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ABSTRACT: The three-dimensional structure of the C-terminal 20 kDa portion of auxilin, which consists
of the clathrin binding region and the C-terminal J-domain, has been determined by NMR. Auxilin is an
Hsp40 family protein that catalytically supports the uncoating of clathrin-coated vesicles through recruitment
of Hsc70 in an ATP hydrolysis-driven process. This 20 kDa auxilin construct contains the minimal
sequential region required to uncoat clathrin-coated vesicles catalytically. The tertiary structure consists
of six helices, where the first three are unique to auxilin and believed to be important in the catalytic
uncoating of clathrin. The last three helices correspond to the canonical J-domain of Hsp40 proteins. The
first helix, helix 1, which contains a conserved FEDLL motif believed to be necessary for clathrin binding,
is transient and not packed against the rest of the structure. Helix 1 is joined to helix 2 by a flexible
linker. Helix 2 packs loosely against the J-domain surface, whereas helix 3 packs tightly and makes critical
contributions to the J-domain core. A long insert loop, also unique to the auxilin J-domain, is seen between
helix 4 and helix 5. Comparison with a previously reported structure of auxilin containing only helices
3—6 shows a significant difference in the invariant HPD segment of the J-domain. The region where
helix 1 is located corresponds to the expected region of the unstructured G/F-rich domain seen in DnalJ,
i.e., the canonical N-terminal J-domain protein. In contrast, the location of helix 1 differs from the substrate
binding regions of two other Hsp40 proteifsscherichia colHsc20 and viral large T antigen. The variety

of biological functions performed by Hsp40 proteins such as auxilin, as well as the observed differences
in the structure and function of their substrate binding regions, supports the notion that Hsp40 proteins
act as target-specific adaptors that recruit their more general Hsp70 partners to specific biological roles.

The Hsc70 class of molecular chaperones is involved in  with an invariant HPD motif that specifically binds to Hsc70.
numerous processes in the cell, including assisting in the This HPD moitif is essential for activity both vitro andin
folding of newly synthesized proteins, preventing denatur- vivo (4—6). Various studies have shown that J-domain
ation and aggregation, and in assembling and disassemblingroteins such as Hsp40 act by presenting protein substrates
protein complexesl). There is considerable evidence that to Hsc70 {, 7). The J-domain protein binds the protein
substrates rapidly bind to and dissociate from Hsc70, which substrate, transfers it to the Hse7ATP molecule, and
is an ATPase, in the ATP-bound form, while substrates are finally induces rapid hydrolysis of ATP to ADP, thereby
tightly bound to Hsc70 in the ADP-bound form, dissociating locking the protein substrate onto the HseADP molecule.

very slowly gntil ATP repinds:{). In most of its functions,_ One of the best characterized functions of Hsc70 that
Hsc70 requires the action of a class of cofactor proteins requires a specific J-domain protein is the uncoating by

known as H§p40, or,.equwalentl.y, J-dgmaln. proteis ( . Hsc70 of clathrin-coated vesicles in an ATP-dependent
These proteins contain a 70-amino acid residue J-domaunreaction 8—10). Both in sitro andin vivo, this uncoating

activity of Hsc70 requires catalytic amounts of the 100 kDa,
¥ The coordinates have been deposited as Protein Data Bank entrynerve-specific J-domain protein auxilin or the related widely
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! Abbreviations: Hsp70, heat shock protein 70 (kilodaltons); Hsc70, binding region, and an N-terminal tensin segment of un-
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(kilodaltons); Hsc66, heat shock cognate 66 (kilodaltons); Hsc20, heat known function. In addition to these domains, GAK has an
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suggested that, during the uncoating reaction, auxilin first catalytically supports uncoating of clathrin baskets by Hsc70
binds to a clathrin triskelion on the clathrin basket, inducing (18). Therefore, in the study presented here we undertook a
the binding of three Hsc70ATP molecules to the clathrin  multidimensional heteronuclear NMR study to determine the
triskelion (L5, 16). Auxilin catalyzes the rapid hydrolysis of  structure of Aux-C20.

the Hsc76-ATP molecule to the HscZ6ADP molecule, Our results suggest that J-domain protein substrate binding
causing the clathrin triskelion to dissociate from the clathrin gomains and their relationship to their respective J-domains
basket. Finally, auxilin detaches from the dissociated clath- gppear to be individually adapated to their specific substrates.
rin—Hsc70 complex and then binds to another triskelion in Helix 1 of Aux-C20, which contains the FEDLL region that
the clathrin basket, thus acting catalytically. On the other presumably interacts with the distal or proximal domain of
hand, Hsc70 acts StOiChiometI’ically Since, unlike auxi]m,( the clathrin heavy Chainzm, is found in the expected
it forms a stable complex with the dissociated clathrin |ocation of the unstructured G/F-rich domain of DnaJ.
triskelions even in the presence of ATEg]. In its ability However, whileE. coli DnaJ, like many other J-domain
to induce catalytically the binding of Hsc70 to clathrin proteins, binds weakly to Hsc70 but strongly activates its
baskets, as well as in its ability to catalyze hydrolysis of ATPase activity in the absence of substr&@),(auxilin binds
ATP to ADP leading to formation of a stable clathfillsc70  strongly to Hsc70 and negligibly activates the Hsc70 ATPase
complex, auxilin acts as a typical J-domain protein. However, activity in the absence of clathriri 7). Even larger differ-
other J-domain homologues cannot substitute for auxilin in ences are observed between the substrate binding domains
supporting uncoating of clathrin baskets by Hsc70, probably of Aux-C20 and theE. coli Hsc20 J-domain protein; the
because the clathrin-binding domain of auxilin is unique in sypstrate binding domain of the latter appears to be rigidly
the J-domain family of proteinsl§). related to its J-domairB( 20), while helix 1 of Aux-C20 is

