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ABSTRACT. The interaction between the 26 kDa yeast ubiquitin hydrolase (YUH1), involved in maintaining
the monomeric ubiquitin pool in cells, and the 8.5 kDa yeast ubiquitin protein has been studied by
heteronuclear multidimensional NMR spectroscopy. Chemical shift perturbation of backtheneN,
and13C, resonances of YUH1, in a YUH4ubiquitin mixture and in a 35 kDa covalent complex with
ubiquitin (a stable analogue of the tetrahedral reaction intermediate), was employed to identify the ubiquitin
binding interface of YUHL. This interface mapped on the secondary structure of YUH1 suggests a wide
area of contact for ubiquitin, encompassing the N-termindsa4, 52, 43, andj6, coincident with the

high specificity of YUH1 for ubiquitin. The presence of several hydrophobic clusters in the ubiquitin
binding interface of YUH1 suggests that hydrophobic interactions are equally important as ionic interactions
in contacting ubiquitin. The residues in the binding interface exhibit a high percentage of homology among
the members of the ubiquitin C-terminal hydrolase family, indicating the well-conserved nature of the
ubiquitin binding interface reported in this study. The secondary structure of YUH1, from our NMR
studies, was similar to the recently determined structure of its human homologue ubiquitin C-terminal
hydrolase L3 (UCH-L3), except for the absence of the helix H3 of UCH-L3. This region in YUH1 (helix
H3 of UCH-L3) was least perturbed upon ubiquitin binding. Therefore, the binding interface was mapped
onto the corresponding residues in the UCH-L3 crystal structure. A model for ubiquitin binding to YUH1
is proposed, in which a good correlation was observed for the lateral binding of ubiquitin to UCH-L3
(YUH1), stabilized by the electrostatic and hydrophobic interactions.

Ubiquitination is an obligatory step in the degradation of o-peptide or-amide linkages (reviewed in réj. This serves
proteins by the ATP-dependent 26f8roteasome complex, to maintain the cellular pool of free ubiquitin and to regulate
a process that requires the covalent (isopeptide) linkage ofthe overall rate of protein degradation. Deubiquitinating
the ubiquitin C-terminus with the lysineamino groups of ~ enzymes are broadly categorized into two distinct families
acceptor proteins (reviewed in refs—4). The ubiquitin of thiol proteases, ubiquitin-specific proteases (UBRE)
C-terminus can also be attached deamino groups via  8) and ubiquitin C-terminal hydrolases (UCH®).(There
peptide bondsg). Deubiquitinating enzymes release ubig- are at least 20 UBPs in yeast with molecular weight-50
uitin from the C-terminal extensions attached through either 300K that cleave large fusion proteins at the C-terminus of

ubiquitin, exhibiting a broad range of substrate specificities
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IPTG, isopropy}3-p-thiogalactoside; NMR, nuclear magnetic resonance; C-terminal hydrolase (YUH1)1Q) has close homologues in

NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy; PAGE, mammals (UCH-L1, -L2, and -L3)20) and Drosophila
polyacrylamide gel electrophoresis; Tris-HCI, tris(hydroxymethyl)-  me|anogastefUBL-DROME) (21). Sequence alignment of
aminomethane hydrochloride; Ub, ubiquitin; UBPs, ubiquitin-specific
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C-terminal hydrolase L3; YUH1, yeast ubiquitin hydrolase 1. revealed only 17% identity in sequen@2), with an overall
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similarity of 20%. On the contrary, YUH1 and UCH-L3
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Madison, WI) containing the DNA foB. cereisiae YUH1

share a 30% identity and 60% homology. UCHSs are specific (29). The uniformly'>N-labeled YUH1 protein’N-YUH1)

for Gly at the P1 site, while ubiquitin peptide extensions
with Pro at the P1site alone were nonhydrolyzable or very
slowly hydrolyzable 23, 24). [Amino acids N- and C-

was obtained by growing bacteria at 3Z in M9 minimal
media 0), containing*®NH,CI (Isotec, Miamisburg, OH)
as the sole nitrogen source, supplemented with 3 mM

terminal to the scissile bond in the substrate are designatedVigSQO,, 0.1 mM CaC4, 150 mM thiamin, and 50 mg/L
P1 and P1 respectively, and the corresponding binding sites kanamycin. At an Okyonm0f ~0.6, protein expression was

on the enzyme are S1 and’'$25).] In this aspect they are
different from the papain family of thiol proteases which
show broad P1 site specificity2€). Ubiquitin C-terminal

induced by the addition of isopropyl-p-thiogalactoside
(IPTG) to a final concentration of 1 mM. Afit& h of further
growth at 37°C, cells were harvested, washed, and stored

peptide extensions of up to 72 residues can be cleaved byat —80 °C. Uniformly *>N-labeled YUH1 with the combina-

YUH1 while larger folded proteins are not cleavd®,(23).
Interestingly, an ubiquitirrubiquitin dimer could not be
cleaved, though the presence of Met at thedite does not
hinder hydrolysis of other smaller peptide extensiohg, (
23). Similar results were obtained with mammalian UCHs
as well @4). Null mutants of YUH1 are phenotypically

tion of 50% random fractional deuteration (50%d/*°N-
YUH1) was obtained in a similar manner by growing cells
in M9 medium containing 60%H,0/40% H,0, with
NH,CI as the sole nitrogen source. Uniformt§C/*N-
labeled YUH1 with the combination of 50% random
fractional deuteration (50%/13C/*°N-YUH1) was obtained

normal, suggesting the presence of other UCHSs or that UCHsby growing cells in M9 medium containing 60%,0/40%

and UBPs may have overlapping substrate specificifigs (
Given the lack of specificity for the P&ite by UCHSs, it is

