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ABSTRACT: The mammalian ubiquitin conjugating enzyme known as E2-25K catalyzes the synthesis of
polyubiquitin chains linked exclusively through K4&76 isopeptide bonds. The properties of truncated

and chimeric forms of E2-25K suggest that the polyubiquitin chain synthesis activity of this E2 depends
on specific interactions between its conserved 150-residue core domain and its unique 50-residue tail
domain [Haldeman, M. T., Xia, G., Kasperek, E. M., and Pickart, C. M. (1893¢hemistry 3610526~

10537]. In the present study, we provide strong support for this model by showing that a point mutation
in the core domain (S86Y) mimics the effect of deleting the entire tail domain: the ability to form an
E2~ubiquitin thiol ester is intact, while conjugation activity is severely inhibited @0-fold reduction in

kealKm). The properties of E2-25K enzymes carrying the S86Y mutation indicate that this mutation
strengthens the interaction between the core and tail domains: both free and ubiquitin-bound forms of
S86Y-25K are completely resistant to tryptic cleavage at K164 in the tail domain, whereas wild-type
enzyme is rapidly cleaved at this site. Other properties of S86Y-26K suggest that the active site of this
mutant enzyme is more occluded than the active site of the wild-type enzyme. (1) Free S86Y-25K is
alkylated by iodoacetamide 2-fold more slowly than the wild-type enzyme. (2) In assays-abkiitin

thiol ester formation, S86Y-25K shows a 4-fold reduced affinity for E1. (3) The ubiquitin thiol ester
adduct of S86Y-25K undergoes (uncatalyzed) reaction with dithiothreitol 3-fold more slowly than the
wild-type thiol ester adduct. One model to accommodate these findings postulates that an enhanced
interaction between the core and tail domains, induced by the S86Y mutation, causes a steric blockade at
the active site which prevents access of the incoming ubiquitin acceptor to the thiol ester bond. Consistent
with this model, the S86Y mutation inhibits ubiquitin transfer to macromolecular acceptors (ubiquitin
and polylysine) more strongly than transfer to small-molecule acceptors (free lysine and short peptides).
These results suggest that unique residues proximal to E2 active sites may influence specific function by
mediating intramolecular interactions.

The Ub-proteasome pathway is the principal mechanism catalyzes the ATP-dependent formation of anvElb thiol
for turnover of short-lived proteins in eukaryotic cells. In ester. Ub is next transferred to a Cys residue of a Ub
this pathway, the covalent attachment of Ub to the substrateconjugating enzyme or E2. Finally, Ub is transferred from
confers recognition by the 26S proteasortip (Ubiquiti- the E2 to the substrate Lys residue by a Ub-protein ligase
nation is initiated by the formation of an isopeptide bond or E3. For E3s which are characterized by the presence of
between the-amino group of a substrate Lys residue and a catalytic region known as the “hect” domain, the final
the C-terminal carboxylate of Ub (G76). Substrates are mostligation step occurs through the formation of anmEHRo thiol
efficiently recognized when additional Ubs are conjugated ester intermediates].

to this first Ub, to form a polyUb chain linked by K48 Substrate specificity in the Ub-proteasome pathway arises
G76 isopeptide bond2{-4). _ primarily at the level of ubiquitination. Specificity is thought
Synthesis of the Ubsubstrate bond is usually accom- g depend mainly upon the properties of the E3, particularly
plished in three stepsl(5). Ub activating enzyme or E1  jts apjlity to recognize a primary sequence element (ubig-
uitination signal) in the substrate. Consistent with this model,
" Funded by NIH Grants DK46984 (to C.M.P.) and GM54816 (to  the known E3s show a high degree of substrate selectivity,
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containingn Ubs. genes elicits specific phenotypes, as a result of the impaired

S0006-2960(98)00091-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 06/12/1998




Structure-Function of E2-25K Biochemistry, Vol. 37, No. 27, 199®785

turnover of specific substrate¥)( The existence of substrate (29). SDS-PAGE was carried out by the Laemmli method
selectivity at the level of the E2 enzyme can be accom- (30).

modated by a model in which the E3 enzyme is the primary  Plasmids. As described under Results, an 176T,S86Y-25K
specificity factor (above) if there is a high degree of DNA fragment was obtained by PCR amplification of a MEL
specificity in the E2-E3 interaction, as has been observed cell Agt11 library (Clontech) using E2-25K flanking primers
in several case®9¢14). But since multiple E2s would be C1 and C2 which harbor sites foNcd and BanHl,
unnecessary if the E3 is tlselespecificity factor, it is likely respectively 27). The fragment was first cloned into
that the E2 plays some role in substrate selection. The pGEM3Zf(—) and sequenced (fmol kit, Promega). Tied/
molecular basis of this role is poorly understood. In some BanH| fragment was then subcloned into pET3d. To
cases, it may be based in a directEibstrate association, separate the mutations, pET3d-25Kl)( and pET3d-I176T,-

as suggested by the isolation of E2 genes in interaction S86Y-25K were digested witBsp, which cuts once in the
screens with pathway substrates [e.gl5<17)]. The region separating the codons for residues 76 and 86, and
specificity of a given E3 may also be modulated by the once in the vector. Large (3.9 kb) and small (1.1 kb)
formation of distinct complexes with different E2s [e.®, (  fragments from each digestion were purified. To generate
18, 19)]. These models are not mutually exclusive. pET3d-176T-25K, the large fragment from the mutant

E2 proteins are characterized by the presence of aplasmid (Carrying the I76T mutation) was |Igated to the small
conserved core domain 6f150 amino acids which harbors ~ fragment from the wild-type plasmid. Results of digestion
the active site Cys residue; certain E2s have unique N- or With Ncd andBarHI were used to identify clones in which
C-terminal extensions which may be as much~as25 the small fragment had ligated in the correct orientation.
residues in length [reviewed ir2Q)]. Substantial evidence  Separately, the small fragment from the mutant plasmid
indicates that these extensions are specificity elements which(carrying the S86Y mutation) was ligated to the large
function in mechanistically diverse ways [sex)]. How- fragment from the wild-type plasmid to give pET3d-S86Y-
ever, regions of modest divergence within the core domain 25K.
can also be highly significant for function. For example, In the course of this work (see below), we resequenced
two Ubc4 isozymes expressed in mouse testis, whosethe plasmid pET3etC170S,F174L-25KZ1). Unexpectedly,
sequences diverge at only a few positions, differ strongly in the plasmid was found to specify Phe rather than Leu at
their Conjugation properties]_e)_ Since the core domains residue 174. Since the F174L mutation was Specified by a
of the six structurally characterized E2s are virtually super- PCR primer, and was present when the plasmid was first
imposable [22—26); R. Basavappa, personal communca- Sequencedl), we assume that the mutation reverted over
tion], unique residues within E2 core domains are presumedseveral years of plasmid propagatior&incoli. We showed
to affect function by mediating interactions, rather than by as part of the present work that C170S-25K is indistinguish-
altering folding. Consistent with this idea, nonconservative able from wild-type E2-25K with regard to activity in polyUb
substitutions in the core domains are largely restricted to onechain synthesis (Results).
face of the molecule, opposite the active sRe+26). The I76T and S86Y mutations were combined with the

