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Terminus of HSP70 Interacting Protéin

Zhen Xu$ Karl 1. Devlin,8 Michael G. ForcE Jay C. Nix! Jun Qin$ and Saurav Misra®

Department of Molecular Cardiology, The @kland Clinic Foundation, Cleeland, Ohio 44195, and Molecular Biology
Consortium, Adanced Light Source Beamline 4.2.2, Lawrence Berkeley National Laboratory, Berkeley, California 94720

Receied January 24, 2006; Résed Manuscript Receed February 24, 2006

ABSTRACT. The heat-shock proteins Hsp70 and Hsp90 play a crucial role in regulating protein quality
control both by refolding and by preventing the aggregation of misfolded proteins. It has recently been
shown that Hsp70 and Hsp90 act not only in protein refolding but also cooperate with the C terminus of
Hsp70 interacting protein (CHIP), a multidomain ubiquitin ligase, to mediate the degradation of unfolded
proteins. We present the crystal structure of the helical linker domain and U-box domain of zebrafish
CHIP (OrCHIP-HU). The structure ddrCHIP-HU shows a symmetric homodimer. The conformation of
the helical linker domains and the relative positions of the helical and U-box domains differ substantially
in DrCHIP-HU from those in a recently published structure of an asymmetric dimer of mammalian (mouse)
CHIP. We used an in vitro ubiquitination assay to identify residues, located on two long loops and a
centrala helix of the CHIP U-box domain, that are important for interacting with the ubiquitin-conjugating
enzyme UbcH5b. In addition, we used NMR spectroscopy to define a complementary interaction surface
located on the N-terminal helix and the L4 and L7 loops of UbcH5b. Our results provide insights into
conformational variability in the domain arrangement of CHIP and into U-box-mediated recruitment of
UbcH5b for the ubiquitination of Hsp70 and Hsp90 substrates.

The heat-shock proteins Hsc/Hsp70 and Hsp90 are ver-complementary to protein stabilization and refolding in
satile molecular chaperones that mediate a wide variety of protein quality control 10, 11). The degradation of cyto-
cellular processes under quiescent conditions and undermplasmic proteins is associated with the addition of a K48-
conditions of cellular stres4(2). These chaperones shield linked polyubiquitin chain to a lysine side chain of the
hydrophobic epitopes on nascent native proteins, helping tosubstrate by the cooperative actions of E1 (ubiquitin-
maintain the proper conformations of these proteins. They activating enzyme), E2 (ubiquitin-conjugating enzyme), and
also prevent the aggregation and enable the refolding of E3 (ubiquitin ligase) enzymed 2, 13). The polyubiquitin
destabilized, unfolded, or misfolded proteiriy.(Hsc70 is chain targets the modified protein for degradation by the
present under basal conditions, while its homologue Hsp70 proteasomel2, 14). E3 ligases lend specificity to ubiquiti-
is transcriptionally upregulated after heat shock. Both bind nation by functioning as adapters between E2 enzymes,
reversibly to substrate proteins in an ATP-dependent mannerwhich are covalently attached to ubiquitin, and specific
cycling between high-substrate affinity ADP-bound states protein targets. E3 ligases that contain homologous to E6-
and low-affinity ATP-bound states8). Hsp90 is a dimeric AP carboxy terminus (HECT) domains become transiently
chaperone that, among other functions, stabilizes the nativeattached to the ubiquitin through a thioester bond during the
conformations of many signaling proteins, including nuclear transfer of the ubiquitin from the E2 enzyme to the substrate.
hormone receptors and protein kinasgs4). Both chaper- Ligases that contain zinc-finger really interesting new gene
ones are regulated by cochaperones that modulate theifRING) domains enable the direct transfer of the ubiquitin
substrate affinities and refolding kinetics and link the from the E2 enzyme to the substrate lysine side chain without
chaperones to other cellular pathwag$. ( becoming transiently modifiedlb, 16).

The C terminus of Hsp70 interacting protein (CHIR)a CHIP is a multidomain E3 ligase that consists of an
recently identified cochaperone that links Hsc/Hsp70 and N-terminal tetratricopeptide repeat (TPR) domain, a linker
Hsp90 to protein degradatiorb€9), a function that is  domain that was predicted to be primarily helical, and a
C-terminal U-box domaini(7). The TPR domain of CHIP
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binds directly toEEVD motifs located at the C termini of CHIP and that CHIP may undergo conformational changes
Hsc/Hsp70 and Hsp90, whededenotes a large hydrophobic  between symmetric and asymmetric forms.

residue {7—19). U-Box domains possess E3 ubiquitin ligase

activity and, in some contexts, polyubiquitin chain extension EXPERIMENTAL PROCEDURES

enzyme (E4) activityZ0—22). U-Box domains are structur-
ally similar to RING domains but are stabilized by two sets

of hydrogen-bonding networks in positions analogous to the Z€Prafish Danio rerio) CHIP residues 112284 containing
locations of the stabilizing zinc ions in RING domai28¢ the linker and U-box domainsDf CHIP-HU), and human