To determine how J-domain proteins function, it is critical flexibly related to its J-domain. Finally, the large T antigen
to determine structures of J-domain proteins that presentj-domain and its substrate binding domain have orientations
different substrates to Hsc70. A number of structural studies completely different from each other and from the respective
have been carried out on isolated J-domains, including a verydomains of Aux-C20. Therefore, our results suggest that the
recent study on the J-domain of auxilin, and their tertiary substrate binding domain of each J-domain protein may be
structures have been found to be simité®)( However, only  specifically tailored to its particular substrate, bringing its
with structures of proteins containing both a J-domain and substrate into the correct orientation relative to the Hsc70
a functioning substrate binding site is it possible to determine ATP molecule. This enables the substrate to be transferred
the relationship between these two domains and possibly theirfrom the J-domain protein to Hsc70 while at the same time

relationship to Hsc70 as well. The structure of a complete the Hsc70 ATPase activity is activated and substrate is then
20 kDaEscherichia coliJ-domain protein that presents the trapped on the Hsc70ADP molecule.

iron—sulfur cluster assembly protein (IscU) to a speckic

coli Hsc70 protein (Hsc66) has been determined, and thisEXPERIMENTAL PROCEDURES

structure suggests a rather rigid relationship between the ) ) N )
substrate binding site and the J-domain of HscZll).(The Sample PreparatiorBovine auxilin was truncated to give
structure of the N-terminal J-domain of SV40 large T antigen, the 20 kDa C-terminal recombinant protein Aux-C20. Aux-
bound to its substrate, Rb tumor suppressor, has also bee20 was expressed as a glutathidberansferase (GST)
determined, but relatively little detailed information about fusion protein by being cloned into the pGEX 6P-1 vector
how this J-domain functions or indeed whether it even (Amersham Biosciences). TH&N-labeled and*N- and**C-
interacts with Hsc70 is availabl@). The structure of the  labeled (Martek, minimal media) fusion proteins were
J-domain from thé. coli Hsp40 homologue DnaJ has been typically prepared from 1.5 L. The cells were lysed and
determined in both the absen@®(23) and presence of the ~ centrifuged, and the supernatant was then added to glu-
G/F-rich domain 24, 25); however, the G/F-rich domain was tathione resin (Amersham Biosciences) at a ratio of 20 mL
unstructured, and its role in substrate interaction is not Of protein supernatant per 5 mL of resin. The protein resin
entirely clear 25). Auxilin, one of the best characterized of Mixture was then rotated fe h at 4°C. The resin was then
the J-domain proteins with regard to its functi@, (vould, spun, and the immobilized protei_n was washed three times
of course, be an excellent J-domain protein to analyze With 300 mM KCl and 50 mM Tris (pH 7.5), followed by
structurally. Unfortunately, auxilin has not yet been crystal- two washes with cleavage buffer. Then 750 units of
lized and is too large for its structure to be determined by Precission protease (Amersham Biosciences) was added and
NMR, as is the 60 kDa recombinant fragment of auxilin the resin rotated overnight at°€. The eluant from three
lacking the tensin domain that has been shown to have full Washes of the column was combined and applied to a DEAE
uncoating activityin zitro. However, we have recently found ~column (5 mL) equilibrated in cleavage buffer which
that the clathrin binding domain of auxilin has two subdo- removed minor contaminants. The cleaved protein was
mains, an N-terminal clathrin-binding domain that appears further purified on a benzamidineSepharose 6 column

to be mainly involved in clathrin polymerization and a (Amersham Biosciences) to remove any residual protease.
C-terminal subdomain containing the FEDLL sequence that From 1 L of cells, we obtained 10 mg of protein that was
is required for auxilin to act catalyticallylg). A 20 kDa  greater than 98% pure when analyzed by NMR spectroscopy.
(182-amino acid residue) recombinant C-terminal fragment The first eight residues of Aux-C20 are from the GST fusion
of auxilin (Aux-C20) that retains this subdomain also retains Protein, and the remaining 174 residues are the final 174
the key activities of intact auxilin1@, 26). Although it is ~ residues of bovine auxilin (residues 73910).

not able to induce polymerization of clathrin and binds more  Four 1.5 mM Aux-C20 samples were prepared, one labeled
weakly to clathrin baskets than intact auxilin, Aux-C20 with *5N and one labeled with botFC and*N, at pH 7.0
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in 25 mM phosphate buffer, and one labeled with and magnitudes that are smaller than the theoretical NOE limit
one labeled with botR3C and®®N, at pH 4.5 with 60 mM of —6 (37). In all three fits, all the cross-peak intensities
NaCl, all in a 90% HO/10% D,O mixture with 5 mM 16D- were never more than a factor of 3 above and below the