The mammalian enzyme E2-25K has a 50-residue tail C170S mutation as follows. Empty pET3d vector was
which is dissimilar to the tails of other known E287j. digested consecutively witicd andBarH. The plasmlq
Uniguely among mammalian E2s, E2-25K synthesizes long PGEMB3Z{()I76T,586Y-25K (above) was dlgested with
K48-linked polyUb chains in an E3-independent man@8y.( Ncad and Pst to generate a 360 bp_ fragment carrying the
This robust and well-characterized in vitro activity makes T76 and Y.86 codon;. The plasmid pGEM32ZJC170S-
E2-25K well-suited for structurefunction analysis. We 25K was d|gested. witlPst and BanHI to generate a 440
showed previously that the tail of E2-25K is necessary, but \?v%:éaggnrsgitnzzrr\}\llli?r? ttr?: \/Selcigrﬁﬁdgrlhrggivgoligzg(r)nne?ct)s
not sufficient, for activity in polyUb chain synthesi21). gy .

Here we show that the effect of mutating the core residue generate pET3d-I_76T,S86Y,C_1_7OS-25K._ This plasmid was
S86 (to Tyr) is similar to the effect of deleting the tail: Seduenced (Hopkins Core facility) to verify the presence of

conjugation, but not thiol ester formation, is severely e mutations. _ , _
inhibited. The S86Y mutation is shown to strengthen the Expre_ssmn and F_’urlflcatlon of Recombinant Protel_ﬁshe
interaction between the core and tail regions of E2-25K; such "écombinant proteins encoded by the above-described plas-
an enhanced interaction could provide an explanation for the Mids, as well as wild-type E2-25K, were expressecin
deleterious effect of the mutation. These findings have €Ol Strain BL21(DE3)pLysS. Induction, cell lysis, soluble
implications for the structurefunction relationship in E2-  €xtract preparation, and E2-25K purification were carried

25K and other E2 proteins. out as described2). The electrophoretic purity of each
recombinant protein was90%. The presence of the S86Y
EXPERIMENTAL PROCEDURES mutation altered the behavior of E2-25K during gradient

elution from an FPLC MonoQ column (Pharmacia-LKB

Materials, Enzyme Preparations, and General Methods. Biotech); forms of the enzyme with Tyr at residue 86 eluted
Reagents and proteins were from Sigma unless statedat 0.1 M NaCl, while forms with Ser at residue 86 eluted at
otherwise. The peptide Ac-AGKQL-NHvas obtained from  0.13 M NaCl. The divergent behavior reflected a change in
Quality Controlled Biochemicals, Inc. (Hopkinton, MA). charge due to altered folding, because all forms of E2-25K
K48R-Ub was expressed and purified as describ®d ( used here comigrated during two-dimensional IEF/SDS
Bovine Ub was radioiodinated t6-8000 cpm/pmol with PAGE (not shown).
chloramine-T §). E1 was purified to electrophoretic ho- Pulse-Chase AssaysThe pulse (16-30 uL) contained
mogeneity from bovine erythrocytes or rabbit reticulocytes E2 (1-5 «M) and *?3-Ub (4—5 uM) under conditions as
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described previously2@). After removing an aliquot to  trypsin in buffer containing 250 mM Tris (24% base), 0.5
monitor thiol ester formation, the chase was initiated. For mM EDTA, and 250 mM NaCl (37C). Aliquots were
assay of Ubsynthesis, the chase contained unlabeled wild- removed at increasing time points and quenched with sample
type Ub at 1 mg/mL. For assay of Ub transfer to small buffer containing3-mercaptoethanol. Digested samples were
molecules (see Table 3, Results), the chase incubationelectrophoresed on 13.5% gels and visualized by Coomassie
contained 1 mg/mL K48R-Ub (to diluté’¥-Ub without staining. In some cases, fragments bound to Immobilon were
permitting Uk synthesis), and one of the following: (1) 20 visualized by Ponceau staining, excised, and sequenced by
mM EDTA (to detect hydrolysis); (2) 20 MM EDTAand 1 automated Edman degradation at the Johns Hopkins core
mM DTT; (3) 30 mM lysine; or (4) the pentapeptide Ac- facility. In digests to be analyzed by mass spectrometry,
AGKQL-NH, at 6.7 mM. In all cases, aliquots were [trypsin] was reduced to 8% w/w, and [NaCl] was reduced
quenched at increasing times with sample buffer lacking from 250 mM to 20 mM. Lowering the salt concentration
B-mercaptoethanol. Disappearance of thevB® adduct increased the rate of digestion without altering the mobility
was monitored by band excision and counting (following of the stable fragment produced from each protein. Soybean
electrophoresis and autoradiography). trypsin inhibitor (equimolar with trypsin) was added after

lodoacetamide Inactation. E2 (~1 uM) was reacted for 60 min. Each digestion mixture was then analyzed by mass
10 min with 3 mM iodoacetamide (37C), followed by spectrometry. For digestion of E2Jb thiol esters (and in
quenching with DTT and assay by thiol ester formatia) ( some digests of free E2s), the preincubation was similar to
For the control, iodoacetamide and DTT were preincubated the pulse in pulsechase assays (above), except [E2] was
for 10 min prior to E2 addition. 10 uM (0.25 mg/mL), [E1] (if added) was 0.1B6M, and

[E1] Dependence of the Rate of ERIb Thiol Ester (unlabeled) [K48R-Ub] was 2@M (0.2 mg/mL). After 4
Formation. Incubations of 1Q«L (37 °C) contained 25 mM  min (37 °C), NaCl was added to a final concentration of
Tris-HCI (24% base), 2.5 mM Mggl 0.15 unit/mL pyro- 250 mM, followed by trypsin to 14% w/w (calculated with
phosphatase, 0.15 unit/mL creatine phosphokinase, 5 mMrespect to the sum of the Ub and E2 concentrations).

phosphocreatine, BM E2, 8 uM *23-Ub, 1 mM ATP, and Mass SpectrometryMatrix-assisted laser desorption time-
E1 at concentrations ranging from 10 nM tq:M. Reac- of-flight mass spectrometry was carried out as described
tions were initiated by addition of labeled Ub. After 2 min, previously @), usingo-cyano-4-hydroxycinnamic acid as the
a 3uL aliquot was quenched by addition toul of thiol matrix compound.