25). When bound to Hsp70 or Hsp90, CHIP recruits E2 CHIP (HsSCHIP) constructs were cloned from expressed_
enzymes of the Ubc4/UbcH5 family to ubiquitinate misfolded S€duence tag IMAGE clones 5409937 and 5409937 (Ameri-
proteins that occupy the chaperone substrate-binding sites¢@n TYPe Culture Collection), respectivelrCHIP-HU and
thus remodeling the chaperones from protein-refolding full-length HSCHIP were cloned into pET151/D-TOPO
complexes to complexes that promote degradatfroj. (Invitrogen) and expressed as His-tagged fusion proteins in

The helical linker domain that connects the TPR and U-box EScherichia coliRosetta2(DE3) cells (Novagen) at 2Q
domains is required for the proper functioning of CHE®)( for 16 h after induction with 0.5 mM IPTG. Proteins were

suggesting that the TPR and helical domains play a crucial Purified by nickel-affinity chromatography in buffers con-
role in properly positioning the U-box domains in the context t@iNing 50 mM sodium phosphate at pH 8.0 and 300 mM
of a CHIP-chaperone heterocomplex. NaCl. The His tags were removed after overnight cleavage

with tobacco etch virus (TEV) proteasg0j using a second

CHIP—chaperone heterocomplexes target a diverse group _ . " .
of different chaperone substrates for degradation. These@und of nickel-affinity chromatography. Additional purifica-

include members of the nuclear hormone receptor fartify ( tiﬁn was perfrc:rmeg by gﬁl-fi!tration or aEior:.—exchange
27-31), various kinases including the oncogenic receptor chromatography. The methionine auxotrdphcoli B834-

tyrosine kinase ErbB23@, 33), members of the Smad famil (DE3) (Novagen) was used to express selenomethionylated
gf TIGF-ﬁIsignal tranzsgguce)rs%—%) p53 B7), and thely DrCHIP-HU in defined media supplemented with 40 mg/L
endocytic protein epsir8g). CHIP is particularly involved selenomethionine. SeM&rCHIP-HU was purified using the

in the degradation and clearance of misfolded proteins thatS&me protocol as the native protein, with the addition of 5
are prone to aggregation and the formation of intracellular MM 2-mercaptoethanol to buffers.
inclusions. Expression of CHIP has a protective effect on Human UbcH5b was obtained from IMAGE clone 4827210.
the formation of intracellular aggregates by and promotes Human UbcH5b and the U-box of human CHIRSCHIP-
the clearance of such aggrega’[e-forming protein&.ay- U, residues 22‘4’303) were cloned into the vector pGI&T
nuclein B9), expanded polyglutamine repeat-huntingtin and (51). The resulting glutathion&transferase (GST) fusion
ataxin-3 @0, 41), Tau protein 42—44), familial amyotrophic ~ Proteins were expressed in Rosetta2(DE3) cells aC2fdr
lateral sclerosis mutants of superoxide dismutasé5146), 20 h after induction with 0.5 mM IPTG. GST-UbcH5b and
and the cystic fibrosis transmembrane-conductance regulatolGST-HSCHIP-U were purified by glutathione-affinity chro-
(CFTR) @7, 48). These proteins are all implicated in severe matography using a GSTPrepFF column (GE Healthcare)
pathologies of the nervous system or other diseases. Becaus# buffers containing 150 mM NaCl and 50 mM sodium
CHIP also regulates the degradation of proteins such asPhosphate at pH 8.0. GST tags were removed by overnight
ErbB2 (32, 33) that are directly involved in cancer, CHIP ~ cleavage with TEV protease during dialysis in 100 mM NaCl,
may have potential as a target for amelioration of disease 50 MM sodium phosphate at pH 7.0, 5 mM 2-mercaptoet-
states through the modulation of the protein quality control hanol, and a second pass over the GSTPrepRFLabeled
system. UbcH5b was expressed in minimal media with 1.1 g (
To further understand the mechanisms by which CHIP NH4);SO, and purified in the same manner as the unlabeled
functions in chaperone-associated ubiquination, we haveProtein.
crystallized and solved the structure of a construct containing Crystallization, Data Collection, and Structure Solution
the helical linker and U-box domains of zebrafish CHIP of DrCHIP-HU. DrCHIP-HU was dialyzed in 50 mM NacCl,
(DrCHIP-HU). Shortly after deposition of our structure in 20 mM Tris-HCI (pH 7.4), and 2 mM DTT at 4050 mg/
the Protein Data Bank, a structure of the full-length mouse mL. Native DrCHIP-HU crystals were obtained using
CHIP protein MmCHIP) was released4@). Both our hanging-drop vapor diffusion over reservoirs containing 9%
structure and the structure aimCHIP show novel ho- PEG 3350, 0.1 M Bis-Tris (pH 6.6), and 0.1 M LiCl. SeMet-
modimeric assemblies, in which dimerization is mediated DrCHIP-HU crystals were obtained by streak seeding or
by both the helical linker and U-box domains. Our structure, microseeding of native crystals into SeMatCHIP-HU
however, is a symmetric dimer, while the crystal structure drops (at 2550 mg/mL) equilibrated against940% PEG
of MmMCHIP is an asymmetric dimer with a substantially 3350 and 0.1 M sodium citrate (pH 5:8.6). Seeds of the
different conformation. In addition, we have used site- resulting SeMe®rCHIP-HU crystals were transferred to
directed mutagenesis and NMR spectroscopy to probe thefresh SeMerCHIP-HU drops to obtain well-diffracting
interaction between CHIP and the E2 enzyme UbcH5b, a crystals. Native and SeMet crystals were cryoprotected by
member of the class of E2 enzymes recruited by CHIP in serial 5 min incubations in reservoir solution supplemented
vivo. We show that two long loops of the CHIP U-box with 5, 10, 15, and 20% glycerol and frozen in liquid
interact with helixal and the L4 and L7 loops of UbcH5b, nitrogen. Native and single-wavelength anomalous diffraction
resembling the interaction of certain RING finger domains (SAD) data sets complete to 2.5 and 2.9 A, respectively,
with their cognate E2 enzymes. Our results suggest thatwere collected at Advanced Light Source beamline 4.2.2.,
asymmetric dimerization is not an obligate conformation of Lawrence Berkeley National Laboratory, Berkeley, CA.

