baskets upon hydrolysis of ATP. A solution of &« Hsc70, 0.4
uM clathrin baskets, 0.4M auxilin, and 2uM ATP was incubated
for 15 min at 25°C in buffer B. At varying times after addition of
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Ficure 4: Clathrin baskets and auxilin are required for activation
of Hsc70 ATPase activity. The ATPase activity was measured in

hexokinase (50 units/mL) and glucose (5 mM), the solution was ptfer B (pH 6) at 25°C using 0.6uM Hsc70 alone ©); 0.6 uM

centrifuged to determine the amount of Hsc70 bound to clathrin

Hsc70, 0.4uM clathrin baskets, and 0.4M of the following

baskets. The zero time data point of 0.6, representing the fraction yroteins: AP-2 @), APyg(a), and auxilin ). The ATPase activity

of Hsc70 bound to baskets in ATP, was normalized to be 1.0.
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Ficure 3: Effect of auxilin on activation of Hsc70 ATPase activity

in the presence of soluble clathrin) was measured in buffer A
(pH 7) using 0.6:M Hsc70 plus 0.J«M auxilin and 0.4uM soluble
clathrin triskelions.

their experiment was not column purified twice, which is
necessary to remove all auxilin. We found there was slight
activation of the Hsc70 ATPase by auxilin alone (Figure 3),
which is consistent with our results showing direct interaction
between Hsc70 and auxilin (Jiamg al, 1997). However,
this activation is much less than occurs with both auxilin
and clathrin baskets. Furthermore, at pH 7, soluble clathrin
triskelions did not significantly activate the Hsc70 ATPase
activity in the presence of auxilin (open triangles, Figure
4). This latter experiment was carried out at pH 7 because
clathrin spontaneously assembles into baskets at pH 6.
Therefore, it appears that there is a specific requirement for
both auxilin and clathrin baskets in order for marked
activation of the Hsc70 ATPase activity to occur. Note that
at pH 6, just as at pH 7 (Gaet al., 1993), essentially all of
the nucleotide bound to Hsc70 is ATP in the presence of an
ATP-regenerating system. This indicates that ATP hydroly-
sis as opposed to product release is the rate-limiting step in
the Hsc70 ATPase cycle at pH 6. Therefore, activation of
the Hsc70 ATPase activity by auxilin and clathrin baskets

by clathrin baskets at pH 6.0. The ATPase activity was measured must involve a marked increase in the rate of the actual ATP

in buffer B at 25°C using 0.1uM Hsc70 alone®); 0.1uM Hsc70
with 0.4 uM clathrin baskets ¥); 0.1 uM Hsc70 with 0.4uM
auxilin (4); 0.1 uM Hsc70, 0.1uM clathrin baskets, and 0.8V
(@), 0.1uM (A), 0.2uM (a4), 0.3uM (O) or 0.4uM (M) auxilin.

20 uM [y32P]ATP was present in all samples. The rate of ATP
hydrolysis with Hsc70 alone was 1074 s™1, measured at 4M
Hsc70.

hydrolysis step.

Aside from being a cofactor needed in the uncoating
reaction, auxilin has also been shown to act as an assembly
protein for clathrin baskets (Ahle & Ungewickell, 1990).
Therefore, we were interested in determining whether other
assembly proteins could substitute for auxilin in inducing

Hsc70 ATPase activity at pH 6 by clathrin baskets is also clathrin baskets to activate the Hsc70 ATPase activity. As
dependent on auxilin. Increasing concentrations of auxilin shown in Figure 4, neither AP-2 nor A& supported

in the presence of clathrin baskets resulted in increasingactivation of the Hsc70 ATPase activity by clathrin baskets.
activation of the steady-state Hsc70 ATPase activity, so that Furthermore, the presence of these assembly proteins did not
at high ratios of auxilin to baskets there is marked activation appear to interfere with the effect of auxilin; in the presence

of the Hsc70 ATPase activity while almost no activation

of auxilin, clathrin baskets prepared with assembly proteins

occurs in the absence of auxilin (Figure 3). This latter result activated the Hsc70 ATPase activity only slightly less than
is contrary to the results of Rothman and collaborators (Braell clathrin baskets prepared without assembly proteins (data not
et al, 1984), who found that pure clathrin baskets by shown). Finally, whether auxilin was added before or after
themselves did activate the Hsc70 ATPase activity. How- clathrin basket formation, it had the same effect on the Hsc70
ever, itis likely that there was auxilin present in the clathrin ATPase activity. Therefore, although auxilin acts as an