ester sample buffer. In several incubations, a second aliquot
was quenched at 5 or 10 min, providing a value for the end RESULTS AND DISCUSSION
point, which was independent of [E1] and of the presence . . .
of any mutation(s) in E2-25K. Aliquots of the quenched  76T,S86Y-25K Is Inaate in PolyUb Chain Synthesidn
incubations were electrophoresed; the~E bands were  an attempt to isolate a murine E2-25K cDNA, we carried
excised from the dried gel and counted. Preliminary studies 0ut PCR screening of &gt11 library from MEL cells, using
confirmed that the appearance of the~EZb adduct was  lanking primers complementary to the bovine E2-25K
first-order at several concentrations of E1. CDNA sequence2/). By this method, we isolated an 800
Assay of Ub Conjugation to Polylysindolylysine with PP DNA fragment with >99% sequence identity to the
an average molecular mass of 7.5 kDa was purchased fronPriginal published bovine cDNA sequence (Figure 1). The
Sigma (P-6516). Assays were carried out in a volume of foIIowm.g nucleotide changes were found: (1) CGto GC at
12-20 uL, at pH ~8.0 and 37°C, under the following nucleotldgs 6869; (2) Tto C at nucleotlde 230; (3) C to A
conditions: 50 mM Tris-HCI (50% base), 5 mM MgCL at nucIeoUde 258; and 4TtoC in thelmtranslated region
mM ATP, an ATP-regenerating systemyB! 125-K48RUb, (at nucleotide 700 in the numbering of Figure 1).
2 mg/mL ovalbumin, 0.2 mM DTT, 0.kM E1, ~2 uM To confirm these changes, the bovine cDNA was rese-
purified E2, and polylysine at 7.6 mg/ml~( mM polyl- guenced from the first plasmid generated in our laboratory,
ysine). After 60 min of incubation, replicate aliquots of 5 PUC19-25K @7). The results showed that the previously
uL were quenched by dilution into 1Q@L of a 10% (v/v) reported sequence at positions 68 and 69 was incorrect, and
slurry of S-Sepharose (PharmaeiakB Biotech) in wash that the correct sequence is, in fact, GC as in the clone
buffer containing 50 mM Tris-HCI (50% base), 50 mM NaCl, described above. Therefore residue 23 is Ser rather than
0.1 mM EDTA, 0.2 mg/mL ovalbumin, and 8 mM DTT. Thr (15, 21). However, the other nucleotide changes were
The total radioactivity in each tube was determined ip a  verified. They result in two amino acid changes relative to
counter. The resin was pelleted, and the supernatant waghe bovine E2-25K sequence: 176T and S86Y.
aspirated. The resin pellet was washed twice with 200 E2-25K is very highly conserved in mammals; for
portions of wash buffer, and the final pellet was counted in example, there is 95% nucleotide and 100% amino acid
a y counter. Determinations were done in duplicate or identity between the bovine and human coding sequences
triplicate, and were corrected by subtracting blanks obtained (15). To address whether the unique bases in the above-
by omitting the E2 from the incubation. Control experiments described DNA sequence represented evolutionary diver-
showed that bound radioactivity increased in direct propor- gence between the cow and the mouse, we performed
tion to time and [E2] (data not shown). In a typical ribonuclease protection assays on RNA prepared from MEL
experiment, 2.2+ 0.1% of the radioactivity was bound in  cells, using a probe encompassing the first 400 bp of the
the blank, whereas ¥530% (+0.5-1%) was bound in the  potential murine sequence (Figure 1). The results indicated
reaction containing C170S-25K (Mt-D). that the divergence between the (authentic) murine and
Native Trypsin Digestion.Free wild-type and mutant E2-  bovine nucleotide sequences was greater than the divergence
25K proteins (1 mg/mL) were digested with 14% (w/w) between the newly cloned sequence and the bovine sequence
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-3 GACATGGCCAACATCGCGGTGCAGCGAATCAAGCGGGAGTTCAAGGAGGTGCTG wt Mt-A Mt-D
M A N I A V Q R I K R E F K E V L 17
HT 12 3 4 5 6 7 8 9
51  AAGAGCGAGGAGACGAGCAAAAATCAAATTAAAGTAGATCTTGTAGATGAGAAT A
K S E E T S K N @ I XK V D L V D E N 35
+ S1
OA >
105 TTTACAGAATTAAGAGGAGAARATAGCAGGACCTCCAGACACACCATATGAAGGA
F T E L R G E I A G P P D T P Y E G 53
s2
159 GGAAGATATCAACTAGAGATTAAAATACCAGAAACATATCCATTTAATCCCCCT E2
G R Y Q L E I K I P E T Y P F N P P 71
S3
213 AAGGTCCGGTTTACCACTAAAATATGGCATCCTAATATTAGTTACGTCACAGGG
K VR F T T K I W HP NI S Y V T G 89
sd (1) (s)

267 GCTATTTGTTTGGATATCCTGARAGATCAATGGGCAGCAGCAATGACTCTGCGC

A I ¢ L DI L K D Q W A A A M T L R 107
o H2

321 ACGGTATTGTTGTCATTACAAGCTCTGCTGGCAGCTGCAGAACCGGATGATCCA

T v L. L 8§ L ¢ A L L A A A E P D D P 125
H2

375 CAAGATGCAGTAGTAGCAAATCAGTACAAACAAAATCCTGAAATGTTCAAACAG _wt _MtA _MtB _MtC
Q DAV V A N Q Y K O N P E M F K o 143 1 23456 7 8 9101112
H3 W4 — —
——
429 ACAGCTCGACTTTGGGCACATGTGTATGCTGGAGCACCAGTTTCTAGTCCAGAG B

T A R L W A H V Y A G A P V § S P E 161
H4

483 TACACCAAARAAATAGAAAACCTATGTGCTATGGGCTTTGATAGGAATGCGGTA _ “ "'- <-E2-Ub

Y T Kk K I E N L ¢ A M G F D R N A vV 179
+ Hi Hii

537 ATAGTGGCCTTGTCTTCAARAATCATGGGATGTAGAGACTGCAACAGAATTGCTT

I v A2 L 8 $ KR 8 W D V E_T A T E L L 197
Hii Hiii

591 CTGAGTAACTGAARACATAAAGAGAGATGCTGATATAGTCAAGCTTGCCCCTTCT 4_ Ub

L § N * 200

Ficure 1: Nucleotide and deduced amino acid sequences of I76T,- Figure 2: S86Y mutation abolishes activity in polyUb chain
S86Y-25K. Nucleotide changes as compared to the bovine E2-25K synthesis. (A) Steady-state chain synthesis (Coomassie-stained
sequenceZ7) are underlined. The corresponding amino acids of gel): wild-type, Mt-A (176T,S86Y), and Mt-D (C170S). Assays
wild-type bovine/human E2-25K are shown in parentheses. The were carried out at pH 8.0 and 3T as previously described)(
active-site Cys is indicated by a diamond. The stop codon is except that the concentrations of E2 and E1 wer@Ricand 0.15
represented by an asterisk. The crosses designate the tryptic cleavag@y, respectively, and [Ub] was 3 mg/mL. An aliquot containing 6
sites discussed in the text. The secondary structural elements seefyq of Ub was run in each lane of a 13.5% gel. Lanes31wild-

in the published E2 crystal structurez2(-26) are indicated (S, ‘type E2-25K; lanes 46, Mt-A: lanes 7-9, Mt-D. Lanes 1, 4, and
B-strand; H,a-helix). The proposedt-helices in the tail domain 7 "zero time (before E1 addition); lanes 2, 5, and 8, 15 min; lanes