EDTA. The sample lifetime was limited to-12 weeks; the  fitted average. For this reason, the upper and lower bounds
gradual appearance of additional sharp peaks in the NMRfor the distance restraints were calculated assuming a
spectra (at both pH values) indicated significant proteolytic variation of a factor of 3 in intensity above and below the
degradation, which was verified by SB®AGE analyses  measured cross-peak intensity. Backbgrendy torsional

of the samples. angle restraints were obtained using TALCBB)(using*3C
NMR Experiments and Chemical Shift Assignm@iit. o- andS-resonances supplemented dnproton and amide

spectra were recorded on a Bruker 600 MHz DRX spec- nitrogen and proton resonances. Thandiy restraint ranges
trometer, except where noted, at 300 K and at both pH values,were taken to be 4 times the uncertainty range in the TALOS
except where noted. For the doubly labeled samples, Cb-output file.

CaCONH (42*x 35* x 512* f; at 6172.8 Hzf, at 1577.3 Determination of the Auxilin Structur&he structure of

Hz, andf; at 8992.8 Hz) and CbCaNH (40% 38* x 512%,  A;x.C20 was generated using X-PLOR version 3.851 (A.
fi at 5952.4 Hzf, at 1577.3 Hz, ands at 7183.9 Hz) Z9) Brunger, Yale University, New Haven, CT). After generation
spectra were collected, as well as a short constant time (2.74f several preliminary ensembles of structures, to check and
ms) +*C-edited NOESY-HSQCt; = 100 ms, 64*x 32* make additional assignments and to optimize the X-PLOR
x 512* f; at 6001.5 Hzf, at 7462.7 Hz, ands at 7788.2 parameter settings, a set of 200 structures was generated
Hz) (30) spectrum in the aliphatic regiod®C carrier at 56 using the standard “dg_sub_embed” (backbone embedding)
ppm) with water flip back$1) and sensitivity enhancement o tine. Simulated annealing was then performed using the
(32) and a**C-edited NOESY-HMQCtix = 100 ms, 96 gandard “dgsa” routine with 30 000 steps at an initial
x 46 x 512% f, at 6001.5 Hzf, at 6640.1 Hz, and; at temperature of 10 000 K, followed by 10 000 cooling steps.
7788.2 Hz) 49) spectrum in the aromatic regioRC carrier  Figating chirality was employe®®), with the relatively high

at 125 ppm) with water ﬂig backs@) WATERGATE water  emperature allowing sufficient prochiral sampling. Ad-
suppression34). For the ™N singly labeled sample at pH  jitional molecular dynamics refinement was performed on
7.0, a three-dimensional (3EN-edited NOESY-HSQCt{x the structures using the standard “refine” routine, cooling

= 80 ms, 96*x 60 x 768, 1, at 6001'_5 Hzf, at 1,733'4 the structures from a starting temperature of 5000 K in 25 000
Hz, andf; at 8333.3 Hz) §3) spectrum with water flip back  tong From the 200 refined structures, the 20 structures with
was collected, while for the pH 4.5 sample, the same o |gyest X-PLOR energies were chosen for the final
experiment was performed on a Bruker *800 MHz DMX" efinement steps. During the first stage of the refinement,
spectrometerti, = 80 ms, 140*x 40 x 768 éfl at .8809 9 poth NOE restraints and experimental dihedral restraints had
Hz,f, at 2311.1 Hz, ané at 11 061.9 Hz). A°N-edited’H force constant magnitudes of 200 kca/#nd 200 kcal/rad)

TOCSY (mix = 60 ms, 96*x 64 x 768*, f; at 6001.5 Hz, res ;
pectively, and the van der Waals repel parameter was set
f2 at 1733.4 Hz, and; at 8333.3 Hz) %0) spectrum was ;g 75 for the minimizations, while in the final refinement

collected for the pH 7.0 sample. Chemical shift assignmentsSteps these constants were changed to 30 keéiAthe

and preliminary secondary structural analysis have beenNOE restraints, 100 kcal/rafor the dihedral restraints, and

reported prIeV|oust€CED. o lized K 0.8 for the repel parameter. The “sum” averaging and
__ Structural Restraint Determinatiohlormalized NOE peak  «gq 51" potential options were used for the NOE restraints
intensities were used to derive distance restraints for Str“Cturethroughout.

calculation. Distance versus peak intensity-tbog calibra- , _ ) .

tions were performed for the spectra collected for the pH In the final refinement steps, experimental restraints were
4.5 samples, which include the 800 MM&-edited NOESY carefully examined for systematic violations in the 20
spectrum. Only nonoverlapping cross-peaks having undis- Structures, usually due to spin diffusion cross-peaks or a
torted, nonoverlapping diagonal peaks for normalization were failure to account for additional degenerate resonances, and

used in the calibrations. For tA& NOESY spectrum, cross- e corresponding restraints were removed or adjusted
peak intensities from clearly-helical segments of the accordingly. In individual structures with local regions of

structure were fit to the corresponding standartielical nonsystematically violated restraints, typically coordinate
distances along with intra-side chain tryptophaf étoss- randomization was performed in the local area and additional
peaks and corresponding distances. Similarly, for the aliphatic/OW-témperature (200 K) refinement performed on the
region 3C NOESY spectrume-helical cross-peaks along structure. For the final structures, 5000 steps of minimization
with geminal methylene cross-peaks were used with the Were performed.