H,0, with "NH,4Cl and [*C]-p-glucose as the sole nitrogen
and carbon sources, respectively. Uniforii@/*>N-labeled

possible that they recognize structural features in ubiquitin YUH1 with the combination 0+~80% random fractional

preferring a flexible C-terminus. Indeed, ubiquitin binds
UCH-L3 with a submicromolar binding constant and ubig-

deuteration (80%H/**C/*N-YUH1) was obtained by grow-
ing cells in M9 medium containing 95%1,0/5%H,0. The

uitin aldehyde, mimicking the acyl-enzyme intermediate, is deuteration efficiencies were confirmed by mass spectrom-

a tightly binding inhibitor 22, 27).
Site-directed mutagenesis of UCH-L3 identified Cys90

etry.
For ubiquitin expressiork. coli BL21 (DE3) was trans-

(YUH1 numbering) as the active site nucleophile attacking formed with the expression vector pET24a containing the

the carbonyl carbon of Gly76 of ubiquitin, with His166 as
the general base and Aspl81 assisting in catal\&®. (
Recently, the crystal structure of UCH-L3 was solved by
X-ray crystallography and drew similarities with the papain
family of cysteine proteases in employing a catalytic triad
for hydrolysis @8). However, UCHs differ from other

cysteine proteases in limiting nonspecific hydrolysis by being

highly specific for the ubiquitin moiety of the substrate.
Available experimental information, in the form of thermo-

DNA for S. cereisiae ubiquitin (29). Unlabeled ubiquitin
was obtained by growing the bacteria in LB bro80) at
37 °C, initially to an ODygonm0f ~0.6 unit. Expression was
then induced by the addition of IPTG to a final concentration
of 1 mM followed by growth for another 6 h. The cells were
harvested, washed, and stored-0 °C.

Protein Purification.All the procedures described below
were carried out at 4C unless otherwise stated. For YUH1
purification the frozen cell pellets were thawed and resus-

dynamic and biochemical data, failed to reveal the molecular pended to 0.1 g/mL with lysis buffer [50 mM Tris-HCI, pH

basis of this specificityd2, 24, 27). A hypothetical model

8.0, 2 mM DTT, 200ug/mL Pefabloc (Boehringer-Man-

for ubiquitin binding based on the deduced structure of UCH- heim)]. Lysis was performed using lysozyme (0.1 mg/mL)
L3 proposed a disordered loop to be important in governing for 30 min on ice followed by sonication to disrupt DNA.
specificity toward ubiquitin Z8). However, no structural  The cell debris was clarified by centrifugation at 109@6r
information is available on the enzymabiquitin complex 1 h. The supernatant was diluted 4-fold with buffer A (50
that could reveal the role of specificity determinants and mM Tris-HCI, pH 8.0, 2 mM DTT), and proteins were
conformational changes accompanying ubiquitin binding in purified by a succession of DEAE-Sepharose Fast Flow
UCHs. Structural studies of the ubiquitin-bound enzyme by (Pharmacia) anion exchange, Sephadex G-75 Superfine
NMR spectroscopy are useful to address the above issuegPharmacia) gel filtration, and Q-Sepharose Fast Flow
and to observe actual interactions between ubiquitin and (Pharmacia) anion-exchange column chromatographic pro-
UCHSs. In this paper we describe the backbone resonancecedures. The YUH1 fractions were concentrated using
assignment and secondary structure of free YUH1 from Centriprep 10 concentrators (Amicon) and stored &E4n
triple-resonance NMR studies on bacterially expressed storage buffer (50 mM Tris-HCI, pH 8.0, 10 mM DTT).
recombinant YUH1. Backbone resonance assignments were For ubiquitin purification, the cells were thawed and
also obtained for a YUHZubiquitin mixture and a YUH% resuspended to 0.1 g/mL with lysis buffer (50 mM sodium
ubiquitin covalent complex. The ubiquitin binding interface acetate, pH 5.0, 2 mM DTT, 2Qgy/mL Pefabloc). The cell
of YUH1, identified on the basis of chemical shift perturba- suspension was sonicated vigorously and clarified by cen-
tion of YUH1 backbone'Hy, *N, and *C, resonances, trifugation at 10009 for 1 h. The clear supernatant was
served to build a hypothetical model for the interaction of heated to 85°C for 5 min, and denatured proteins were
YUH1 (UCH-L3) with ubiquitin. removed by centrifugation at 1009for 1 h. The resulting
supernatant containing ubiquitin was diluted 4-fold with
MATERIALS AND METHODS buffer B (50 mM sodium acetate, pH 5.0, 2 mM DTT) and
Protein ExpressionFor YUH1 expressionEscherichia loaded onto an SP-Sepharose Fast Flow (Pharmacia) column
coli strain BL21 (DE3) (Novagen, Madison, WI) was preequilibrated with buffer B. The protein was eluted using
transformed with the expression vector pET24a (Novagen,a NaCl gradient and concentrated using a Centriprep 3
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concentrator (Amicon). The protein was then loaded onto a and CBCA(CO)NNH spectra were acquired with a total of

Sephadex G-75 Superfine (Pharmacia) gel filtration column 32 (t1, 3C) x 22 (t;, ®N) x 512 (3, 'Hy) complex points.

and eluted with buffer A. The ubiquitin fractions were The backbonéH, and'3C’' resonances were assigned by

concentrated and stored &R0 °C as lyophilized powder.  analyzing HCA(CO)NNH 42) and HNCO 85, 36) spectra.
Preparation and Purification of the YUH1Ubiquitin The 3D HCA(CO)NNH spectrum was acquired with a total

Covalent ComplexA covalent complex of 80%H/*3C/*N- of 32 (t1, 1H) x 22 (tz, 1°N) x 512 (3, *Hn) complex points,

YUH1 with unlabeled ubiquitin was generated in a similar and the 3D HNCO spectrum was acquired with a total of 64

manner as reported earlier for a human UCH enzy®@e (  (ti, 3C) x 22 (t;, °*N) x 512 (3, *Hy) complex points.