Expression and Purification of Recombinant Proteins
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ubiquitin (Sigma) were incubated at 3@ for 2 h and
terminated by the addition of SBFAGE sample buffer.
Western blotting with HRP-conjugated anti-ubiquitin (Santa

Table 1: Crystallographic Data Collection and Refinement Statistics
for DrCHIP-HU

experimental data native SAD Cruz Biotechnology) was used to identify ubiquitinated
unit el A b, ¢ R) P16&2)25 100.5 53%253 100.23 species.
o 74.31 ' 76.07 ' NMR SpectroscopyHsCHIP-U and humari®N-UbcH5b
o, B,y (deg) 90, 90, 120 90, 90, 120 were dialyzed in 150 mM KCI, 20 mM potassium phosphate
\r’g(/)ﬁug%t?a(r%e A) S028250 3804590 (PH 7.0), 10 4M ZnCl, and 10% [O. The sample
(2.59-250F  (3.00-2.90) concentration of*N-UbcH5b was 0.25 mM, and unlabeled
unique reflections 8099 5367 HsCHIP-U was added to give UbcH5b/CHIP ratios of 1:1
mosaicity 121 1.43 and 1:2.15N-H HSQC spectra were recorded atZ50n a
[f;””daﬂcy 2‘11951(5(179)-0) 15%?24(241)-3) Bruker Avance 600 MHz spectrometer equipped with a
completeness (%) 100 (100) 100 (100) c_ryopr_obe. Spectra were processed using NMRFEp’)ee(nd
Rierge(%0)° 5.2 (48.0) 8.9 (56.6) visualized using NMRView §8). Peaks were assigned on
refinement the basis of the NMR structure of UbcH5b [PDB ID 1WA4U,;
resolution range (A) 50.252.50 BioMagResBank code 627%9)]. Chemical-shift perturba-
number of reflections 8(02(529_2.50) tions were calculated using the formul&do = [Adun?
Rfactor (%} 26.6 + (Adn/6.5¥]Y2 (60). Titrations were also performed using
free R factor (% 28.5 unlabeledDrCHIP-HU and gave qualitatively similar but
number of protein atoms 1144 lower-quality spectra with smaller chemical-shift perturba-
ﬂﬂmgg 8; ‘c’)"t";‘]t:rr :t‘gr'ﬁg“'es 17 L tions, possibly because of limited precipitation or aggregation
B factors (%) of the DrCHIP-HU/UbcH5b complex (data not shown).
overall mean 72.7 Structural Modeling A model of a symmetricmCHIP
gﬁﬁ(‘g’c‘)’;\'lionq ﬁlgtdel 650512 dimer was constructed as follows: First, the U-box domain
rmsd bond lengths (A) 0.008 of the “unbroken” protomer in the structure imCHIP (49)
rmsd bond angles (deg) 1.1 was superimposed onto its equivalent in DeECHIP-HU

rmsd dihedral angles (deg) 20.0
rmsd improper angles (deg)  0.69
Luzzati coordinate error (A)  0.42
Ramachandran plot (%)
most favored and allowed 98.4
generously allowed 1.6

structure. Next, the TPR and helical linker domains of the
“unbroken” protomer oMmCHIP were superimposed as a
unit onto the helical linker domain ddrCHIP-HU. The
relative positions of themCHIP TPR and helical linker
domains were not altered. The loop connecting the helical

a Statistics in parentheses are for the highest resolution $Hlbge linker domain and the U-box of the resulting monomer was
=3 |li — W3 |li]. ¢ Rfactor= Y ||FordN)|—K|Fead)||/3 nFopdh). @ The manually rebuilt in O $5) using the equivalent loop in
freeRfactor is theR factor calculated for 10% of reflections excluded DrCHIP-HU as a guide. A homodimer was generated (by
from refinement. rotation around the 2-fold axis of the symmetBeCHIP-

HU dimer) and minimized using CN6) to regularize

Diffraction data were indexed, integrated, and scaled USing backbone geometry and remove side-chain steric clashes.
D*TREK (52). Indexing, data reduction, and generation of A model of the CHIP-UbcH5b interaction surface was

experimental maps showed tHatCHIP-HU crystallized in - ;onstrycted by superimposing tbeCHIP-HU and UbcH5b
space groufP6s22 with unit cell dimensiona = 100.5 A, structures onto the structure of the c-Cbl RING/UbcH7

b = 100.5 A, andc = 74.3 A, with one DrCHIP-HU complex 61). The model was further minimized using CNS
molecule per asymmetric unit. Phasing and density modifica- (56) to remove side-chain steric clashes.