corresponding distances. For the aromatic re¢iGriNOESY Binding and ATPase Assay€lathrin baskets, Hsc70,
spectrum, tryptophan intra-side chain, phenylalanihitra- AP180, and auxilin were made as described previousdy. (
side chain, and histidine intra-side chain cross-peak intensitiesBinding of Aux-C20 to clathrir- AP180 baskets was assessed
and corresponding distances were used. The resultingby mixing varying concentrations of the auxilin fragment
exponents from the loglog fits were —4.4 for the 5N with baskets and determining the amount bound after
NOESY spectrum,—4.4 for the aliphatic'3C NOESY centrifugation in a TL-100 ultracentrifuge at 400@0@r 6
spectrum, and-4.3 for the aromatié¢*C NOESY spectrum.  min. ATPase activity was measured at pH 6.0 and°@5
That the exponent results are so similar is probably coinci- using [y-32P]JATP as described in rét The buffer consisted
dence; similar calibrations on other proteins have yielded of 25 mM KCI, 10 mM ammonium sulfate, 2 mM Mgg&ll
more variable results3g). Because of spin diffusion and mM dithiothreitol, and 20 mM imidazole at pH 7.0 (or 20
molecular vibrations, empirically calibrated exponents have mM MES at pH 6).
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254 A Table 1: Aux-C20 NMR Structure Statistics
T 24 backbone rmsd for residues 79810 (Ap 1.15
g 15 all heavy atom rmsd (A) 1.60
s ] backbone rmsd for residues 81405 (AP 0.30
; 1 all heavy atom rmsd (A) 0.76
s average NOE restraint violation (2810) ¢A) 0.040
a 0.5 4 intra (766) (Ay 0.048
0 e} sequential (854) (&) 0.041
o T T medium-range (686) (A) 0.031
0 2 4 long-range (504) (%) 0.036
Time (min) averagep—y dihedral restraint violation (144) (deg) 0.71
rmsd from idealized covalent geometry
098 bonds (&) 0.0036
E’_ 60 angles (deg) 0.43
b E improper dihedrals (deg) 0.30
c 50 Ramachandran plot (%b)
3 940 ] residues 729910 62,34,4,0
23 . residues 798910 79,20,1,0
& @30 . - — , .
$ g . 2 The first 69 residues are primarily random coil, except for helix 1.
x 20 b Helices 3-6, excluding helix 2 and C-terminal residuéNumber
< 4 il of restraints in parentheseSThe percentages correspond to most
R favorable, additionally allowed, generously allowed, and disallowed

o

——— regions of the Ramachandran plot.
0 1 2 3 4
Aux-C20 (uM) 3 and 6, while helix 3 packs tightly with the last three helices,

FiGURE 1: (A) Activation of Hsc70 ATPase activity by clathrin ~ Contributing to the hydrophobic core of the J-domain. Figure
baskets at pH 6.0 by Aux-C20. The ATPase activity was measured 3 shows the three-dimensional structure for the final five
at 25°C using 0.6uM Hsc70 alone @), 0.6 M Hsc70 with 0.6 helices. The packing of the last four helices superficially
#M Aux-C20 @), 0.6 uM Hsc70 with 0.6uM clathrin baskets  resemples a four-helix bundle, except that helices 4 and 5

0), and 0.6uM Hsc70, 0.6uM Aux-C20, and 0.6uM clathrin . .
E)a?skets R (73) Binding of AU-C20 To Cla'[hl’iH-AgL;.BO baskets U parallel to each other, rather than antiparallel, and helix

at pH 7.0. Varying concentrations of Aux-C20 were added to 2.5 4 is considerably shorter and less parallel to the other three
uM clathrin baskets polymerized with the assembly protein AP180. helices. A long insert loop between helices 4 and 5, with
The amount of AuxC-20 bound was determined after sedimentation well-defined structure and contributing many hydrophobic

and quantified from SDS gels of the supernatant. All concentrations e residues. is another unique feature of the auxilin
of clathrin are expressed in terms of clathrin triskelions. J-domain 19 3’5)

RESULTS No structurally significant differences were seen in chemi-
. . cal shifts or NOESY cross-peak patterns at the two pH values
We previously showed that Aux-C20 catalytically supports (4.5 and 7.0), except for D876 (of the J-domain invariant

ihe uncoat.ing of clathrin baskets by HSC_.MB)( Panels A HPD sequence) and R828. The backbone amide chemical
and B of Figure 1 show that Aux-C20 retains two otherkey gpips o hoth these residues become narrower and shift

properties of auxilin. First, at pH 6 it strongly activates the downfield at the higher bH. The NOESY cross-peaks to the
ATPase activity of Hsc70 in the presence but not in the oo hain 2 andgcl a?tached protons of H8781 strongly
absence of clathrin baskets, and second, it binds relatively .. its conformation such that the’Natom is within
str_ongly to clathrln baSket.S at pH 7, although Itis not aple hydrogen bonding distance of the backbone amide of D876,
to induce clathrin polymerization. Therefore, in many of its and position its ring such that it packs against the proline
key properties, Aux-C20 is functionally quite similar to intact ring. A hydrogen bond to the side chain of H874 in the