(39) are also shown. 3, 6, and 9, 30 min. OA, ovalbumin (carrier in E1). The migration
of E2, Ub, and Ub chains composed of2 Ub units is shown.
Table 1: E2-25K Mutants (B) Pulse-chase assays (autoradiograph): wild-type, Mt-A (176T,-
- . . S86Y), Mt-B (176T), and Mt-C (S86Y). Assays of the indicated
designation mutations forms of E2-25K were sampled at the ‘end of the pulse (lanes 1, 4,
Mt-A I76T,S86Y 7, 10), or at 10 min (lanes 2, 5, 8, 11) or 30 min (lanes 3, 6, 9, 12)
Mt-B 76T after initiating the chase with unlabeled Ub (Experimental Proce-
Mt-C S86Y dures). The migration of the E2Jb adduct, Ub, and Ub is
Mt-D C170S indicated.
Mt-E I76T,S86Y,C170S

corresponding to residue 76 in E2-25K1}, while Tyr is
present at residue 86 (E2-25K numbering) in yeast Cdc34p
(data not ShOWﬂ). Thus, itis Ilkely that the above-described (32), ArabidopsisUbcl (22), and yeast and human Ubc9p
cDNA (above) arose from unfaithful amplification of a trace (25 33). [Although Ubc9 is in fact a conjugating enzyme
of bovine cDNA. for the Ub-like protein known as SUMO-RQ, 34—37), it
Nonetheless, it was of interest to characterize this mutantis structurally conserved relative to Ub conjugating enzymes
protein. To simplify the discussion below, the mutant forms (25).]
of E2-25K analyzed in this study are designated as shown S86Y Mutation Is Responsible for the Mutant Phenotype.
in Table 1; I76T,S86Y-25K is Mt-A. The purified, bacte- To determine whether the loss of chain synthesis activity
rially expressed Mt-A protein (Experimental Procedures) was could be ascribed to a single mutation, we generated plasmids
assayed for activity in polyUb chain synthesis. As shown encoding proteins which carried one or the other mutation
in Figure 2A (lanes 46 versus +3), the Mt-A enzyme was  (Experimental Procedures). As shown in Figure 2B, the
devoid of activity in a steady-state assay. Thus, changing purified single mutant proteins Mt-B (176T) and Mt-C
two amino acids in the core region completely abolished (S86Y), as well as the original double mutant and wild-type
catalytic acitivity in chain synthesis. This result was E2-25K, formed thiol ester adducts wittfl-Ub (lanes 1, 4,
surprising, because both of the mutations present in the Mt-A 7, and 10). However, only the wild-type and Mt-B enzymes
protein occur naturally in the core domains of other E2s. transferred the labeled Ub to unlabeled Ub during the chase
For example, Thr is present in yeast Ubc5p at the position in this pulse-chase assay (Figure 2B, lanes2and lanes
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Table 2: lodoacetamide Sensitivity 10 I ! d !

enzyme mutations activity remaining, % control 09 | -

wild-type - 324+ 0.6 (h=3) °

Mt-A I76T,S86Y 47.6+ 4.0 n=23) . 08 s o

aThe indicated form of E2-25K was treated with 3 mM iodoaceta- § 07k -
mide for 10 min prior to quenching iodoacetamide with DTT. The 1
concentration of active enzyme remaining was then determined by m o6 @ ° o -
E2~Ub formation (Experimental Procedures). The concentration of ~&
active enzyme is expressed relative to a control in which iodoacetamide £ 45 L 4
was prequenched with DTT. o o

2 °
& oaf .

8—9). In quantitative pulsechase experiments, the rate of % 05 b i
Ub, synthesis observed with Mt-B was identical to the rate ' 8
observed with wild-type enzyme (data not shown). The 02 H® i
biochemical defect of the Mt-A protein (Figure 2A) is thus
due solely to the S86Y mutation. Moreover, this defect is 0.1 y
confined to the second step in the catalytic sequence: transfer 00 ° | ) )
of Ub from the E2 thiol to the acceptor Ub. Based on our 0.0 0.1 02 03 04
failure to detect chain synthesis in any of the several assays [E1], uM

(21) available FO s, We conclude that the S86Y mutation FiIGure 3: S86Y mutation reduces affinity for E1. Assays of
reduce_skcale |n. this second step by 100-fold. . . E2~Ub formation were carried out as described under Experimental
Previous studies showed that the core and tail regions of procedures. The concentration of82b present after 2 min of
E2-25K are both important for activity in chain synthesis. incubation with the indicated concentration of E1 is expressed

Specific residues within the core domain are necessary forEglatli\(/)entﬁnth‘tehfi?féloc:cnecrirrl;rt%ir?r\llvgs%lebn{%rgrefgra;ipg?i:ﬁéirggs)
et et s oo chan synesy schne By QL ETENER s (e e
- ; . ); filled triangles, Mt-B (I76T); open diamonds, Mt-C
highly homologous yeast Ubc4 core domain, showed neither (sggY). The lines were derived using the program SigmaPlot,
chain synthesis activity nor several other properties charac-assumingos = 47 & 6 nM (filled symbols) orkqs = 206 & 31
teristic of E2-25K 21). Thus, at least some of the properties M (open symbols).
of E2-25K apparently reflect cordail interactions that are
mediated by unique residues in the core domain. The defectexpected based on the presence of normal or strengthened
caused by the S86Y mutation is similar to the defect causedcore—tail interactions (above and below), forms of E2-25K
by deleting the tail of E2-25K21): kca/Km in conjugation carrying either the 176T or the S86Y mutation (or both) could
is strongly reduced~10-fold reduction due to truncation, —not accept Ub from wheat germ E1 (not shown). However,
versus=100-fold reduction observed here), but thiol ester forms of E2-25K carrying the S86Y mutation showed a
formation is little affected (below). Thus, we considered reduction of~4-fold in apparent affinity for mammalian
whether the S86Y mutation affected cetail interactions ~ (bovine) E1, relative to forms of E2-25K in which the core
in a way that was detrimental to function. domain either was unmutated or carried the 176 T mutation
S86Y Mutation Protects the Agéi Site against Alkylation.  (Kos ~50 nM versus~210 nM; filled versus open symbols,
We have shown that the active site of W||d-type E2-25K is Figure 3) These results are consistent with a model in which
relatively occluded, as manifested in a reduced rate of the S86Y mutation inappropriately enhances the ctae
alkylation of the active-site thiol (in comparison to other interaction, leading to the shielding of one or more deter-
E2s). This property depends on the presence of the tail, andminants of E1 binding.
on its proper interaction with the cor@). As an initial S86Y Mutation Preents Tryptic Cleaage in the Tail
test of whether the S86Y mutation affected the interaction Domain. A preliminary indication that the S86Y mutation
between the core and tail domains, we determined the affected the folding of E2-25K was provided by the observa-
sensitivity of the Mt-A enzyme to alkylation. As shown in tion that forms of the enzyme carrying this mutation (Mt-A,