tion were performed with SOLVE/RESOLVBE, 54) using
the SAD data set. The experimental density map was usedRESULTS
for model building in O §5). Refinement against the 2.5 A
native dataset and model rebuilding were carried out using Overall Structure of Zebrafish CHIP Helical Linker and
CNS 1.1 66) and O. The final model has &R factor of U-Box DomainsWe obtained crystals from a construct of
26.6% and a fre® factor of 28.5% with no Ramachandran zebrafish CHIP residues 11284, containing the helical
violations. Crystallographic data, phasing, and refinement linker and U-box domains (termeBrCHIP-HU in this
statistics are summarized in Table 1. paper).DrCHIP-HU and full-length CHIP constructs were
In Vitro Ubiquitination AssaysSite-directed mutations  dimeric in solution, as estimated from gel-filtration chro-
were introduced into full-length His-taggédsCHIP using ~ matography (data not showrprCHIP-HU crystallized in
the QuickChange mutagenesis kit (Stratagene) and verifiedspace grougP6s22, with dimer interfaces coinciding with
by sequencing. Mutants were bacterially expressed similarly one of the crystallographic 2-fold axes (Figure 1). Dimer-
to the wild-type protein and purified at small scales using ization buries~1380 & on each monomer. In each ho-
the His-spin protein miniprep kit (Zymo Research). Expres- modimer, there are two distinct dimerization interfaces
sion and purity of the mutants were quantified by SBS  involving interactions between the two helical domains and
PAGE. Ubiquitination assays were performed in a;80  between the two U-boxes, respectively.
reaction buffer [50 mM Tris (pH 7.6), 4 mM ATP, 2 mM The helical linker domain contains two long antiparallel
MgCl,, and 1 mM DTT]. Reactions containinguty of wild- helices (residues 130164 and 184-204), which pack
type or mutantHsCHIP, 100 ng of human E1 enzyme against each other through hydrophobic side-chaide-
(Boston Biochem), lug of UbcH5b, and 6«g of bovine chain interactions. These helices correspond to hetiges
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C-terminal part of L1 (Figure 2C). The hairpin turn of L1
interacts witha9 through hydrogen bonding between S217
and D237. Surprisingly, we also observed an electron density
located between the main-chain amides of 1216, S217, and
D234 that most likely corresponds to a chloride anion. No

‘.\O\ similar ion is observed in other U-box structures, and the
a8 t\‘\ chloride ion causes the L1 loop to pack more compactly

\t/‘ » against the rest of the domain BrCHIP-HU than in other

(¢ y U-box structures.
e L) The second hydrogen-bonding network links the hairpin
W~ turn between th@g1 and$2 strands with loop L2, as well as
Y linking L2 with the C terminus ofo9. This network

-~ U-box approximates the second zinc-binding site of the c-Cbl RING

{( 2 domain (parts D and E of Figure 2). Residues corresponding

NS to the RING zinc-liganding residues participate in extensive
{2 hydrogen bonding, organized around an aspartic acid side
FiIGURE 1: Stereoview of th®rCHIP-HU dimer. The helical and ~ chain (D249). The network is supplemented by a hydropho-
U-box domains and secondary-structure elements are labeled. Allbic interaction (1231/V251) irDrCHIP that is also present
molecular graphics in this and other figures were generated usingin UBE4A but is absent from other U-box structures. The
PyMol (73). U-box and RING residues whose side chains participate in

) . these two bonding networks are highlighted in Figure 2F.
and o8 of MMCHIP, because the N-terminal TPR domain

. : . . The C-terminal U-box helixd10) is involved in dimer-
(not present in our structure) has six helicd§)(Residues i, 4iion (see below) and is followed by an unstructured tail.

112-126 and 165183 did not show appreciable electron hg nejix and tail pack against the extended segment located
density, probably because they are flexible loops in our payveen the helical linker domain and the U-box, and the

crystals. Helixa8 is followed by an extended region without -5 packs against the N terminus af, primarily through