auxilin. . : . )
. . . . . solution structure would explain the exceptionally downfield-
The Aux-C20 structure consists of six helices, with helix shifted D876 amide resongnce of 11 ZSF;)pm atypH 7 due to
1 starting at res_|du_e 778_Of auxilin. The statistics f_or the ot only the hydrogen bond but also the histidine ring current.
structure determination using the NMR-derived restraints are p pH 4.5, the broader appearance of the upfield-shifted
given in Tab_le 1 anq a ;econdary str_ucture and SEQUENCE, mide resonance is likely due to exchange between positively
comparison is given in Figure 2. The first three helices are charged and neutral or hydrogen-bonded forms of the
unique to auxilin, and the last three correspond to the pighigine side chain. The reason for the change in the amide

canonical J-domain structure. The initial 48 residues of Aux- . . I . .
; resonance of R828 is not clear. This arginine is quite distant
C20 are unstructure®q). The resonances of helix 1 have (25 A) from D876 ! IS arginine 1S quite di
{ .

broader, stronger NOESY cross-peaks than the adjacen

unstructured residues, and includeitb + 3 (residues three  p|scussIiON

positions apart in sequence) cross-peaks andifaiet 4

cross-peaks. Such cross-peaks are not seen in the adjacent The structure of Aux-C20, the minimal fragment of auxilin
stretches, and they are typical @f-helical secondary  necessary for catalytically uncoating clathrin-coated vesicles,
structure. Thé3C chemical shifts for helix 1 are more typical consists of six helices in its unbound form. Helix 1, with
of random coil, however, indicating transient secondary the conserved FEDLL motif known to interact with clathrin
structure 85, 40). No long-range NOE cross-peaks were (27), does not pack against the remaining five helices and is
detected for helix 1, which is joined to helix 2 by a flexible, joined by a flexible linker to helix 2, while helix 2 makes
13-residue linker. Helix 2 is loosely packed against helices only weak contacts with the remaining helices. The last four
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e 2 3 4
780 790 800 810 820 830 840

aux bt*...AADFEDLLSGQGFNAHKDK -KGPRT1AEMRKEEMAKEMDPEKLK I LENIE- -GKE- - -RNFRAT S sTimTdE -
aux mm*...AADFEDLLSSQGFNAHKDK - KGPRTIAEMRKEEMAKEMDPEKLKILEWIE - - GKE - - - RNIRALLSTMHTVL -
gak hs ...ENDFEDLLSNQGFSSRSDK-KGPKTIAEMRKQDLAKDTDPLKLKLLDWIE- - GKE- - - RNTRALLSTLHTVL -
gak mm ...ENDFEDLLPNQGF- SKSDK - KGPKTMAEMRKQELARDTDPLKLKLLDWIE - - GKE- - - RNTRALLSTLHTVL -
gak ra ...ENDFEDLLPNQGF- SKSDK-KGPKTMAEMRKQELARDTDPFKLKLLDWIE- - GKE- - - RNTRALLSTLHTVL -
aux ag ...GDIFGDILGQOGYSFGSTKNQGPRTMNDMRKEELVREMDPERVKLMEWTE- - GKK - - -NNTRALLCTVHTVL-
aux dm .--SDIFADILGQQGYSFGSKMNQCPRSINEHRKEDLFKDMDPKKVRIMEWTD'-GKK---NNIRALLCSMHTVL-
aux ce ...MDAFSDLLNQGGFKPTQRE-NQKQSIGNMLKVEQSKNLTPEEIQTRDWTQ- - GKE- - -RNTRALLGSLHNVL-
aus at ...ARLERHQRTQERAAKALAEKNERDLOVQREQVEKDRIGVTLDVEIKRWGA- - GKE- - - GNLRALLSTLQYVL -
swa sc -..PATKKQNLTASSSNSPISVDSTSEIKKRELENAKLALYDKVFEKISSWKD'-GKD---DDIRHLLENLSSLLT
aus dd ...QNPQPPQQQSNYFNNGMPPQSSVSQHVDNHOHERSNVED IVSEKTKMWGEKGGRK - - -NNLRVLLSTLHEVL-
aus py ...NHKENQESVQSKVNNRLKELKEYRCQEEANFKEKIATSDKIKKQITKWSK- -NSDESYKDIKVMLSTLDDVL-