Table 2, the Mt-A enzyme was significantly less susceptible Mt-C, and Mt-E) eluted earlier during anion exchange
to alkylation. If inactivation occurred with first-order fractionation (Experimental Procedures). To address more

kinetics, as expecte(ﬂa), t1». would be~10 min for the directly whether the S86Y mutation modulated the foldlng
mutant enzyme and-6 min for the Wi|d-type enzyme; i.e., of E2-25K, we carried out tryptic digestion under nondena-
the mutation decreased the alkylation rate constant by abouturing conditions. Initial studies revealed that wild-type E2-
2-fold. This effect can be explained if, in the mutant enzyme, 25K gave complex digestion results, apparently due to
the tail is more closely associated with the core. It is most incomplete cleavage at a C-terminal site(s) (data not shown).
likely that this effect is due to the S86Y (versus 176T) We think it likely that the irreproducible digestion pattern
mutation, because the I76 T mutation was catalytically benign Was due to oxidation (or other modification) of C170,
(above), and had no effect on other structural and catalytic because the C170 side chain was found to be resistant to
properties that were examined (below). reaction with iodoacetamide even under denaturing condi-
S86Y Mutation Reduces the Efficiency of Ub Transfer from tions, as expected if this site was already blocked. view

E1l to E2. Intact E2-25K can accept Ub only from mam- Of these complexities, we carried out the experiments below
malian E1 enzymes, and this specificity depends on the
presence of appropriate certil interactions 21). As 2 C. Pickart, unpublished experiments.
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exclusively with forms of E2-25K in which C170 was Mt-D Mt-E
mutated to Ser. The catalytic properties of C170S-25K (Mt-
D) are indistinguishable from those of wild-type E2-25K
(Figure 2A, lanes 79 versus +3). We combined the A 68KD
C170S mutation with the 176T and S86Y mutations to
generate the Mt-E protein (Experimental Procedures; Mt-D 45
and Mt-E were also used in Figure 3, circles). The catalytic 30 = @ E2
properties of the Mt-E protein were indistinguishable from - TS ——
those of the Mt-A protein (data not shown). 16 ¢
The Mt-D and Mt-E proteins (0.25 mg/mE 10uM) were
digested with trypsin (Experimental Procedures). Ub (0.2 - ——— === |- Ub
mg/mL ~ 20 M) was included in these incubations to allow
direct comparison with the results of other experiments, 02 5101540 0 2 5 10 1540 min
below. The active Mt-D protein was rapidly digested,
through a series of transient intermediates, to a stable
fragment with a molecular mass of17 kDa (Figure 4A, 123 456789 101112
lanes 1-6). The inactive Mt-E protein also gave rise to a B |
stable fragment, but of a larger mas20 kDa (Figure 4A, 68kD
lanes 712). The size of each stable fragment and the 45 ~flis == == s mm s e e g OA
digestion kinetics were unaffected if Ub was omitted from 30 nlﬁ ] ‘:‘“#.ii :| E2-Ub
the digest (data not shown). To define the N-termini of the - ; =
fragments, they were resolved by SBBAGE, blotted, and 16—}
subjected to 4 cycles of N-terminal sequencing (Experimental
Procedures). The sequence determined for each fragment e - L— Ub
was identical: VDLV, corresponding to residues 29 through
32 of E2-25K (Figure 1). As expected, the preceding residue
(K28) defines a tryptic cleavage site, which is predicted to
occur at the start of the firgt-strand in the core domain
(22—26).
Because the stable fragments produced from the two
proteins had identical N-termini, the smaller fragment C
produced from the active Mt-D protein must have undergone

1 2 3 456 789 101112

- = N e - —

3 456 78 9 101112

(an) additional cleavage(s) at the C-terminus. To define the 68:: <4-O0A
respective carboxyl termini, the Mt-D and Mt-E proteins were

digested by a slightly modified procedure, and the digests 30 <4 E2
were analyzed by mass spectrometry (Experimental Proce-

dures). Inthe case of Mt-D, the results revealed the presence 16

of a polypeptide with a mass of 15 187 12 Da, which

coincides with that expected if the stable fragment encom-
passes residues V29 through K164 (15184 Da). The
corresponding polypeptide in the Mt-E digest had a mass of

19 157+ 16 Da, which coincides with the mass expected if FISURE 4: S86Y mutation blocks tryptic cleavage within the tail
. domain (Coomassie-stained gels). (A) Free enzymes: Mt-D (C710S)
the stable fragment encompasses residues K29 through thge s mt-E (176T,S86Y,C170S). The indicated form of E2-25K

C-terminus, N200 (19 154 Da). Thus, the tail domain is (0.25 mg/mL) was preincubated with 1 mM ATP, 2.5 mM MgCl
completely refractory to cleavage in the Mt-E protein. We and 0.2 mg/mL K48R-Ub. After 4 min, NaCl was added to 250
assigned this property to the presence of the S86Y mutation,mM, followed by trypsin (14% w/w with respect to the combined

versus the I76T mutation, based on the results of qualitative concentrations of E2 and Ub; Experimental Procedures). Digests
! were sampled before trypsin addition (lanes 1 and 7), or at 2 min

studies with Mt-B (176T) and Mt-C (S86Y), in which only  (jane5 2 and 8), 5 min (ianes 3 and 9), 10 min (lanes 4 and 10), 15

the Mt-B protein produced the smaller stable fragment (data min (lanes 5 and 11), or 40 min (lanes 6 and 12); aliquots

not shown). corresponding to Lg of E2-25K were resolved on a 13.5% gel.
The tail of E2-25K is homolgous to a functionally The positions of the (undigested) E2 and Ub are indicated. (B)

; ; « Al E2~Ub adducts: quenching without mercaptoethanol. The prein-
uncharacterized region, the “UBA domain,” which is present cubation contained E1 (0.16M); the experiment was otherwise

in a number of proteins3Q). In so far as the entire tail  jgentical to that shown in panel A. Aliquots were quenched in
domain is resistant to tryptic digestion when the S86Y sample buffer without mercaptoethanol. The region containing the
mutation is present in the core domain, the digestion data E2~Ub adduct is bracketed; OA designates ovalbumin (carrier in
support the suggestion that the UBA domain has a defined E1). (C) E2-Ub adducts: quenching with mercaptoethanol. Part

. e . of each quenched sample from panel B was mixed with an equal
globular structure, possibly consisting of sevexahelices volume of sample buffer containing mercaptoethanol and boiled

[Figure 1 @9)]. An extended helical conformation in the prior to electrophoresis. In each panel, part of a lane containing
tail domain could allow for a close approach between some molecular weight standards is shown at the extreme left.

portion of this tail domain and the active site. The tryptic
resistance of S86Y-25K can be explained if the presence ofthe tail associates more closely with the core (above), thereby
Tyr at position 86 alters the coréail interaction such that  rendering K164 inaccessible to trypsin. The proposed