preparation of Braekt al. (1984) since the clathrin used in

assembly protein, it probably binds to a different site on the
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Ficure 6: Comparison of the amount of auxilin needed for maximal
binding and maximal ATPase activity. Both the ATPase activity
L L L ' ' (®) and binding ©) of Hsc70 to clathrin baskets were measured
1 2 3 4 5 in buffer B at 25°C using 0.5¢M Hsc70, 0.3¢M baskets, 20:M
Auxilin/Clathrin Triskelion ATP, and a range of auxilin concentrations (G-@66 «M). The
FIGURE 5: ATPase activity of Hsc70 as a function of the ratio of data were then normalized by equating to 100% the values measured

auxilin to clathrin triskelion. The rate of ATPase was calculated Obtained at high ratios of auxilin to clathrin baskets. Maximal
from five data points over a 20-min time interval using varying binding and ATPase activity were obtained at auxilin to clathrin

concentrations of auxilin with@) 0.6 uM Hsc70 plus 0.1uM triskelion ratios of approximately 0.5 and 1.0, respectively.

clathrin baskets;A) 0.1 uM Hsc70 plus 0.1«M clathrin baskets;
(0) 0.1uM Hsc70 plus 0.3:M clathrin baskets. Note that ATPase were interested in directly comparing the auxilin required

rate was calculated pesM Hsc70. for maximum binding of Hsc70 to the pure clathrin baskets
with the auxilin required for maximum activation of the
baskets than the other assembly proteins. In addition, sinceHsc70 ATPase activity by the pure clathrin baskets. Figure
the J-domain of auxilin interacts with Hsc70 (Jiaegal, 6 shows that considerably less auxilin is required to induce
1997), this interaction is probably crucial in the ability of half-maximum binding of Hsc70 than to induce half-
auxilin to induce the binding of Hsc70 to clathrin baskets. maximum ATPase activation by the clathrin baskets.

We next determined the stoichiometry of auxilin to clathrin  Finally, we quantitatively investigated the effect of clathrin
baskets and Hsc70 required for maximum ATPase activation. paskets on the Hsc70 ATPase activity in the presence of
In these experiments, the auxilin concentration was varied saturating auxilin concentration at pH 6. Figure 7A shows
at a constant basket concentration and Hsc70 concentrationthe dependence of the rate of ATP hydrolysis on basket
In Figure 5, the ATPase rate was plotted as a function of concentration using an auxilin concentration always twice
the ratio of auxilin to clathrin triskelions at different clathrin  the basket concentration. When plotted in double-reciprocal
basket and Hsc70 concentrations. When the concentrationform (Figure 7B), these data fell on a straight line. The
of clathrin baskets was increased, the amount of auxilin x-intercept yielded &g of 0.2 4M clathrin, which indicates
required for maximum ATPase activity increased proportion- very strong interaction between the clathrin baskets and
ally; the ratio of auxilin to clathrin triskelions required for  Hsc70 in the presence of auxilin. This contrasts with the
maximum ATPase activity was about one auxilin per clathrin binding constant of Hsc70 to soluble clathrin triskelions of
triskelion. Therefore the auxilin appears to be binding 4 yM in ATP at pH 7 (Prasackt al, 1994). Auxilin is
stoichiometrically to the baskets rather than occurring free necessary for this effect because in the absence of auxilin
in solution, confirming the data in Figure 1. In addition, no binding of Hsc70 to clathrin baskets could be detected at
auxilin appears to be interacting primarily with the clathrin  pH 6, in the presence of either ATP or 90% ADP 10% ATP.
triskelions rather than with the Hsc70, since the same ratio This was the case even when the baskets were present at 2
of auxilin to clathrin triskelions was required for maximum ,M, which is a 1 order of magnitude higher concentration
ATPase activation even at a 6-fold higher Hsc70 concentra-than is required for binding in the presence of auxilin (data
tion (open circles, Figure 5). Note that, in this experiment, not shown).
the maximum ATPase activity (expressed as mol of ATP  They-intercept of the plot in Figure 7B yielded\&,ax of
hydrolyzed/mol of Hsc70) was lower because of the lower 9 x 10-2sL. Since the rate of Hsc70 alone is<710~4 51
ratio of clathrin baskets to Hsc70. Thus, the amount of under this condition, there is more than 100-fold activation
auxilin required for maximum ATPase activation depends of the Hsc70 ATPase. This is a more than 1 order of
on the basket concentration rather than the Hsc70 concentramagnitude higher activation of the steady-state Hsc70
tion, suggesting that most of the auxilin binds to the clathrin ATPase activity than occurs with peptide substrates or DnaJ-
baskets rather than to the Hsc70. like proteins at pH 7 (Greeret al., 1995; Kinget al., 1995b;