standard secondary structure, which leads into the U-boxXpyqrqphobic interactions. The packed side chains, along with
domain and also makes contact with an extreme C-terminalo upper surface of loop L1, form a solvent-exposed
segment oDrCHIP-HU. hydrophobic pocket or groove (Figure 3). This pocket is also
The DrCHIP U-box domain adopts a characteristic fold exposed in the full-lengtMmCHIP structure 49) and may
observed in structures from pre-mRNA splicing factor Prp19, constitute a proteinprotein interaction site.
2BAY (PDB ID 1N87); an armadillo repeat containing  Symmetric Dimerization of DrCHIP-HU and a Compari-
protein fromA. thaliang AtPUB14 (1T1H); and human  son with the MmCHIP Structur@ur crystal structure shows
ubiquitin conjugation factor E4A, UBE4A (1IWGMEB, 25, a symmetric dimer, with the dimer axis coinciding with one
62). The CHIP U-box main chain superimposes onto the of the crystallographic axes. There are two dimerization
other U-boxes with a root-mean-square deviation (rmsd) of interfaces formed by packing between the helical domains
1.2-1.5 A, with the major structural differences occurring and between the U-box domains, respectively. The helical
in the N-terminal loops, the angle of the C-terminal helix domain interactions that comprise the first dimerization
(not present in the Prp1l9 U-box), and the lengths of the interface are limited to approximately three turno@fo8,
B-hairpin turns (Figure 2A). The N-terminal end of the U-box  pecause the two helix pairs subtend an angle-6%°. The
packs against the C-terminal helix. A long loop, L1, leads dimerization involves extensive hydrophobic packing, in-
into a3 hairpin that forms part of the central three-stranded cluding a number of aromatic side chains (Figure 4A). The
B sheet. The second strand leads into a central helix second dimerization interface is located between the U-box
((19), which is followed by a second |00p, L2. L2 is followed domains and is Composed Of}aturn in the N-terminal
by a shori-helical turn and the shofi3 strand of the central portion of the domain, the hairpin turn of the cenffaheet,
B sheet, leading to the C-terminal helix (¢10) and an  and part ofx10 (Figure 4B). The side chain of Y211 contacts
unstructured C-terminal tail-89 residues in length. V270 and A273 in the symmetry-related copyodfO, while
Structural Details of the DrCHIP U-Box Domaiff.wo M267 interacts with its symmetry-related counterpart. 1226
hydrogen-bonding networks restrict the conformations of and 1262 from each monomer pack against the complemen-
loops L1 and L2 in the U-box. The first network restricts tary pair of isoleucines. In addition, a hydrogen-bonding
L1 with respect to the N terminus af9. This network network is formed between the U-boxes through a symmetric
involves residues that are in positions similar to those interaction between N264 side chains, which are stabilized
occupied by four cysteines that coordinate one of the zinc by hydrogen bonding between N264 and T232 within each
ions of the c-Cbl RING domain6(l) (Figure 2B). In other U-box monomer.
U-box structures, the position of the zinc is occupied by the Individually, the dimerization interfaces are similar in
side chain of an acidic residue at a position equivalent to DrCHIP-HU and MmCHIP. In the MmCHIP structure,
C401 in c-Chl. The acidic residue makes hydrogen bonds however, the 2-fold axes of the two dimerization interfaces
with two serines, located in positions equivalent to ¢c-Cbl do not coincide, creating an asymmetric dimég)( The
C384 and C40441) in most of the low-energy structures of position of the helical linker domain in our structure is
the NMR ensembles in other U-box structuresDIrCHIP, intermediate between the positions of the linker domains in
however, this residue (D234) is an integral part of a the two protomers of th&mCHIP dimer structure (Figure
hydrogen-bonding network betweet® and a bulge at the  5A). In theMmCHIP structure, the two helices of one linker

3 Helical
A Linker
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A

Prp19
AtPUB14
UbcE4A

p3 all

F Ll

DrCHIP 208 IPDYLCGKISFELMR..EPCITPSG.I..TYDRKDIEEHLORV.GHF.DPVTRSPLTODOLIPNLAMKEVIDAFIQENGWVEDY
HsCHIP 227 IPDYLCGKISFELMR..EPCITPSG.I..TYDRKDIEEHLQRV.GHF.DPVTRSPLTQEQLIPNLAMKEVIDAFISENGWVEDY
AtPUBl14 248 FPEYFRCPISLELMK..DPVIVSTG.Q..TYERSSIQOKWLDAG.HKT.CPEKSOETLLHAGLTPNYVLKSLIALWCESNGIE...
UBE4A 19 ACDEFLDPIMSTLMC..DPVVLPSSRV..TVDRSTIARHLLS. .DQT.DPFNRSPLTMDOIRPNTELKEKIQRWLAERKQQSGP
Prpl9 1 ....MLCAISGEVPR..RPVLSPKSRT..IFEKSLLEQYVKD..TGN.DPITNEPLSIEEIVEIVPS. . 1 ccuiteetansanaas

c-Cbl 375 GSTFQLCKICAENDK..DVKIEPCG.H..LMCTSCLTSWQESE.GQG.CPFCRCEIK..GTEPIVVDPF ... tvennansnas
CNOT4 12 ....VECPLCMEPLEIDDINFFPCT.CGYQICRFCWHRIRTDE .NGL.CPACRKPYPED . v covtvonssensnssonsnans
BRCAl 19 .QKILECPICLELIK..EPVSTKCD.H..IFCKFCMLKLLNQKKGPSQCPLCEKNDITKRSLQESTRFSQLVEELLKIICA....

Ficure 2: (A) Superimposition of the U-boxes froBrCHIP, Prp19, AtPUB14, and UBE4A and the RING domain of c-Chl. The two zinc
atoms of the c-Cbl RING domain are shown as spheres. (B) Comparison of the first zinc-binding site of c-Cbl with (C) the equivalent
region of theDrCHIP U-box. Dotted lines indicate hydrogen bonds. Residues that participate in hydrogen bonding through main-chain
atoms are marked with an asterisk, and their side chains are not shown. A chloride ion that interacts with the main-chain amide groups of
1216, S217, and D234 is shown as a cyan sphere. (D) Comparison of the second zinc-binding site of c-Cbl with (E) the equivalent region
of the DrCHIP U-box. For clarity, only a subset of the long-range hydrogen bonds is shown. (F) Structure-based sequence alignment of
U-boxes and representative RING domains. Residues whose side chains participate in the first hydrogen-bonding network (U-boxes) or
zinc-binding site (RING domains) are colored cyan, and those with side chains participating in the second hydrogen-bonding network or
zinc-binding site are colored magenta. Residues that participate in dimerization are shown on a yellow background (CHIP, Prp19, and
BRCAL1 sequences only). Residues that interact with UbcH5 (see Figure 6) or UbcH7 (Cbl only) are shown on a light-green background.