FAF mp MDRVLSRADKERLLELLK

XBL ec MAKQDYYEILG

HDJ hs MGEDYYQTLG

FPO ec hDYFTLEG

GH6 hs SHLREESLQLMDLLG

Jdom cons DYYEILG
5 6

]
870 880 * 850 900 910

* * 85*0 86* * * % * * * *
aux bt WAGETKWK£VGMADLVT-PEQVKKVYRKA LVVHPDKAT---&QPYEQ--YAKMIFMELNDAWSEFENQG-QKPL&
aux mm* WAGETKWKPVGMADLVT-PEQVEEVYRRAVLVVHPDKAT---GQPYEQ--YARKMIFMELNDAWSEFENQG-QKPLY
gak hs WDGESRWTPVGMADLVA-PEQVKKHYRRAVLAVHPDKAA - - -GQPYEQ - -HAKMIFMELNDAWSEFENQG - SRPLF
gak mm WDGESRWTPVSMADLVT - PEQVEKQYRRAVLVVHPDKAT - - -GQPYEQ - -YAKMIFMELNDAWSEFENQG-SRPLF
gak rn WDGESRWTPVSMADLVT - PEQVEKQYRRAVLVVHPDKAT - - -GQPYEQ - - SAEMIFMELNDAWSEFENQG-SRPLF
aux ag WPG-AKWTKCEMHQLVS - AADVEKIYRKACLAVHPDKHT - - - GTENES - -MAKMIFMELNNAWTEFESDATQQNLF
aux dm WD -NAKWQRCEMSTMVT - PTEVEKAYRRACLAVHPDKHN- - - GTENEE - - IAKLIFMELNNAWTDFENDATQQNMFNA
aux ce WEGADRWNQPSMGDLLT - PDQIKKHYRKACLVVHPDELT - - -GSPHLS - - LAKMAFTELNDAYSEKEYQNDPAAM
aus at WP-ECGWQPVSLTDLIT-AASVEKVYRKATLCIHPDKVQQK - GANLQOKYIAEKVFDMLKEAWNKFNSE
swa sc WC- - -NWKDVSMQDLVM-PKRVEITYMEKAVAKTHPDEIPES - -LSLENKMIAENIFSTLSIAWDKFKLQNDIN
aus dd WI-ESGWEKVTYGSLVT-PIQVEKKVYRKAIIVVHPDEVHN--GTME QKMIAQRIFETLRDQFEVFEKVDLEPSN
aus py WE-NSDWKRVSVSDLISNPSAVEKAYKSAILLCHPDKHR- - -GEKPIER--VVTHNIAIT

FAF Mp  --------- LpRQLWGD-FGRMQQ%YKQ&%L%%HPDKG----G -------- SH;;M&E;NSLWGTFKTEVYNLRMNLGGTGFQ...
XBL ec  --------- VSK--TAE-EREIRKAYKRLAM&;HPDRNQ---GD ----- KEAEAKFKEIKEAYEVLTDSQKRAAYDQYGHAAF
HDJ hg  =---=-=-- LAR--GAS-DEEIKRAYRRQALAYHPDKNK---EP ------ GAEEKFKEIAEAYDVLSDPRKREIFDRYGEEGL
FPO eC  —=--=-m-= LPARYQLD-TQALSLRFQDLQRQ%H%DKFAS--GSQAEQ-LAAVQQSATINQAWQTLRHPLMRAEYLLSLHGFD...
GH6 hs  ~---m---- LERSAWGN - IPLMRKAYLKKCKEFHPDKG- -~ -G- -~ -~~~ DEEKMKKMNTLYKKMEDGVKYAHQPDFGGFWD. . .
Jdomeons --------- VPR--DAS-DEEIKKAYRKLALKYHPDKNP- - - GDPE- - - - EAEEKFKEINEAYEVLSDPEKRAIYDQYG

FIGURE 2: Sequence comparison of the auxilin family in eukaryotic phyla and secondary structure comparison with other J-domain proteins.
Purple bars represent helices. Asterisks denote hydrophobic core residues. Red highlighting denotes residues conserved in all J-domains,
green residues conserved in the auxilin family, and blue conserved residues specific to the animal branch of the auxilin family. Helix 1 of
Aux-C20 is transiently structured. The top seven sequences, separated from the rest by the blue line, are animal auxilin sequences. For this
region of auxilin, theBos taurusand human sequences are identical, andMbe musculusindRattus noregicussequences are identical.

For comparison, plant, fungi, amoeba, and plasmodia auxilin-like sequences are shown. Abbreviations: aux, auxilin; gak, cyclin G-associated
kinase; aus, similar to aux; swa, similar to yeast swa2; FAF, murine polyomavirus T antigenEXB&lj DnaJ; HDJHomo sapien®nal

homologue; FPOE. coli Hsc20; GH6, simian virus 40 large T antigen; Bt,taurus hs,H. sapiensmm, M. musculusrn, R. nowigecus

ag, Anopheles gambiaedm, Drosophila melanogasterce, C. elegans at, Arabidopsis thaliana sc, Saccharomyces cersiae dd,
Dictyostelium discoideunpy, Plasmodium yoelli

helices pack tightly together, forming the hydrophobic core are not conserved. Portions of auxilin outside the Aux-C20
of the J-domain. An X-ray structure for auxilin, including construct could also conceivably influence the structure of
just the last four helices, matches closely the correspondingthe flexible regions of Aux-C20, though since Aux-C20
portion of the NMR structure with a backbone rms deviation retains catalytic activity, any such influence does not appear
of 1.28 A (19). The extent to which the unbound structure to be critical.