In contrast to the ratio of one auxilin per clathrin triskelion Jianget al., 1997). In general, both peptide substrates and
required for maximum activation of the Hsc70 ATPase Dnal-like proteins markedly increase the rate of ATP
activity, only one auxilin for every 510 clathrin triskelions hydrolysis by the Hsc70 proteins but have little effect on
is required for maximum uncoating of the clathrin coated the subsequent steps involving product release. Therefore,
vesicles (Prasadt al, 1993; Barouchet al., 1994). Fur- at pH 7 the rate of the activated steady-state ATPase activity
thermore, substoichiometric auxilin is sufficient to induce is approximately equal to the rate of product release (&ao
maximum binding of Hsc70 to clathrin baskets with A8 al., 1993; Greenet al., 1995; Kinget al., 1995b; Jianget
clathrin baskets (Ungewickedit al, 1995). Therefore, we  al., 1997).
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Ficure 8: Rate of ADP release at pH 6 at 26. ADP bound to
Hsc70 was converted to ATP by creatine kinase by incubating 10
) G uM Hsc70 containing &M bound ADP with 30 units/mL creatine
0 0.2 ) 0. ) kinase and 15 mM creatine phosphate at°€5in buffer B. At
(Clathrin Baskets] (\M) varying times the reaction was stopped by mixing with perchloric
T T T T T T T T T acid and the nucleotide content was determined by HPLC. After 5
B min, 95% of the bound nucleotide was converted to ATP.

Ungewickell, 1990), it might be expected that maximum
activation of the Hsc70 ATPase activity by clathrin baskets
would also occur at the same stoichiometry. However, our
results show that the binding of one auxilin per clathrin
triskelion in the baskets is sufficient to fully activate the
ATPase activity of the three Hsc70s bound per triskelion at
pH 6. Since the three Hsc70s apparently bind in close
proximity to each other at the clathrin vertex (Prasadl.,
1993), it is possible that auxilin also binds to the clathrin
RSN, B S T e vertex, and therefore one auxilin can interact with all three
1/[Clathrin Baskets] (xM)" Hsc70s at the vertex. Our data also show that the auxilin

Ficure 7: Dependence of activation of Hsc70 ATPase activity on b.mds tk? a different |S|te on .Clathrl'nhthan ,Pgl?f':md 'fA‘P_Z’ i
varying clathrin basket concentrations at saturating amounts of SINC€ these assembly proteins neither substitute for auxilin

auxilin. (A) plot of rate vs basket concentration at @M Hsc70, nor interfere with the effect of auxilin on the Hsc70 ATPase
0.08-0.6uM clathrin baskets; the auxilin concentration was always activity. Finally, our data show that, whether Hsc70 or
twice the basket concentration. (B) double-reciprocal plot of data cjathrin baskets are in excess, the same 1 to 1 ratio of auxilin
mg?af‘h'rﬁt t))(a:kg’ts%iy _:1/1}4\:”‘?(2 \;m(g.zzﬂ?\ﬂxdja-.%rirsl. Aty =0, to clathrin triskelions in the clathrin baskets is required for
maximum ATPase activity. Since auxilin can interact
The high ATPase rate at pH 6 suggested that auxilin and directly with Hsc70 (Jianget al, 1997) as well as with
clathrin baskets might not only increase the rate of the ATP clathrin baskets (Ahle & Ungewickell, 1990), these data
hydrolysis step but also increase the rate of ADP releasesuggest that auxilin binds considerably more tightly to the
from Hsc70. To test this point, we directly measured the clathrin baskets than to the Hsc70. Therefore, even in the
rate of ADP release from Hsc70 alone at pH 6. The rate presence of excess Hsc70, auxilin preferentially binds to the
that ADP bound to Hsc70 is converted to ATP by creatine clathrin triskelions in the clathrin baskets a 1 to 1
kinase is a measure of the rate of ADP release (&aal., stoichiometry.
1993). Figure 8 shows that the half-life for ADP release  Rgle of Auxilin in Inducing Clathrin Baskets To Bind to
from pure Hsc70 is about 20 s at pH 6, which gives a value Hgc70-ATP. At saturating auxilin, half-maximal Hsc70
of 3 x 107 s* for the rate of ADP release. This value is aTpase activity occurs at 02M clathrin baskets (or 0.6
1 order of magnitude greater than that measured at pH 7\ clathrin heavy chains), suggesting that auxilin induces
(Gaoet al, 1993).  Since the maximum steady state rate is yery strong binding between clathrin baskets and Hsc70 in
9 x 10°2s* at pH 6, the baskets and auxilin must cause at ATp_ Both auxilin and ATP are required for this binding;