domain are almost parallel to the 2-fold axis between the No steric clashes are generated in either of these operations.
U-box domains, while the other linker domain is at-85° The positions of the TPR domains relative to the helical
angle. Helixa7 in the latter protomer is “broken” into two  linker domains were not adjusted. As in the “unbroken”
individual helices connected by an 8-residue unstructured protomer of the asymmetridmCHIP dimer, the TPR
segment (Figure 5A). The N-terminal portionaf interacts domains in the symmetric dimer interact solely with the
with the TPR domain in botMmCHIP protomers, although  helical linker domains and do not contact the U-box domains.
the TPR domains are at different positions in each protomer. Identification of CHIP Residues That Interact with UbcH5.
The DrCHIP-HU linker domain structure more closely CHIP functions in protein degradation process in concert with
resembles the “unbroken” linker domain in tMmMCHIP E2 enzymes of the Ubc4/UbcH5 family. Members of this
structure, and the N terminus a¥ in our structure occupies  E2 family mediate the degradation of cytoplasmic proteins
a similar position as the homologous residuesdfin the under stress conditions in yeast and higher eukaryé®s (
“unbroken” MMCHIP linker domain. The three human members of the UbcH5 family, UbcH5a,
We generated a model of a symmetric dimer of full-length UbcH5b, and UbcH5c, are highly homologoéd) A cluster
CHIP (Figure 5B) by tilting the helical linker and TPR of hydrophobic residues located on one side of RING and
domains of the “unbrokenMmCHIP protomer and super-  U-box domains have been suggested to form the binding site
imposing the helical linker onto i®rCHIP-HU counterpart.  for E2 enzymesZ3, 25, 61). The residues are located around
We then applied a rotation around tBeCHIP-HU 2-fold the interface between the centrahelix of the U-box and
axis to generate the second protomer of the symmetric dimer.loops L1 and L2 and present a common face to the solvent.
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Ficure 3: Solvent-accessible hydrophobic pocket on the surface
of DrCHIP-HU is located at the junction of the helical and U-box
domains. ThédrCHIP-HU dimer is shown rotated approximately
90° about the vertical axis from its orientation in Figure 1. The
portion of one monomer within the dashed box is shown as a
closeup. Side chains of hydrophobic residues are shown and the
corresponding areas of the transparent protein surface are shaded
dark gray.

In the absence of another substrate, CHIP can catalyze
autoubiquitination by UbcH5 family member$5). We
mutated residues in full-length human CHIP with solvent-
exposed side chains located in this region and used an in
vitro assay to monitor ubiquitin chain formation and CHIP
autoubiquitination in the presence of human UbcH5b (Figure
6A). Mutation of human CHIP 1235, F237, H260, V264, or
R272 to alanine abolished or greatly decreased the formation
of high molecular-weight ubiquitinated species. When mapped
onto the equivalent residues (1216, F218, H241, V245, and
R253) in the DrCHIP-HU structure (Figure 6B), these
residues define a strip traversing loops L1 and L2 and
including part of helixa9. The mutation of other nearby
residues does not affect the ability of CHIP to catalyze
UbcH5b ubiquitination activity, as observed in tHeCHIP

mutants D229A and V270A (D210 and V251 DrCHIP-
HU).

Characterization of CHIP-Binding Site on UbcH5b by
NMR Spectroscopylhe structure of human UbcH5b has

Ficure 4: Dimerization interfaces of therCHIP-HU dimer. Side
chains making dimer contacts are shown in a stick representation.
For clarity, the backbone is depicted in tube form. (A) Dimerization
between the two helical domains. (B) Dimerization between the
two U-boxes. Dotted lines indicate hydrogen bonds. T232 does not

been solved by NMR techniqueS9). To characterize the
binding site for CHIP on UbcH5b, we performed titrations
of the U-box domain from human CHIPI$CHIP-U) against
15N-labeled human UbcH5b. We usedCHIP-U rather than  the c-Cbl/UbcH7 complex as a guide to construct a model
full-length zebrafish or human CHIP to limit the size of the of the CHIP/UbcH5b interface (Figure 7C), consistent with
complex and reduce the effects of line broadening. The our mutagenesis and NMR data. The model suggests that
human and zebrafish UbcH5b proteins are 98% identical in F218 (F237 inHsCHIP) contacts the aliphatic portions of
sequence; in addition, the U-boxes of human and zebrafishseveral side chains on the UbcH&b helix, while 1216 (1235
CHIP are 97% identical and 100% similar in sequence. We in HSCHIP), which is highly conserved in U-box and RING
used the deposited chemical-shift assignments (BioMagRes-domains (Figure 2F), forms a contact with a conserved
Bank code 6277) to identify UbcH5b residues that may proline on the L7 loop of UbcHS5b. The side chain of R253
participate in the binding to CHIP (Figure 7A). UbcH5b (R272) interacts with several main-chain atoms on a helical
residues exhibiting significant chemical-shift perturbations turn that immediately precedes loop L7. In this arrangement,
are located primarily on the N-terminall helix and on a  several CHIP residues on heti®® may come in contact with
loop connecting a short helical turn with th2 helix (Figure UbcH5b loop L4, located behind L7. We did not observe
7B). This loop has been termed the L7 loop in a recent surveymany substantial chemical-shift perturbations of residues
of E2 enzymes@6). In addition to chemical-shift perturba- located near the tip of L4. In addition, the mutation of
tions, one residue (S94) on loop L7 exhibits severe line selected residues @®, H241(H260 irHsCHIP), and V245-
broadening and disappears upon the binding of CHIP. (V264) reduced ubiquitination without eliminating it com-