with slight modifications. Briefly, a mixture of 1:5 molar Secondary Structure Analysis for YUHIhe secondary

equiv of 80%2H/C/N-YUH1 and unlabeled ubiquitin,  structure of YUH1 was determined by a combination of the

respectively, was treated with freshly prepared 2 mM NaBH chemical shift index method48, 44) and analysis of

in a 50 mM Tris-HCI, pH 8.0, buffer containing 10 MM DTT  sequential, intermediate, and long-range NQixg Gnddyn)

at 37°C for 60 min. Fresh NaBliwas added to the reaction  from a 3D 1°N-separated NOESYHSQC spectrum45).

mixture every 5 min due to its labile nature in aqueous This 3D NOESY spectrum was measured with a mixing time

solution. The reaction mixture was loaded onto a Q- of 200 ms and a total of 100;( H) x 22 (tz, 1°N) x 512

Sepharose Fast Flow anion-exchange column, and the(t;, Hy) complex points on 50%?H/N-YUH1. This

proteins were eluted with a 1600 mM NacCl gradientin  spectrum further aided the identification of slowly exchang-

buffer A. The YUHI-ubiquitin covalent complex elutes at  ing Hy protons in YUH1.

a much lower salt concentration than free YUH1 with ayield  Tiiration Experiments of YUH1 with UbiquitifeN-YUH1

of about 80%. The purity of the complex was checked by a5 successively titrated with unlabeled ubiquitin in molar

native PAGE analysis. _ ratios of 1:0.25, 1:0.5, 1:1, 1:1.5, 1:2, and 1:3, respectively.
Preparation of Protein Samples for NMRcotein samples  The total volume was kept constant at 50 2D H—15N
were concentrated and dissolved in NMR buffer (98%0/ HSQC spectra were measured at each titration point in the

10%°2H,0 containing 50 mM NgHPO,—NaHPO;, pH 6.0, above-mentioned order.
100 mM NaCl, 10 mM DTT) using Centricon 10 (for YUH1)
or Centricon 3 (for ubiquitin) concentrators (Amicon). In the
case of ubiquitin, lyophilized powder at the required molarity
was resuspended with filtered Milli-Q water before being
dissolved in NMR buffer. For the 80% random fractionally
deuterated YUH1, the slowly exchanging deuterons were
replaced with protons by treatment with 50 mM Tris-HCI,
pH 9.0, 100 mM NacCl, 10 mM DTT buffer at 3T for 48

h. The high pH buffer was then exchanged with NMR buffer resonance assignments were achieved by analyzing-spin

prior to measurement. spin connectivity on HNCAZ7), HN(CO)CA @9), and HN-

NMR_ Spe_ctroscop_)b_‘ll NMR experiments were recorded (COCA)CB (9). The 3D HNCA and HN(CO)CA spectra
under identical conditions on-Z mM samples on Bruker were acquired with a total of 64( 13C) x 22 (ts, 1°N) x

DRX600 and ARX400 spectrometers. All spectra were 512 (s 'Hy) complex points. The 3D HN(COCA)CB

processed on Silicon Graphics Indfgand Indy computers : :
with the Azara software package (W. Boucher, unpublished). fspl)\le)ct;u?l;/v 238 ?HCS)U gg?n;\fgz Sgi?]t,gl of 32, (*C) x 22 (2

For the 3D data, the two-dimensional maximum entropy

method (2D MEM) 81) was applied to obtain resolution RESULTS AND DISCUSSION

enhancement for the indirect dimensions. Briefly, the ac-

quisition dimension of the triple-resonance 3D data was first  Backbone Resonance Assignment and Secondary Structure

processed by applying FFT with a cosine square window of YUH1.NMR studies of proteins over 200 amino acids

function, and the region containing amide proton resonanceshave been made easier with the advent of deuteration.

was extracted. Next, the remaining two indirect dimensions Complete deuteration of all but the exchangeéHieprotons

were processed with 2D MEM using the noise level in such large proteins improves the sensitivity of some

parameter defined from the corresponding spectra processedheteronuclear experiment3g, 38, 41, 46). Complete deu-

by applying FFT for all three dimensions. All of the spectra teration was also shown to be useful for the observation of

were analyzed with the combination of customized macro- long-range NOEs betweetHy protons 47, 48). It was

programs on the Ansig softwar8Z, 33). recently reported that deuteration at a level €60%
Resonance Assignments for YUHL. of the 3D triple- optimized the sensitivity of experiments which are used to

resonance experiments used for the assignments of YUH1assign side-chaitH and3C resonances or to observe NOEs

were performed on 50%H/*C/**N-YUH1 sample in NMR between carbon-attached att), protons 40). Thus, a 50%

buffer. The backbon&Hy, 1*C,, andN, and side-chaif*Cg deuterated sample was used for the resonance assignment

resonance assignments were achieved by analyzing-spin of YUH1, the size of which is well within the current

spin connectivity on four types of 3D triple-resonance working limits of protein NMR. The backbontHy, 1°C,,

experiments, HNCA 34—36), HN(CO)CA (37, 38), CB- and®N and side-chaif®C; resonances of YUH1 were almost

CANNH (39, 40), and CBCA(CO)NNH 385, 40), with completely assigned by analyzing the triple-resonance 3D

deuterium decouplingd@). The 3D HNCA and HN(CO)- NMR experiments, HNCA, HN(CO)CA, CBCANNH, and

CA spectra were acquired with a total of 64, (°C) x 22 CBCA(CO)NNH, performed on 50%H/3C/**N-YUH1. The

(tz, °N) x 512 ¢, *Hn) complex points. The 3D CBCANNH  50% random deuteration successfully enhanced the sensitivity