<4 Ub
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enhanced association may reflect a new interaction involving T e 2: Reactivity of E2Ub Thiol Esters
solely Y86, or Y86-induced changes in folding that allow

for several new interactions. Our results also show that the gy acceptor E2-25K ’e?;g“e (mkﬁ’f‘i)b ratioP
entire core do'maln. except for the N-terminal helix is lysine (30 mM) VD Ser 0089 28
refractory to digestion in both forms of E2-25K. This Mt-E Tyr  0.032
property is likely to be characteristic of E2 core domains, 2 Ac-AGKQL-NHz  Mt-D Ser 0035 35
given the structural conservation of this regi@®2-26). (6.7mM) Ve Ty 0010

To test whether an altered conformation persisted in S86Y- 3  DTT (1 mM) wild-type  Ser  0.131 2.8
25K when Ub was covalently bound at the active site, we ] ME-A Tyr  0.047
subjected the thiol ester forms of the Mt-D and Mt-E H0 V,\;'t'_d:ype Tsﬁr 0062359 18
enzymes to tryptic digestion. For this purpose, the E2 protein 5 polylysine 1 mM) Mt-D Ser 001 7.0
was preincubated with E1, MgATP, and K48R-Ub to allow Mt-E Tyr  0.0014 (6.5+ 1.57
formation of the E2Ub adduct. Trypsin was then added,  2in experiments 4, transfer of'25-Ub to the indicated acceptor

and aliquots were quenched at increasing times in samplewas monitored t_)y pulsechase (Experimental Procec_iqres). \_/alues of
buffer containing3-mercaptoethanol (which cleaves the thiol ko'g_d were obtained from Vselmllog hP'OtS of :cema,'”'fl‘g thiol ester

. : radioactivity versus time. Values shown are for single experiments
eStFT‘r bond), 'or n Sa”.”p'e buffer Ia}cklng mercaptoethanol comparing active and inactive (S86Y) enzymes with a given nucleo-
(which permits detection of the thiol ester adduct). The phie. Al results were confirmed in at least one other independent

samples were analyzed by SBBAGE and Coomassie experiment. The conditions of experiments 1 and 2 correspokgito
staining. Km. In experiment 5, steady-state conjugation was monitored as

. . described under Experimental Procedurksss was calculated b
. Inspection of Figure 4B (no mer(_:aptoethanm) shows that dividing the initial ratepby the enzyme concentration. The concentr;tion
in each case the EAJb adduct persisted throughout the 40-  gependence of the polylysine reaction is uncharactertdte constant
min incubation. Inspection of Figure 4C (plus mercaptoet- ratio for S86 enzyme/Y86 enzymeln experiments %3, the value of
hanol) shows that the Mt-D and Mt-E proteins each gave kosihas been corrected by subtracting the valuégf measured in
rise to a stable fragment of the same molecular weight as!® Same experimerit{, applies to condition of no added nucleophile).

. . . . No nucleophile added (traces of DTT originating in the E1 and E2
that which appeared during the d'g?St'on of the free _E2 preparations may have contributed to the observed reactiMgan
(compare to Figure 4A). Thus, the tail of the Mt-E protein  + SD of 3 independent determinations.
was protected against tryptic cleavage even when Ub was
covalently bound at the active site. These results indicate
:jhat taltter:edsggiracn?r;_s betwegntt_hetﬁorézat\)ntc:]_ta}lI d?ma'ns'rather than providing an explanation for the very severe
Tlrj]e 0 'et Tu a Iloni peLS'S tl'n IIed tect It())l et?]_elr. ; inhibition of polyUb chain synthesis, these results suggest
a dgupcetrstlﬁriﬂcg:]igu?ntﬁeecéglﬁbogglj?st?/oni e(CF?gu?e IXB(;S ®lthat the structure of the active site is largely intact in forms
indicates that the R74G75 bond in Ub was only minimally of E2-25K carrying the S86Y mutation. Correspondingly,

cleaved, even though this site is extremely trypsin-susceptibleit Is unlikely that the side chain of S86 plays an important
in free Ub @0). The inference that the R74375 bond of catalytic role which cannot be fulfilled by a Tyr side chain.

Ub is protected in the E2Ub adduct remains to be We also characterized Ub transfer to a thiol acceptor, DTT.

confirmed by determining the rate of cleavage of this bond This reaction i§ uncatalyzed, as indicated by the finding that
(in free Ub) under the conditions of Figure 4B. Comparison the DTT reaction was accelerated by-1ZD-fold when the

of Figure 4A and Figure 4B indicates that there is little, if wild-type E2~Ub adduct was denat.ured with urea (data not
any, protection of the E2 by covalently bound Ub. shown). It should be noted that this observation supports a

model in which the active site is occluded even in the-E®
Effect of S86Y Mutation on Ub Transfer from the~E2b . :
Adduct. We considered whether the tighter cotall adduct formed from wild-type E2-25K. Under native con

interaction that is induced by the S86Y mutation could ditions, the presence of the S86Y mutation decreased the

. i . - .~ rate constant for Ub transfer to DTT by a factor of 2.8-fold
abrogate conjugation by reducing the accessibility of the thiol (Table 3, experiment 3). The E2Jb adducts of the wild-
tehste;] bont(:‘ to. the mcom.mdg Utt) accelptor. As a'flrst 'iestt of type and Mt-A enzymes reacted with DTT at an identical

IS Nypothesis, we carried out p ase experiments 1o ;0 following denaturation with urea (data not shown).
determine the rate of Ub transfer to several small-molecule Because denatured E2 oxy esters react slowly with thiols
acceptors. Ub trqnsfe_r to one of the simplest such accgptor_s[in comparison to thiol estergly, 42)], this result excludes
namgly, free Iys_,me, IS catalyzed, because the reaction IS, el in which the lower reactivity of the mutant&=2b
abolished following denaturation of the £ERJb adduct with adduct was due to migration of the Ub from the thiol group
urea [seeq); we have confirmed this result with the purified of C92 to the hydroxyl group of Y86. Hydrolysis of the
Mt-D protein; data not s_hown]. The SB6Y mutation reduced thiol ester, as inferred from the rate of decay in the absence
Keal K fpr_transferto lysine by 2.8-fold (expe“”.‘e”t L, Tgble of added acceptor, was2-fold slower with the mutant
i)c AAGSII{g:flrl\}(ﬁcmi;o\];vf\.iggotIr?eWLa;/Ssorgss?é\lﬁdi;N:tnht?]gi,p::g:’ enzyme (Table 3, experiment 4). The quantitative reductions
sequence context as K48 of Ub (experiment 2, Table 3). The'!" the rates of reaction with DTT and water (and lysine,

tide i inallv bett bstrate than free Ivsine f above) were similar to the factor of2-fold seen in
\?V?Ig-[{y?);SEaZEZEI(QaZ-}/OI delaerggfk;{l;a )eg ‘I?r?esfgeef?‘/esclz?: or alkylation of the free enzyme (above). These data, and the

o IR e . tryptic digestion results (Figure 4), support a model in which
while significant, are much less dramatic than ta200- the presence of the S86Y mutation similarly reduces active

site accessibility in the free enzyme and the-Efb adduct.
3J. Piotrowski and C. Pickart, unpublished experiments. However, as noted above, these results do not provide an

fold reduction ink../Kn, for transfer to Ub (above). Thus,
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explanation for the very severe inhibition of transfer to the activity by decreasing the accessibility of the thiol ester bond
normal acceptor, Ub. to the K48 side chain of the acceptor Ub molecule.