Residues exhibiting chemical-shift changes or line broad- pletely (Figure 6A). We thus modeled the complex so that
ening form a contiguous region along one side of UbcH5b only a proline at the tip of L4, residue P61, makes van der
(Figure 7B). This region is similar to the interface of the E2 Waals contacts with the side chains of H241 and V245
enzyme UbcH7 with the c-Cbl RING domaifl). We used (Figure 7C).

form a direct dimer contact but helps to orient the side chain of
N264.



Structure of Zebrafish CHIP Biochemistry, Vol. 45, No. 15, 2006755

A A

Helical
Linkers |

TPR TPR 100-
75—
50—
37-
25—

U-boxes

Ficure 6: Identification of CHIP residues that interact with
UbcH5b. (A) Results of the in vitro ubiquitination reaction
containing wild-type or mutant human CHIP, E1 enzyme, human

J UbcHSb, and ubiquitin. (Lower panel) Western blotting for ubiquitin
FIGURE 5: (A) Comparison between the symmetBcCHIP-HU shows higher molecular-weight species corresponding to polyubig-
dimer with the asymmetric dimer ®lmCHIP, on the basis of the  uitinated CHIP. Positions of molecular-weight standards (in kilo-
superimposition of the U-box domains of each structure. The daltons) are marked. A reaction without CHIP (labelecCHIP”)
U-boxes superimpose almost exactly and are colored dark gray.was used as a negative control. (Upper panel) Coomassie-stained
Helices are shown as cylinders to emphasize their orientation. 9€l showing comparable yields of wild-type and mutant CHIP after
DrCHIP-HU monomers are colored blue and purple as in other Purification. The numbers in parentheses designate the zebrafish
figures. ThReMmCHIP protomer with a “brokend.7 helix is colored equivalent of the mutated residue. (B) Locations of equivalents of

White’ while the protomer with an “unbrokemt7 helix is shown the mutated residues in tler CHIP U-box domain. Residues that
in orange. The TPR domains, which were not present for our decreased or eliminated ubiquitination when mutated are colored
structure oDrCHIP-HU, are faded. (B) Model of a symmetric full- ~ green; residues that had little or no effect when mutated are colored

length CHIP dimer, built by moving the helical linker and TPR  Purple.
domains of the “unbroken” protomer MmCHIP to superimpose

onto the helical linker oDrCHIP-HU. hydrogen bonding upon the “breaking” of heli®? and the
disordering of an 89-residue segment in the middle of this
DISCUSSION helix. Most of the individual interactions that mediate the

Does Full-Length CHIP Adopt Symmetric and Asymmetric interface between the U-box ané/oc7 are polar, suggesting
ConformationsZhe major difference between our structure that the interacting surfaces can be exposed to the solvent
of DrCHIP-HU and the recently published structure of human Without penalty. Indeed, the corresponding surfaces are
CHIP (@9) is that the helical linker and U-box domains Solvent-exposed in the other, “unbroken” protomer.
dimerize in a symmetric manner in our structure and share In our structure and in the “unbrokeMImCHIP protomer,

a common 2-fold axis. In contrast, the structure of full-length only a few residues a7 interact with the U-box, and these
MmCHIP shows an asymmetric dimer in which the arrange- interactions are limited to the unstructured extreme C
ment of the TPR, helical linker, and U-box domains is terminus of the protein. The helical linker domain thus has
different in each protomer (Figure 5A). In one protomer, substantial freedom of orientation relative to the U-box but
helix 06 (of the TPR domain), as well as the N-terminal remains fixed with respect to the TPR domain because of
subhelix of the “broken™7 helix, interacts with the U-box  packing between6 anda7. To form a full-length symmetric

in such a manner as to block interactions with E2 enzymes dimer similar to our structure drCHIP-HU, tilting of the
(49). To stabilize the conformation of the “broken” protomer, linker domain/TPR unit from its orientation in the “unbro-
the additional contacts made between the TPR domain andken” protomer ofMmMCHIP is required. Such a tilt is readily
U-box domains compensate for the loss of intrahelical accommodated by the unstructured region connecting the
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A observed in our structure &rCHIP-HU. We have modeled
0.14 such a symmetric, full-length CHIP dimer in Figure 5B.
Eor2 Zhang et al. used isothermal titration calorimetry to show
e that full-lengthMmCHIP forms a 2:1 complex rather than a
010 2:2 complex with the E2 enzyme Ubc13, suggesting that one
2008 U-box in the dimer is blocked by the TPR domain of the
g | same protomer and that the asymmetric dimer can exist in
5 0.06 solution @9). While we cannot eliminate the possibility that
% 0.04 the helical linker and U-box domains adopt a symmetric
g 002 arrangement only upon deletion of the TPR domain, our
S | “ ‘ h”ﬂ I”‘I u|||“ | m\ |||n| |||‘ “ I.LMI\II ||‘|nn|u|||‘|l.ml model shows that the TPR domain can be accommodated in
O 0 40 80 80 100 120 140 the context of a symmetric dimer. We suggest that the CHIP
Residue Number dimer may convert between symmetric and asymmetric
conformations, possibly influenced by interactions with other
proteins.