Backbone Resonance Assignments for YUHL1 in the Pres-

ence of UbiquitinAll 3D triple-resonance experiments used

in the backbone assignments of ubiquitin-bound YUH1 were
performed on (I) a mixture of 80%H/*C/**N-YUH1 and
unlabeled ubiquitin in the molar ratio of 1:3 and (Il) the
covalent YUHZX-ubiquitin complex of 80%2H/3C/**N-
YUH1 and unlabeled ubiquitin, with deuterium decoupling
(41). The backbonéHy, *C,, and*N and side-chaift*C;
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Ficure 1: Sequence alignment of YUH1 and UCH-L3. Every tenth YUH1 residue, indicated in superscripts, is separated by a space. The
identical residues are shown as shaded boxes. The sequence alignment was according to the Predict Protein Serveb3lgorithm (

of these triple-resonance experiments. We chose the com- Comparison with the X-ray Structure of UCH-L®!/ith
bination of CBCANNH and CBCA(CO)NNH experiments the backbone resonance assignments and predicted secondary
over that of HNCACB and CBCA(CO)NNH for the present structure of YUH1 in hand, we checked whether the high

study. In fractionally deuterated proteins, protonatéc}/ similarity in primary sequences between YUH1 and UCH-
Cs chemical shifts are obtained from CBCANNH and L3 (Figure 1) extends to the structural level as well by
CBCA(CO)NNH experiments, while deuteratég,/Cs will comparing their respective secondary structures. As expected,

be mainly observed in the HNCACB experiment. Thus the the secondary structure of YUH1 was almost identical to
latter combination gives rise to an isotope shif0(2 ppm) that of UCH-L3 (Figure 4). Thg-sheet and most of the
between HNCACB and CBCA(CO)NNH spectra, which «a-helical regions were conserved except for helix H3 of
could increase ambiguity during the assignment process. TheUCH-L3 (61—70 of YUH1). A negative CSI av and absence
backbonéH, and®C' resonances were assigned by analyzing of sequentiathyy NOEs (Figure 2) in the above region argue
HCA(CO)NNH and HNCO, respectively. against the presence of a helix in the NMR-derived secondary
The secondary structure of YUH1, predicted on the basis structure for YUHL. Instead, as seen in Figure 4A, only an
of sequential, intermediate, and long-range NOE connec- e€xtended loop structure seems to be feasible for this region.
tivities, and a consensus chemical shift index (CSI av) of This can be explained in two ways. (I) Such a structural
13C,, 13Cg, 3C', andH,, shifts is summarized in Figure 2 disparity might be due to the differences in amino acid
(43-45). The identification of helices, based on sequential Sequence between UCH-L3 and YUHL for this particular
dun NOEs, intermediate-range NOEs, and a correspondingregion. A comparison of sequences in this region-8Q),
positive CSl av, revealed six helical regions in YUH1: helix as in Figure 1, shows YUHL1 to lack 10 residues from that
al (16-23), a short helixx2 (43-46), long helicest3 (90— of UCH-L3. Thus, this short region in YUH1 might disallow
99), a4 (111-120), anda5 (132-144), and the C-terminal  the formation of the helical structure seen in UCH-L3. (Il)
helix a6 (205-216). Helicesa3 and o5 were identified ~ The helix H3 in the UCH-L3 crystal may be a consequence
predominantly on the basis of positive consensus CSI andof the crystal packing effect. This region is exposed on the
intermediate-range NOEs. In addition to the above, slowly protein surface, and by generating neighboring molecules

exchangingHy protons were found in the-helical regions, ~ (through symmetric and parallel operation using the coor-
indicating their protection due to hydrogen bonding. dinates of the crystal structure), some intermolecular contacts

In the case of YUH1p-strands were identified from the ~ could be seen.
following features: negative CSI av; strong and medium In the UCH-L3 crystal structure2g), a loop region
intensity sequentiald,y NOEs; long-range backbore  Spanning residues 14163 (YUH1 numbering) was disor-
backbone NOEs; stretches of weak or missing sequehtial ~ dered, possibly due to conformational polymorphism. Fur-
NOEs; and missing intermediate-range NOEs. Figure 3 ther, it was proposed that this structural multiplicity con-
shows the antiparallel contacts, defined by long-range tributes to the ubiquitin binding specificity of UCH-L28§)
backbone-backbonely andd,y NOEs assigned for residues and might be conserved among other UCH enzymes. To
between the following pairs gf-strands: 51 (30—36) and investigate this, we looked into our NMR results from YUH1
6 (227-234); 46 andB2 (53—59); 2 andS3 (166-173); for this loop region. While théH—15N correlation cross-
3 andp4 (176-180); and finallyp4 and5 (189-191). peaks in the 2D HSQC spectrum were strong and distinct
The six antiparallelg-strands form a compagB-sheet for this region, very few intermediate/long-range NOEs were
structure possibly constituting the core of the protein. The observed in the*N-separated NOESYHSQC spectrum.
emerging global fold of YUH1 (data not shown) also This prompted us to speculate a highly flexible dynamic
confirms this fact. The slowly exchangifigy protons further ~ property for this loop region and offers an interesting
traced the above secondary structural elements. The complet€oincidence with the UCH-L3 results. The role of this loop
secondary structure topology of YUH1 based on CSI and region in ubiquitin binding will be evident from the studies
long- and medium-range NOE information, shown in Figure on Ub-bound YUHL1, discussed below.
4A, is comprised of sixt-helical regions and a singfesheet Binding Characteristics of YUH1 with UbiquititdCHs
structure (constructed by the six antiparallel strands) con- generally hydrolyze short C-terminal extensions of ubiquitin
nected by loop regions of varying lengths. with a lack of specificity for the leaving group that may vary
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FiIGURE 2: Summary of the observé#ly exchange data, sequential and intermediate-range backbone NOEs, and consensus chemical shift
index (CSI av), together with the derived secondary structure of YUH1. The consensus CSI av was calculated according to the equation

CSl av=[(CSI3C, + CSI3C' — CSI3Cs — CSIH,)/4]. The height of each block in the sequential NOEs corresponds to the magnitude
of the NOEs.

in size from simple—NH; groups to small proteins. They of UCH enzymesZ2, 27). To identify the basis of this high
are, however, unable to cleave large or highly structured specificity, we performed NMR studies on ubiquitin-bound
C-terminal extensions of ubiquitn, with certain exceptions YUH1.