A potential explanation for the differential effect on Ub We favor a model in which the postulated steric effect is
transfer to small molecules, versus Ub, can be developedindirect, because we have shown that the S86Y mutation
based on acceptor size. Specifically, if the side chain of enhances the physical interaction between the core and tail
Y86 creates a steric block in the active site, either directly domains (Figure 4). However, we cannot exclude a direct
or by promoting an inappropriate interaction with the tail steric effect. We showed previously that active site occlu-
domain (see below), then reactions involving macromolecular sion, as manifested in alkylation resistance, depends on the
acceptors (e.g., Ub) might be more strongly inhibited than specific orientation of the core and tail domains of wild-
reactions involving small-molecule acceptors (e.g., lysine). type E2-25K R1). In the present study, we have shown by
E2-25K has no known protein substrates besides 21 ( several criteria that the S86Y mutation increases this occlu-
28). However, a preliminary test of this hypothesis was sion. We therefore propose that the steric hindrance caused
made possible by the finding that E2-25K conjugates Ub to by the presence of Y86 is due to the induction of an
lysine side chains in amino acid polymers. These conjuga- inappropriately tight interaction between the core and tail
tion reactions could not be reliably detected by electro- domains. We hypothesize that this hindrance is weakly
phoretic methods due to precipitation of the polymers in SDS manifested with small-molecule acceptors such as lysine and
(data not shown), but they could be monitored by absorbing short peptides, but strongly manifested with macromolecular
the conjugate products onto cation-exchange resin (Experi-acceptors such as polylysine and Ub.
mental Procedures). As shown in experiment 5 of Table 3, In principle, additional evidence that the effect of the S86Y
the presence of the S86Y mutation reduced the rate of themutation is mediated through the tail could be obtained by
conjugation reaction observed with polylysine?.5 kDa, showing that this mutation is benign when the tail is absent
~1 mM) by a factor of 6.5-fold. The stronger impairment (21). In practice, the probable insight to be gained from
of transfer to the polymer, versus free lysine, is most simply such an experiment is low, due to the very weak conjugation
attributed to the larger size of the polymer, given that the activity of the wild-type core domair2Q). A function for
same (lysine-Ub) bond is formed with both substrates. S86 in stabilizing the coretail interaction in the wild-type

Implications for E2 StructureFunction. We have shown  enzyme is consistent with the finding that the core domain
that the mutation of a residue within the core domain of E2- of yeast Ubc4p, which lacks a hydroxyl-containing side chain
25K mimics the effect of deleting the tail domain: activity immediately N-terminal to the active-site Cys resid@8)(
in Ub thiol ester formation is substantially intact, but transfer cannot interact with the tail domain of E2-25K in a
of the thiol-linked Ub to a second molecule of Ub is severely functionally productive manneR(). However, it is perhaps
inhibited. The S86Y mutation is conservative in the sense more likely that S86 plays a different role in the wild-type
that the mutant residue retains the hydroxyl functional group, enzyme, and placing a Tyr at this position establishes a
and Tyr occurs at the corresponding position in several otherdeleterious new contact through the aromatic ring.

E2s. The latter enzymes include two E2s whose crystal The tail domains of E2 proteins have been suggested to
structures have been determined. The structures show thainfluence function by mediatinmtermolecular interactions,
the side chain of residue 86 is withé A of theactive-site for example, with E3 enzymes or substrates [s2B and

thiol group, but the side chain of the Y86-homologous Tyr references cited therein]. The results of the present study
does not engage in specific interactions with other residuessuggest that tail domains may also mediateamolecular

(22, 25). interactions with their cognate core domains. The current

Two general explanations may be considered for the findings reinforce our suggestion that cettail interactions
deleterious effect of the S86Y mutation. The first is that make an important contribution to the activity of wild-type
the side chain of S86 plays a direct and important role in E2-25K in polyUb chain synthesi®{). This conclusion is
catalysis which cannot be fulfilled by the side chain of Y86. also consistent with previous results obtained with other E2
We consider this explanation to be unlikely because of the proteins. For example, certain core domain mutations in
substantial catalytic competence of S86Y-25K in reactions Rad6/Ubc2p inhibit histone ubiquitination and sporulation
involving small-molecule acceptors (above). The second without affecting other activities of this E214); the two
explanation is that the presence of Tyr at residue 86 createsaffected activities are dependent on the tail of Radp (

a steric blockade in the active site. We favor this explanation 46). Similarly, certain point mutations near the active site
because it is consistent with known features of the active of yeast Cdc34/Ubc3pi{, 48) strongly modulate an autou-
sites of the mutant and wild-type enzymes, and because itbiquitination reaction in which Ub moieties are transferred
can accommodate the differential impairment of reactions from the active-site Cys to a specific Lys residue in the tail
involving macromolecular versus small-molecule acceptors. domain @9). Core—tail interactions also contribute to the

Several observations suggest that the active site of wild- essential cell cycle function of Cdc34pQ; 51).
type E2-25K is rather occluded: the free enzyme is resistant It is likely that that E2 core domains perform specific
to alkylation [R1) and this work]; the E2Ub adduct is functions by participating in both intermolecular and in-
protected from nucleophilic attack by DTT (this work); and tramolecular interactions [se€1) and references cited
the E2~Ub adduct is unable to transfer Ub to iodotyrosyl- therein]. The majority of the nonconservative substitutions
Ub, apparently due to a negative steric effect from the bulky in known E2s are clustered on the face of the core domain
iodine moieties [this negative effect is specific for the thatis opposite the active siteBZ—25). It has been suggested
presence of iodotyrosine in the acceptor UI3)[. Thus, that the active-site face is involved in interactions that are
we propose that replacing the small hydroxymethyl side chain common to all E2s, e.g. interactions with the thiol-bound
of Ser with the bulky phenolic side chain of Tyr impairs Ub or with E1, while the opposite face is involved in
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interactions that are specific to a given E2, e.g., interactions 22. Cook, W. J., Jeffrey, L. C., Sullivan, M. L., and Vierstra, R.
with substrates or E322—25). The present results indicate
that a residue proximal to the active site has potential to
interact with a C-terminal extension, and thereby influence
specific E2 function.

ACKNOWLEDGMENT

We thank Bob Cohen for performing the mass spectro-
metric analyses of the tryptic fragments. We are grateful to
Bob Cohen and Gang Xia for helpful discussions.

REFERENCES

1

9

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Hochstrasser, M. (199&nnu. Re. Genet. 30405-409.
2.