Dimerization in U-Box Ubiquitin LigasedDimerization
is required for ubiquitination of chaperone substrates by
CHIP (18, 26). The CHIP U-box by itself dimerizes at the
high concentrations required for crystallization, in the same
configuration as observed in tig CHIP-HU andMmCHIP
structures49). The Prp19 U-box also crystallizes as a dimer
(62), and the U-box of AtPUB14 shows evidence of
dimerization in solution at high concentratiorZ8). A subset
of the residues involved in dimerization of the CHIP U-box
fulfills the same function in these other U-boxes (Figure 2F).
Our structure and that dlmCHIP define a structural basis
for U-box dimerization mediated by extensive nonpolar
interactions involving both the N-terminal portion and
C-terminal helix of the domain, as well as a buried hydrogen-
bonding network involving N264.

The helical linker domain of CHIP may be necessary to
enhance the propensity of the U-boxes to dimerize. A CHIP
construct containing the TPR domain fused directly to the
U-box does not dimerize or catalyze ubiquitination of model
substrates. Similarly, a construct consisting solely of the
helical linker domain has a dominant negative effect on full-
length CHIP by forming nonfunctional heterodimegoy,
Among other ubiquitin ligases, Prpl9 has a coiled-coll
tetramerization domain located C-terminal to its U-box,
without which the Prp19 U-box dimerizes only weakly in
solution 62). Similarly, dimerization of the RING domains
in the heterodimeric BRCA1BARD1 ubiquitin ligase is
FiGURE 7: Investigation of the CHIP-binding surface on UbcH5b stabilized by interactions between N-terminal helices preced-
using NMR spectroscopy. (A) Average chemical-shift changes from ing the RING domains as well as C-terminal helicé3)(
'H-N HSQC spectra of free UbcHSb and HsCHIP-U-box/  pimerization of U-box or RING domains into a rigid

UbcH5b complex. (B) Structure of UbcH5b colored by chemical- . . L2
shift perturbaFt)ion. ((:y)an designates a residue, S94, v)\,/hebéél\l structural unit may be required for the proper functioning

resonance disappears in the complex because of line broadenin@f ubiquitin ligases, even though the U-box or RING

(“LB”). The active-site cysteine residue (C85) that forms a thioester monomers can, in principle, interact with E2 enzymes
bond with ubiquitin is shown in a stick representation. Secondary- individually. We are testing this hypothesis using CHIP
structure elements are labeled as in Winn et@8).((C) Model of  \tants that disrupt the dimerization of the U-box domains

the CHIP U-box/UbcH5b interface, on the basis of chemical-shift = . L . . . .
changes and the mutants shown in Figure 6. Selected residues thapvithout eliminating the interactions between the helical linker

may participate in binding are shown in a stick representation. domains.
Carbons of UbcH5b residues are colored by a chemical-shift change, CHIP Interactions with UbcH5b Resemble RING/E2 and

as in B. CHIP mutants that disrupt ubiquitination are ﬁhown Witfh CHIP/Ubc13 InteractionsMembers of the Ubc4/UbcH5
reen roon n re numbper rain zeprafl H H : :
ge%%en?el.bgozeg Iicrj1e&sl ?ndigateb %Lﬁgtisgcr?ygrogeaob(t)n%s. ebra Shfam".y of E2 enzymes are aSSOCIated“ Wlt.h tf:e degradation
of misfolded proteins in vivo and are “typical” E2 partners
helical linker and U-box domains. Interdomain structural for CHIP in the context of Hsp70 or Hsp90 heterocomplexes.
constraints are provided by the dimer interfaces (betweenUsing mutagenesis and NMR spectroscopy, we characterized
the helical linker domains and between the U-boxes, the interaction between CHIP and UbcH5b. In our model
respectively) and by the packing between the TPR and helicalbased on the ¢c-Cbl/UbcH7 complex, F218 on loop L1 and
linker domains. Full-lengtibrCHIP and mammalian CHIP ~ R253 on loop L2 of the U-box each anchor a side of UbcH5b
should thus be able to adopt the symmetric arrangementby interacting withol and a helical turn at the N terminus
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of the L7 loop, respectively (Figure 7C). Between these two components of a chaperone heterocomplex. It will thus be
residues, a hydrophobic side chain (I1216) and a proline important to further characterize the structure of CHIP and
(P250) contact P95 of UbcH5hb, which is highly conserved its interacting partners in the context of such chaperone
among E2 enzyme$6). This arrangement positions basic complexes to explain the basis of CHIP specificity and

side chains on UbcH541 to interact with main-chain atoms
on loop L1 of the U-box. Additional weaker contacts are

function and to define the role of CHIP dimerization.

made between a proline (P61) at the tip of the UbcH5b L4 REFERENCES

loop and aliphatic portions of two residues on t@ helix

of the U-box. These contacts define a minimal set of
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