(24). Thus, UCHs were proposed to recognize distinct A series of stepwise, multipoint titrations witPN-YUH1
structural features on the ubiquitin moiety of the fusions. and unlabeled ubiquitin were performed as described in
This notion was also strengthened by the highly conservedFigure 5. 2D'H—5N HSQC spectra were measured, first in
3D structure of ubiquitin across speciet9,(50). Indeed, the absence of ubiquitin and then at each titration point, to
ubiquitin, with a submicromolar binding constant, and monitor YUH1 during formation of the complex. Ubiquitin
ubiquitin aldehyde (a transition-state analogue inhibitor), with addition affected YUH1 resonances in either of the following
a picomolar binding constant, are tightly bound inhibitors three ways: (I) no change in intensity and chemical shift or
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Ficure 3: Topology diagram of th@-sheet structure in YUH1. Interstrand backbone NOEs are depicted as double-headed arrows.

A

Ficure 4. Secondary structure comparison of (A) YUH1 and (B) UCH-L3. The topology of UCH28BWas adapted to the emerging
global fold of YUHL1 for better understanding. The extra helix (H3) in UCH-L3 is shaded, and the disordered loop in UCH-L3 is indicated

as a dotted line.

minor perturbation in chemical shift (e.g., residue S123 in
Figure 5), (1) major perturbation dH and/or*>N chemical

shift with intensity reduction (e.g., residue N145 in Figure
5), or (lll) “missing” cross-peaks due to extreme line

result of the large difference in chemical shifts between the
two states. Thus, the characterization of line-broadened
signals in this intermediate exchange situation would prob-
ably highlight the ubiquitin binding interface on YUH1.

broadening (e.g., residue E41 in Figure 5). The large numberSimple tracing and chemical shift assignment'dgf-1°N
of missing cross-peaks probably indicates an intermediatecorrelation cross-peaks in ubiquitin-bound YUH1 were
exchange situation between the free and ubiquitin-bound hampered by the exchange broadening and the spectral

YUH1. This was further confirmed by increasing the

overlap. Hence, we performed triple-resonance experiments,

ubiquitin concentration stepwise to a 3-fold molar excess initially on a 1:3 molar mixture of 80%H/C/*°N-YUH1
over YUH1. This exercise failed to result in the emergence and unlabeled ubiquitin (henceforth referred to as the
of a distinct set of cross-peaks, a general indicator of slow YUH1—Ub mixture), respectively, to obtain unambiguous
exchange. The line-broadened signals might be the directassignment.
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Ficure 5: Overlays of 2D'H—5N HSQC spectra from multipoint titrations &¥N-YUH1 with unlabeled ubiquitin. The color codes of

IH—15N correlation cross-peaks at each titration point, showing the molar ratio of YAUH] are as follows: black (1:0); blue (1:0.25);

purple (1:0.5); green (1:1); red (1:2). Shown as insets are representative cross-peaks for the intermediate exchange between free and ubiquitin-
bound YUH1: (S123) no change in shift or intensity; (N145) cross-peak shift with intensity reduction; (E41) severely line-broadened.

Backbone Resonance Assignment of YUHL1 in the YUH1 to determine the interaction surface, since the presence of
Ubiquitin Mixture. The ubiquitin-bound YUH1 has an an interacting group in close proximity tends to affect the
approximate size of 35 kDa, which is around the maximum chemical environment of residues in the interface. Thus, the
for protein NMR. Hence, an 80% deuterated YUH1 sample elucidation of line-broadened and chemical shift perturbed
was chosen over that of a 50% deuterated one to optimizeresidues is important in defining the ubiquitin binding
the sensitivity of heteronuclear triple-resonance experimentsinterface of YUH1 in our system.
in the backbone assignment. 3D NMR experiments HNCA,  For all the backbone assigned residues in the YYHIb
HN(CO)CA, and HN(COCA)CB were performed on the mixture, the mean difference i, *°N, and*3C, chemical
YUH1-Ub mixture to assigntHy, N, 13C,, and 3Cs shifts, Aay, from their corresponding values in free YUH1
resonances. Complete backbone resonance assignment wagas calculated. For the sake of ensuing discussions, the
possible for 68% of the residues. For residues lackfy residues are arbitrarily classified on the basis of their degree
correlation in the HNCA spectrum (A7, T40, T19, A54, Q71, of chemical shift perturbation into unperturbetl,{ < 100
F82, Q83, T163) but observed in thgd—'5N HSQC Hz), least perturbed (100 Hz A, < 200 Hz), moderately
spectrum with negligible perturbation, tentative assignment perturbed (200 Hxz A, < 500 Hz), and severely perturbed
of ™H and >N was achieved by tracing the chemical shift (Aa, = 500 Hz) and color-coded as described in Figure 6
values from free YUH1. Signal overlap in théi—N (*H frequency was 600 MHz). In addition, the residues in
dimension prevented the assignment for residues W31, N140which *H—'N correlation cross-peaks were extremely
K143, V146, F149, and S150. We were unable to assign broadened are shown in red. The Ub-induced chemical shift
backbone resonances for the remaining (27%) non-proline perturbation of YUH1 backbone atoms, together with the
residues due to line broadening in thd, N, and °C information from broadened residues, was mapped on the
dimensions, consistent with the titration experiments. The secondary structure of YUHL1 (Figure 6A). The majority of
residues with severe line broadening are discussed furtherdine-broadened residues were located over a wide area on
in the following paragraph. the surface of YUH1: around the N-terminal loagl, 52,