resembles auxilin in its clathrin-bound form of course  Figure 2 compares the sequence of the bovine auxilin
requires knowledge of the auxilirclathrin complex struc-  J-domain with other auxilin sequences from animals and
ture, which is not known. The FEDLL motif is clearly sequences similar to that of auxilin from plants, fungi,
required since mutation of residues in this motif greatly amoeba, and plasmodia. Curiously, in nhonanimal auxilin,
reduces the activity of Aux-C20 (r@f7 and our unpublished  there do not appear to be any sequence stretches homologous
data). However, in addition to the FEDLL motif, the residues to helix 1 of animal auxilin, and the extent of homology
preceding helix 1 in the Aux-C20 construct might also be with helix 2 of animal auxilin appears to be marginal, at
important for clathrin interaction since deleting these residues best. Helix 3 does appear to be conserved in all auxilins,
also greatly reduces activit?7), even though these residues however, because the hydrophobic residues it contributes to
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Ficure 3: Stereoview of the ensemble of 20 NMR structures showing the backbone from the beginning of helix 2 to the C-terminus.
Helices are in purple, and the HPD segment is in red. The linker joining helices 1 and 2 is flexible, and the position of helix 1 is not
well-determined relative to the rest of the protein.

the J-domain core are found in all auxilin sequences. Also G/F-rich domain 25). The structure of the HPD segment
shown in Figure 2 are the sequences and secondary structurediffered markedly depending on whether the G/F-rich domain
of the other five J-domains whose structures have beenwas present, even though the G/F-rich domain was unstruc-
determined 20, 21, 24, 41, 42). The additional C-terminal  tured and no direct contact with the HPD loop was observed.
helix seen in three of the five other known J-domain Thus, residues outside the J-domain can potentially influence
structures is not present in the Aux-C20 structure. A Dali the HPD loop structure. The Aux-C20 construct used for
structural similarity search4@) for Aux-C20 helices 26 the solution structure has 84 additional N-terminal residues
produced only one non-auxilin match with a score above compared to the construct used for the crystal structure. Of
5.0, the murine polyomavirus T antigen J-domain [PDB entry course, differing conditions in the crystal compared to those
1FAF (41)], which happens to be one of the J-domain in solution could also give rise to structural differences.
structures lacking the final C-terminal helix. Helix 1 and the Long Insert Loop of Auxililithe two most
Invariant HPD Loop.The structure of the invariant HPD  distinguishing features of Aux-C20 are its first three helices,
segment is especially interesting because of its critical role the first of which is known to interact with clathrin (27),
in the binding of the J-domain to Hsc76, @4). Surprisingly, and its long insert loop between helices 4 and 5 (the first
the HPD backbone in the Aux-C20 solution structure is not and second helices, respectively, of the canonical J-domains).
similar to the crystal structure of the auxilin J-domain (HPD The J-domain lies at the C-terminus of auxilin, and is the
backbone rms deviation of 2.7 A), but it is nearly identical only C-terminal J-domain whose structure is known. Given
to that seen for Hsc20 [PDB entry 1FPEX); rms deviation the large amount of data for the auxiticlathrin interaction
of 0.4 A] and also similar to the murine polyomavirus T (7, 8, 18, 26, 27), the structure of Aux-C20, including helix
antigen J-domain [PDB entry 1FART); rms deviation of 1 with its FEDLL clathrin interacting motif, should provide
1.2 A]. In fact, the HPD backbone in the auxilin J-domain important insights into the J-domaiisubstrate interactions
crystal structure is a bit of an outlier when compared with in general.
all other known J-domain structures, being closest to that As reported for the X-ray structure of the auxilin J-domain,
seen for the human DnaJ homologue [PDB entry 1HE); ( the long insert loop provides two additional positively
rms deviation of 1.5 A]. charged residues (residues 847 and 849 in Figure 2) to the
In the Aux-C20 solution structure, the orientation of the large positive patch on the auxilin surface and may explain
HPD segment histidine ring is accurately determined due to why auxilin, compared with other J-domain proteins, binds
numerous NOE restraints to its side chain. However, in the much more tightly to Hsc701Q). This patch very likely
auxilin J-domain crystal structure, the histidine ring is flipped provides an important part of the interface between the
by 18C. Curiously, the crystal structure of Hsc20 also has J-domain and its chaperone partner HscZd).( It is
the histidine ring flipped 180 but the large T antigen interesting to note that K847 is conserved for animal auxilins,
J-domain (PDB entry 1FAF) has the histidine in the same though not K849, but that neither residue is conserved in
orientation as the Aux-C20 solution structure. Examination nonanimal auxilins (see Figure 2). In fact, the most highly
of the other J-domain structures shows that some have theconserved residues of the long insert loop, instead, form part
histidine ring like the Aux-C20 solution structure and some of the hydrophobic core of the auxilin J-domain. In particular,
closer to the crystal structure of the auxilin J-domain, and L841, along with M837, forms part of the center of the
some have histidine side chains in still different conforma- J-domain hydrophobic core and provides extensive hydro-
tions. While there appears to be no obvious reason for this phobic contacts with helix 3, while W848 appears to stabilize
variety, a clue might come from the structures of the DnaJ the outer part of the loop. Both the long insert loop and helix
J-domain determined both with and without the following 3 are unique to the auxilin J-domain; thus, it could be that
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Ficure 4;: Comparison of auxilin with DnaJ and its human homologue. The second view is rotéteel&ve to the first. The Aux-C20

helices are numbered. Aux-C20 helices&icorrespond to helices-B, respectively, of the canonical J-domain. For the purposes of illustration,

the first 10 residues past the C-termini of the DnaJ J-domains, corresponding to the unstructured G/F-rich region, have been appended
using random backbongandy angles. Auxilin is blue, with helix 1 darkest blue, and the stretch containing helices 2 and 3 medium blue.