least a 3-fold increase in_t_he_ rate of ADP release. Therefore,even at 24M clathrin baskets, no binding could be detected
clathrin baskets and auxilin increase both the rate of the ATP i, the absence of auxilin, and in the presence of auxilin, the

hydrolysis step and the rate of product release from Hsc70 binding was actually reversed in ADP. We found that, in
at pH 6, although the former effect may be larger than the he apsence of clathrin baskets, auxilin binds directly to

latter effect. Hsc70 with a binding constant of about Qu&! at pH 7
(Jianget al., 1997). Furthermore, like the binding of Hsc70
DISCUSSION to clathrin baskets, this binding occurs in ATP but not in
Interaction of Auxilin with Clathrin BasketsSince both ADP and is reversed when ATP is hydrolyzed to ADP.
auxilin and Hsc70 bind to clathrin at a stoichiometry of 3 Therefore, the binding of Hsc70 to clathrin baskets may
mol/mol of clathrin triskelions in the baskets (Ahle & initially be caused by a direct interaction of Hsc70 with

1/ATPase (s)
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auxilin which is already bound to the clathrin baskets; that are the product, these data suggest that studies on the binding
is, auxilin may act as a bridge between Hsc70 and the clathrinto Hsc70 of peptides or denatured proteins which are not
baskets. This would be consistent with our previous presented by DnaJ homologs may be misleading and may,
observation that auxilin has two domains, an N-terminal in fact, more accurately reflect the interaction of products
domain which interacts with the clathrin baskets (Ungewick- with Hsc70 than substrates.
ell et al, 1995) and a C-terminal J-domain which interacts  Interestingly, ATP appears to be required for both substrate
with Hsc70 (Jianget al., 1997). binding and product dissociation from Hsc70. This may be

However, the formation of a ternary complex in ATP explained by recent structural studies of the substrate binding
cannot completely explain our data because, in contrast todomain of DnaK which suggest that the substrate binding
the 1 to 1 molar ratio of auxilin to clathrin triskelions required site of DnaK must be opened up in order for substrates to
for maximum ATPase activity, maximal binding of Hsc70 bind or products to dissociate (Zletial, 1996). However,
to clathrin baskets occurs at substoichiometric levels of in reactions such as uncoating, unfolding, or translocation
auxilin to clathrin baskets. A similar effect occurs at pH 7 where the energy of ATP hydrolysis is used to perform work,
where the maximum rate of uncoating occurs at about0.1 it may be crucial that the rebinding of ATP during the
0.2 mol of auxilin/mol of clathrin (Prasaét al, 1993; dissociation phase of the cycle not return the Hsc70 to the
Barouchet al, 1994). One explanation for these observa- exact conformation it had in the substrate binding phase,
tions is that, although most of the auxilin is bound to the thereby reversing the conformational change which occurred
clathrin baskets, auxilin rapidly moves from site to site on during ATP hydrolysis. The requirement for DnaJ homologs
the baskets, first indirectly linking Hsc70 to the baskets in a such as auxilin in the binding but not the dissociation phase
ternary complex, then inducing direct binding of Hsc70 to of the cycle may not only provide specificity in the binding
the clathrin baskets, and finally dissociating and moving to of substrates to Hsc70 but also provide the asymmetry which
another clathrin site before the ATPase cycle is completed, is required for reactions such as uncoating which use the
e.g., before ADP is released from the Hsc70. Note that, in energy of ATP hydrolysis to perform work.
such a model, if auxilin accelerates the rate of ADP release,
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