Chemical Shift Perturbation in the YUHUb Mixture. loop L4, a3, loop L6, a5, A3, 4, and 6. Residue 1142
As mentioned earlier, line broadening of NMR resonances displayed the maximum,, of 779 Hz, while residues 20,
is a common phenomenon at the regions involved in 21, 27, and 38 showed moderate perturbation (200<Hz
intermolecular contact, when the interaction is on an A, < 500 Hz). The remaining residues-§4% of non-
intermediate time scale. In addition to this, chemical shift proline residues) were unperturbetl,{ < 100 Hz) or least
perturbation of backbone resonances is also widely employedperturbed (100 Hz= A, < 200 Hz) by ubiquitin binding.
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Ficure 6: Chemical shift perturbation of backboMey, °N, and'3C, nuclei in the YUHX-Ub mixture. (A) YUH1 residues affected by
ubiquitin binding mapped onto the secondary structure of YUH1. (B) YUHL1 residues affected by ubiquitin binding mapped onto the UCH-
L3 crystal structureZ8). The disordered loop in the crystal structure is shown as a dotted line. In the case of (B) UCH-L3 numbering was
converted to that of YUHL1 as in Figure 1. The backbone resonance affected residues upon ubiquitin binding are displayed color-coded. The
mean shift differencel,,, for each amino acid was calculated a&¥n)? + (ASN)2 + (A1C,)qY2, whereAHy, AN, and A13C, are

the chemical shift differences (Hz) between free YUH1 and the YUYHI mixture for resonancé#ly, °N, and3C, observed at 14.1 T

(*H frequency is 600 MHz), respectively. The color coding is as follows: whitg € 100 Hz); purple (100 H= A,, < 200 Hz); cyan

(200 Hz = A4 < 500 Hz); green (500 H= A,y < 1000 Hz); yellow (1000 H= A,,). The residues that were exchange broadened upon
ubiquitin binding are shown in red. Proline and residues lacking chemical shift difference information are colored gray. The active site
residues (YUH1 numbering) are indicated, and their side chains are highlighted.

Results from this mapping suggest that ubiquitin binds to a arresting ubiquitin at the active site of YUH)(and
distinct and wide surface on YUH1, as evident from the large employed an experimental strategy similar to that for the
number of exchange-broadened residues. The binding inter-YUH1—Ub mixture.
face, based on line-broadened regions, includes residues that Backbone Resonance Assignment of YUH1 in a YUH1
are vicinal to the putative catalytic center and also several Ubiquitin Covalent ComplexUCH enzymes hydrolyze their
invariant hydrophobic and acidic residues. The extensive substrates through a conserved mechanism that involves the
perturbation of backbone resonances reveals that the interacaucleophilic attack on the carbonyl carbon of G76 of
tion is not restricted to side-chain-mediated events but alsoubiquitin by the thiol moiety of the active site cysteine
involves substantial conformational changes around theresidue ). The acyl-enzyme intermediate, Ub(Gly)-C(O)-
binding surface of YUH1. SH-(Cys)E, formed is then hydrolyzed to liberate free
Due to the availability of a high-resolution 3D crystal enzyme and ubiquitir@). This acyl-enzyme intermediate can
structure of the human homologue of YUH1, UCH-L3, we be trapped by borohydride to give a very stable hemithio-
mapped the chemical shift changes onto the X-ray structureacetal [Ub(Gly)-C(OH)S-(Cys)E], analogous to the true
(28), as shown in Figure 6B. A 60% homology and 30% tetrahedral reaction intermediat®.(For the present study,
identity at the amino acid level, and considerable similarity we purified this hemithioacetal and utilized it to identify the
in the secondary structure between YUH1 and UCH-L3 ubiquitin binding sites in YUH1. This 35 kDa covalent
(Figure 4), encouraged such an approach. Moreover, the loopcomplex between 80%H/3C/**N-YUH1 and unlabeled
L4 of YUH1, corresponding to helix H3 of UCH-L3 (the ubiquitin (henceforth referred to as the YUHWb complex)
only region structurally different between the two proteins), was fairly stable under the NMR conditions used in this study
was least perturbed by ubiquitin interaction. As evident from (no major change in theH—N HSQC spectrum after the
Figure 6B, an excellent correlation could be observed for 3D experiments; data not shown). THelI—N HSQC
the interaction of YUH1 with ubiquitin, favoring a lateral spectrum of this sample revealed the presence of many new
binding mediated by residues in strands S2, S3, and S6 anccross-peaks previously absent in the YUHI1b mixture
helices H1 and H4 (colored red). Thus our results with the (Figure 7). Sequence-specific assignment of backbone reso-
YUH1—-Ub mixture define a broad area of proteiprotein nances for YUH1 in the YUHZUb complex was done in a
contact between YUH1 and ubiquitin. manner similar to that for the YUH1Ub mixture. Backbone
However, the large number of exchange-broadened resi-resonance assignment was possible for 90% of non-proline
dues failed to reveal the extent of perturbation around theseresidues. For the remaining residues, lack of sequential
regions. To address this, we need to have a tight binding of connectivities, due to low intensity in HNCA, HN(CO)CA,
ubiquitin to YUH1 or an ubiquitin-conjugated nonhydrolyz- and HN(COCA)CB, prevented the unambiguous assignment
able inhibitor of YUH1. Toward this effect, we prepared a of backbone resonances. For example, residues V9; 155
stable covalent complex of ubiquitin-bound YUH1 by F59, N88, F129-D131, E158-T160, and N164T169 were
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FIGURE 7: Comparison of the contour plots #1—15N HSQC spectra of (A) 50%H/13C/A°N-YUH1, (B) the YUH1-Ub mixture, and (C)
the YUH1-Ub covalent complex.