Chau, V., Tobias, J. W., Bachmair, A., Marriott, D., Ecker,
D. J., Gonda, D. K., and Varshavsky, A. (19&xience 243
1576-1583.

. Gregori, L., Poosch, M. S., Cousins, G., and Chau, V. (1990)

J. Biol. Chem. 2658354-8357.

. Piotrowski, J., Beal, R., Hoffman, L., Wilkinson, K. D., Cohen,

R. E., and Pickart, C. M. (1997). Biol. Chem. 27223712~
23721.

. Hershko, A., Heller, H., Elias, S., and Ciechanover, A. (1983)

J. Biol. Chem. 2588206-8214.

. Scheffner, M., Nuber, U., and Huibregtse, J. M. (1998)ure

373 81-83.

. Glotzer, M., Murray, A. W., and Kirschner, M. W. (1991)

Nature 349 132-138.

. Pickart, C. M., and Rose, I. A. (1983) Biol. Chem. 260

1573-1581.

. Kumar, S., Kao, W. H., and Howley, P. M. (1997) Biol.

Chem. 27213548-13554.

Dohmen, R. J., Madura, K., Bartel, B., and Varshavsky, A.
(1991) Proc. Natl. Acad. Sci. U.S.A. 88351-7355.

Berleth, E. S., Kasperek, E. M., Grill, S. P., Braunscheidel, J.
A., Graziani, L. A., and Pickart, C. M. (1992) Biol. Chem.
267, 16403-16411.

Aristarkhov, A., Eytan, E., Moghe, A., Admon, A., Hershko,
A., and Ruderman, J. V. (199€yoc. Natl. Acad. Sci. U.S.A.
93, 4294-4299.

Skowyra, D., Craig, K. L., Tyers, M., Elledge, S. J., and
Harper, J. W. (1997Lell 91, 209-219.

Feldman, R. M. R., Correll, C. C., Kaplan, K. B., and Deshaies,
R. J. (1997)Cell 91, 221-230.

Kalchman, M. A., Graham, R. K., Xia, G., Koide, H. B.,
Hodgson, J. G., Graham, K. G., Goldberg, Y. P., Gietz, R.
D., Pickart, C. M., and Hayden, M. R. (1998) Biol. Chem.
271, 19385-19394.

Kovalenko, O. V., Plug, A. W., Haaf, T., Gonda, D. K., Ashley,
T., Ward, D. C., Radding, C. M., and Golub, E. I. (1998)c.
Natl. Acad. Sci. U.S.A. 92958-2963.

Wang, Z.-Y., Qiu, Q.-Q., Seufert, W., Taguchi, T., Testa, J.
R., Whitmore, S. A., Callen, D. F., Welsh, D., Shenk, T., and
Deuel, T. F. (1996)). Biol. Chem. 27124811-24816.

Yu, H., King, R. W., Peters, J. M., and Kirschner, M. W.
(1996) Curr. Biol. 6, 455-466.

Wing, S. S., Bedard, N., Morales, C., Hingamp, P., and Trasler,
J. (1996)Mol. Cell. Biol. 16 4064-4072.

Haas, A. L., and Siepmann, T. J. (199ASEB J. 111257
1268.

Haldeman, M. T., Xia, G., Kasperek, E. M., and Pickart, C.
M. (1997) Biochemistry 3610526-10537.

D. (1992)J. Biol. Chem. 26/15116-15121.

23. Cook, W. J., Jeffrey, L. C., Xu, Y., and Chau, V. (1993)

24.

25.

26.

27.

28.

29.

30.

31

33.

34.

35.

36.

37.

38.

39.

40.

42.

Biochemistry 3213809-13817.

Cook, W. J., Martin, P. D., Edwards, B. F. P., Yamazaki, R.
K., and Chau, V. (1997Biochemistry 361621-1627.

Tong, H., Hateboer, G., Perrakis, A., Bernards, R., and Sixma,
T. K. (1997)J. Biol. Chem. 27221381-21387.

Worthylake, D. K., Prakash, S., Prakash, L., and Hill, C. P.
(1998)J. Biol. Chem. 2736271-6276.

Chen, Z., Niles, E. G., and Pickart, C. M. (1991Biol. Chem.
266, 15698-15704.

Chen, Z., and Pickart, C. M. (1990) Biol. Chem. 265
21835-21842.

Pickart, C. M., and Vella, A. T. (1988). Biol. Chem. 263
12028-12035.

Laemmli, U. K. (1970Nature 227 680-685.

. Seufert, W., and Jentsch, S. (198W)BO J. 9 543-550.
32.

Goebl, J. G., Yochem, J., Jentsch, S., McGrath, J.
Varshavsky, A., and Byers, B. (1988cience 2411331~
1335.

Seufert, W., Futcher, B., and Jentsch, S. (198&ure 373
78-81.

Saitoh, H., Pu, R., Cavenagh, M., and Dasso, M. (199a@¢.
Natl. Acad. Sci. U.S.A. 98736-3741.

Johnson, E. S., and Blobel, G. (199%)Biol. Chem. 272
26799-26902.

Gong, L., Kamitani, T., Fjise, K., Caskey, L. S., and Yeh, E.
T. H. (1997)J. Biol. Chem. 27228557-28562.

Johnson, P. R., and Hochstrasser, M. (199&hds Cell Biol.

7, 408-413.

Klemperer, N. S., Berleth, E. S., and Pickart, C. M. (1989)
Biochemistry 286035-6041.

Hoffman, K., and Bucher, P. (1998)ends Biochem. Sci. 21
172—-173.

Wilkinson, K. D., and Audhya, T. K. (1981). Biol. Chem.
256, 9235-9241.

. Sung, P., Prakash, S., and Prakash, L. (199Mol. Biol.
221, 745-749.
Sullivan, M. L., and Vierstra, R. D. (1993) Biol. Chem. 268

8777—-8780.

43. Pickart, C. M., Haldeman, M. T., Kasperek, E. M., and Chen,

47.

48.

49.

Z. (1992)J. Biol. Chem. 26714418-14423.

. McDonough, M., Sangan, P., and Gonda, D. K. (1985)

Bacteriol. 177 580-585.

. Sung, P., Prakash, S., and Prakash, L. (1€88)es De. 2,

1476-1485.

. Morrison, A., Miller, E. J., and Prakash, L. (1988pl. Cell.

Biol. 8, 1179-1185.

Pitluk, Z. W., McDonough, M., Sangan, P., and Gonda, D.
K. (1995) Mol. Cell. Biol. 15 1210-1219.

Banerjee, A., Deshaies, R. J., and Chau, V. (1993iol.
Chem. 27026209-26215.

Banerjee, A., Gregori, L., Xu, Y., and Chau, V. (1993Biol.
Chem. 2685668-5675.

. Kolman, C. J., Toth, J., and Gonda, D. K. (19€NBO J.

11, 3081-3090.

. Silver, E. T., Gwozd, T. J., Ptak, C., Goebl, M., and Ellison,

M. J. (1992)EMBO J. 11 3091-3098.
BI9800911