E. coliDnaJ is green, with dark green showing the appended G/F-rich domain residues, and the human homologue is pink, with dark pink
showing the appended residues. The HPD segment for each structure is in yellow.

the more general role of the long insert loop is to provide helices play a specific role in the uncoating of clathrin-coated
the hydrophobic core scaffolding for the correct orientation vesicles catalyzed by auxilin. Large differences between the
and tight packing of helix 3. structure of the G/F-rich region and helices3 of auxilin
Since helix 2 contacts helices 3 and 6, the correct packing may explain why most J-domain proteins markedly activate
of helix 3 with the J-domain is likely to be important for the Hsc70 ATPase activity in the absence of substrate, while
positioning of helix 2. Furthermore, modeling of auxilin with  auxilin only does so in the presence of clathrin bask@ts (
its chaperone partner Hsc70 suggests that helix 2 might also28).
contact the substrate binding domain of Hsc70 (J. M. In contrast to DnaJ, comparison of auxilin with the SV40
Gruschuset al., personal communication). The placement large T antigen complexed with Rb tumor suppressor shows
of helix 2 could thus influence the location of the clathrin that the T antigen C-terminal substrate interacting region is
interacting FEDLL motif of helix 1 with respect to both the not spatially near helix 1 (Figure 5A). In fact, given what is
J-domain and Hsc70. already known about the location of the interaction interface
Comparison of Helix 1 of Aux-C20 with the Putai between the J-domain and the Hsc70 ATPase donin (
Substrate Interacting Regions of Other J-Domaiiite 44, 47, 48), it would seem that the SV40 large T antigen
positioning of helix 1 of Aux-C20 is compared with the G/F- substrate interacting region and its bound substrate might
rich domain of bacterial DnaJ and its human homologue in sterically clash with Hsc70 because the substrate binding
Figure 4. In DnaJ, the G/F-rich domain, followed by a Zn- region is too close to the HPD loop and preceding helix.
finger domain, lies at the C-terminus of DnaJ. DnaJ acts in The linker between the substrate interacting region and the
concert with DnaK (the Hsp70 homologue En coli) and large T antigen J-domain appears to be flexible, however,
GrpE as a chaperone system to help fold misfolded or so this location of the substrate interacting region could be
aggregated proteind), Both the G/F-rich domain and the due to crystal packing. Considerable flexibility is seen in
Zn-finger domain are needed for substrate interaction, andthe auxilin, DnaJ, and large T antigen substrate interacting
the G/F-rich domain also interacts with Dna&5( 46). For regions; this flexibility might be important for understanding
the purposes of illustration, 10 additional DnaJ residues with the mechanism of substrate transfer in the Hsp46p70
random backbone angles have been appended to the Cehaperone system.
termini, since the G/F-rich domain is unstructured and, thus, The comparison with the Hsc20 J-domain and C-terminal
not included in the available structures. Figure 4 shows thatdomain shows the putative interaction regi@)( of the
helix 1 is in the same general location as the G/F-rich C-terminal domain in a location distinct from both helix 1
domain, and by extension, the DnaJ Zn-finger domain shouldand from the large T antigen substrate interacting regions
not be much further out. This suggests that, despite differ- (Figure 5B). Hsc20 also lacks nearly all of the J-domain
ences in structure and substrate interactions, there might beoositive patch residues (see Figure 2, FPO), hinting at even
similarities in how auxilin and DnaJ present their respective greater differences in how Hsc20 interacts with its Hsp70
substrates to the substrate binding domains of their Hsp70cognate partner Hsc66. Thus, it appears that neither the large
partners. However, DnaJd does not have anything structurally T antigens nor Hsc20 interacts with their substrates or
analogous to helices 2 and 3, supporting the view that thesepresents them to Hsp70 in a manner similar to that of auxilin
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Ficure 5: Comparison of auxilin with (A) large T antigen J-domains and (B) Hsc20. Auxilin is shown in blue, as in Figure 4. In panel A,
the murine polyomavirus J-domain is green, with darker green for the residues past the C-terminus of the J-domain, and the simian virus
40 J-domain is pink, with darker pink for the residues past the J-domain C-terminus. In panel B, Hsc20 is gold, with the conserved acidic
residues of its putative interacting region in red. The HPD segments are in yellow.

and DnaJ. Therefore, these results suggest that the specificity 5.

in the interaction of Hsc70 with its substrate is conferred by
the J-domain protein. The specific J-domain protein recog-
nizes its substrate and then brings it in the correct orientation
relative to the Hsc70ATP molecule so that the substrate
can be transferred from the J-domain protein to Hsc70 while
at the same time the Hsc70 ATPse activity is activated so
that the substrate is trapped on the HseADP molecule.
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