FiGURE 8: Chemical shift perturbation of backbo®dy, 1N, and13C, nuclei in the YUHL-Ub covalent complex. (A) YUH1 residues
affected by ubiquitin binding mapped onto the secondary structure of YUH1. (B) YUH1 residues affected by ubiquitin binding mapped
onto the UCH-L3 crystal structure2®). The mean shift differencel,, for each amino acid was calculated ad¥fiy)? + (A'™N)? +
(A13C,)?*2, whereAHy, AN, and A3C, are the chemical shift differences (Hz) between free YUH1 and the YA complex for
resonance®y, °N, and3C, observed at 14.1 T frequency is 600 MHz), respectively. The rest of the representations and color coding
are similar to those of Figure 6 except that the regions shown in red are those with conformational multiplicity (refer to text for details) in
the YUH1-Ub complex.

not assigned, even though candidates existed WifH°N, tional multiplicity, which will be elaborated in the ensuing
and intraresidué®C, correlations. For the well-resolved discussion.

cross-peaks iftH—N HSQC but without sequential con- Chemical Shift Mapping of the Ubiquitin Binding Interface.
nectivities in triple-resonance experiments, where possible, As mentioned earlier in the case of the YUHWb mixture,
tentative assignment dH and N resonances was done the mean differences itH, >N, and*3C, chemical shifts of
using the chemical shift values from the YUHWb mixture YUH1, A,, for all backbone assigned residues in the
(residues V8, T19, E41, Q71, and T134). Since YUH1 binds YUH1—Ub complex were calculated. Figure 8 displays the
ubiquitin covalently in the complexdj, the low intensity in chemical shift perturbation on the secondary structure of
the triple-resonance experiments for these regions cannot berUH1 and the tertiary structure of UCH-L3 in a representa-
attributed to chemical exchange between the free and boundion similar to that of Figure 6'H frequency was 600 MHz).
states. The most likely reason would be a local conforma- To ensure clarity in interpretation, the residues lacking
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perturbation data due to missing backbone assignmes#o (S6 in UCH-L3), also displayed moderate perturbation (200
of non-proline residues) are shown in red and can be Hz < A, < 500 Hz), with V223 alone showing A,, of
considered to exhibit conformational multiplicity. Consistent 506 Hz. Thus these C-terminal regions may undergo a slight
with our observations on the YUHUDb mixture, about 66%  conformational change upon ubiquitin binding. It is note-
of the residues were unperturbeti,¢ < 100 Hz) or showed  worthy that most of the above-mentioned residues contribut-
negligible changes in chemical shiftd\{ < 200 Hz), ing to structural changes in YUH1 upon ubiquitin binding
indicating their distal location from the interaction surface. were line-broadened in the YUHUDb mixture.

Interestingly, most of the residues20%) that were missing A highly conserved hydrophobic cluster from residues 55
in the YUH1-Ub mixture displayed moderate to severe to 59 in f2 (S2 in UCH-L3) could not be assigned in the

perturbations in the range of 26@000 Hz. This supports complex. Also for residues 164169 in33 (S3 in UCH-L3)

. . . 15 _ X . . .
O'“:r tgarller assumEno_n ;[Llat\flcjs&%pbearaqcél-b% N dcort spanning the general base in catalysis, H166, assignment was
relation cross-peaks in the mixture was due to lacking in the complex. This region was predominantly

extreme line broadening caused by the large chemical Shifthydrophobic In addition to the above. V8 and V9 of the

difference between ubiquitin bound and free states. As N-terminal Idop F129 and D130 of Ioé)p L6 (between H4

expected', som'e'of the extremely pgrturped resldues WerCand H5) and residues 15860 in loop L7 (disordered in

from regions lining the putative active site amino acids, UCH-L3) also lacked assignment. These regions were

originally identified by site-directed mutagenesis in UCH- : 9 . 9

L3 (24). Residues 8692, 94, and 97 in helix3 (helix H4 extremely broadened in the YUHUDb mixture. As stated

in UCI—i-LS) span the a&:tivé site nucleophile C90 and are before, with ubiquitin being stabilized in a covalent complex
L P phrie LI% ai with YUH1, the possibility of chemical exchange between

significantly perturbedAa, = 500 H.Z) by ubqultln binding. bound and free forms can be ruled out. We proposed a local

€90 shows aAa, of 632 Hz while G91 displayed the conformational multiplicity to account for the line broadening

maximum A,, of 1330 Hz. Though D181, in loop L9 . . : X X
(between S4 and S5 in UCH-L3), a general acid for the in these regions. In fact, for residues in the loop region that
' surrounds the active site, a certain amount of flexibility can

catalysis, showed least perturbation, G182 displayéd,a . X . . . =
of 631 Hz, indicating that this region may still be functionally be |r_nag|nedz ggse_nﬂal to expose the active site to ubiquitin.
important. The X-ray structure of UCH-L2®) hinted at a A slight flexibility in thes_e regions would also probably
role for Q84 in catalysis based on structural similarity with acpou_m for the_ hydrol_yS|s of a wide range of ex_tended
ubiquitin C-terminal fusions ranging from simple amines to

the catalytic center of papain family proteases. However, our . :
results with the YUHEUb complex indicated only a weak ~ Small proteins (a conserved feature in UCHs), as YUH1

perturbation for Q84 (86 Hz), though its importance cannot 'acked specificity for the leaving group. But for the strands
be completely ruled out. The large perturbation of residues, 52 @ndf3 (S2 and S3 in UCH-L3), multiplicity is intriguing,

in the above-mentioned regions, suggests that extensive locafS these are fairly rigid structures. Hence, alternate local
conformational changes upon ubiquitin binding may be conformation induced exchange broadening around the

involved in stabilizing interactions around the active site of £-Sheet regions is not a possibility anymore. However, if
the enzyme. the loop regions interact with the aboykesheet regions

Apart from these, residues with large chemical shift through the side chains, then their_flexibil_ity might be
perturbation were also clustered in many other structured Propagated to strang¥2 and/33, appearing as line broaden-
and loop regions. The N-terminal loop residues13 N9 Of backbone amide resonances. Strafisand 33 in
constitute one such cluster that includes a highly conservedYUH1 and in other UCH enzymes consist mostly of
E12 residue. E12, the side chain of which was exposed in Nydrophobic residues. In the crystal structure of UCH-L3,
the UCH-L3 structure, showed A, of 1074 Hz and may  the side chains of these hydrophobic residues are exposed
contact the basic face of ubiquitin. The remaining residues @way from the protein core, with the N-terminal loop
displayed moderate perturbations (200 £lA,, < 500 Hz). covering strand 8226). Also some contacts were found
It can be seen from Figure 8B that this N-terminal loop partly Petween the N-terminal loop residues and firsheet £8).
covers the active site and so will have to be flexible to allow Moreover, the flexible loop L7 (disordered in UCH-L3) can
ubiquitin binding. Another stretch showing large-scale @also interact with thg-sheet region through the hydrophobic
perturbation A., = 500 Hz) upon ubiquitin binding is in ~ residues. In addition to the above, the hydrophobic side
loop L7 (disordered in UCH-L3), from residues 146 to 163, chains of YUH1 could also interact with corresponding
which was proposed to mask the active s2&)( In this residues in ubiquitin, a possibility strongly supported by
region, residues 158160 lacked perturbation data, as they experiments that revealed many hydrophobic residues in the
were unassigned in the complex. Residues 146, 149, 150,YUH1 binding surface of ubiquitin (Sakamoto et al.,
and 152-154 displayed severe perturbations,(> 500 Hz), unpublished). Thus, the alternating orientations of side chains
while residues 147, 148, 151, and 156 were moderately of hydrophobic residues in strand andf3, resulting from
perturbed (200 H= A, < 500 Hz). This loop was thought  intramolecular interactions with flexible loops (N-terminal
to be involved in ubiquitin binding in UCH-L328), and and L7) or from intermolecular contacts with ubiquitin, may
our experimental result with the YUHAUb complex indirectly lead to large chemical shift differences for the
confirms this possibility. 1142, which displayed a larde, backbone residues. This might appear as line broadening of
in the YUH1-Ub mixture also showed A,, of ~500 Hz backbone amide resonances in strgp@landp3. The highly
in the YUH1-Ub complex, indicating probably a hydro- conserved nature of the above-mentioned hydrophobic
phobic side-chain interaction with ubiquitin. Two other residues among UCH enzymes probably indicates the
clusters, residues 23218, partly in helixa6 and loop L11 importance of hydrophobic interactions and conformational
(between H7 and S6 in UCH-L3), and residues 2227 multiplicity in ubiquitin recognition.
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LCH-L3 Ubiguitin

Ficure 9: Proposed model for ubiquitin binding to UCH-L3 based on the ubiquitin binding surface mapping from the-Y-bmplex.

This view of UCH-L3 is approximately perpendicular, from the left, to Figure 8B. The structure of ubigd®irm@s oriented according

to the mapping of the YUH1 binding interface on ubiquitin (Sakamoto et al., unpublished). The side chains of active site residues in
UCH-L3 are highlighted.

YUH1-Ub Interaction ModelOn the basis of the ubig- like proteins) and undergo conformational changes necessary
uitin interacting surface delineated in this study, a hypotheti- to cleave extended C-terminal fusions of ubiquitin.

cal model for the YUH1 Ub complex could be envisaged  Bjochemical and thermodynamic studies on UCH-L3
by employing the crystal coordinates of UCH-L38{ and  indicated that UCH enzymes derive sufficient energy from
ubiquitin (49), as shown in Figure 9. The fact that most of remote interactions with ubiquitin to stabilize the acyl-
the binding interface residues, outlined in our study, areé gnzyme reaction intermediat@7). Our NMR studies on
conserved among UCH family members identified so far yyH1 and the YUHEUb covalent complex, which mimics
suggests that the ubiquitin recognition mechanism might alsohe transition-state analogue, prove that UCHs in general,
be conserved. The orientation of ubiquitin in this model was ang YUH1 in particular, undergo conformational changes
according to the YUH1 binding interface mapped onto the 5o pinding to ubiquitin. These structural changes mediated
crystal structure of ubiquitin (Sakamoto et al., unpublished). y strong hydrophobic and ionic interactions between ubig-
In the UCH-L3 structure28), the N-terminal loop and helix  itin and enzyme provide the energy that stabilizes the
H4 were shown to occlude residues in the active site (the yransition-state intermediate, resulting in hydrolysis of sub-
disordered loop too was proposed to mask the active site).strates attached to the ubiquitin C-terminus. The results
To position the Gly76 carboxyl group of ubiquitin near the presented here provide the first detailed account of the
active site cysteine of UCH enzymes, these regions would ,piquitin binding sites for UCH enzymes using the YUH1
have to undergo rearrangement. Our result, wherein strands complex as a model system. The function and importance

2,53, andf6 (S2, S3, S6 in UCH-L3), helicasl anda4 of particular residues will now be further explored by site-
(H1 and H4 in UCH-L3), loop L7 (disordered loop in UCH-  4irected mutagenesis.

L3), and N-terminal residues of YUH1 undergo significant

ubiquitin-induced conformational changes, confirms the ACKNOWLEDGMENT

above possibility. During this process there is also a
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Lists of backbonéH, 1°C, and'®*N resonance assignments
for free YUH1, the YUHX-Ub mixture, and the YUH%

Ub

available free of charge via the Internet at http://pubs.acs.org.

covalent complex at 30C, pH 6.0. This material is
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