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ABSTRACT. The destruction of the cyclin B protein is necessary for the cell to exit from mitosis. The
destruction of cyclin B occurs via the ubiquitin/proteasome system and involves a specific ubiquitin-
conjugating enzyme (Ubc) that donates ubiquitin to cyclin B. Here we present the crystal structure of the
cyclin-specific Ubc from clam, E2-C, determined at 2.0 A resolution. The E2-C enzyme contains an
N-terminal extension in addition to the Ubc core domain. The N-terminal extension is disordered, perhaps
reflecting a need for flexibility as it interacts with various partners in the ubiquitination system. The
overall structure of the E2-C core domain is quite similar to those in previously determined Ubc proteins.
The interaction between particular pairs of E2-C proteins in the crystal has some of the hallmarks of a
functional dimer, though solution studies suggest that the E2-C protein exists as a monomer. Comparison
of the E2-C structure with that of the other available Ubc structures indicates conserved surface residues
that may interact with common components of the ubiquitination system. Such comparison also reveals
a remarkable spine of conserved hydrophobic residues in the center of the protein that may drive the
protein to fold and stabilize the protein once folded. Comparison of residues conserved only among E2-C
and its homologues indicates surface areas that may be involved in mitotic-specific ubiquitination.

The ubiquitin/proteasome system provides a means for thecysteine in the E2 or ubiquitin-conjugating enzyme (Ubc)
rapid and selective destruction of proteins. In this system, through a trans-thiol esterification reaction. The Ubc protein
ubiquitin molecules are conjugated selectively to the target in turn contributes the ubiquitin to the target protein. The
protein. The 26S proteasome then recognizes and hydrolyzesibiquitin molecule is attached to the target protein through
the ubiquitinated protein. The ubiquitin/proteasome system an isopeptide linkage between the carboxy terminus of
is important in diverse areas of cellular function (for reviews, ubiquitin and thec-amino group of a lysine in the target
see refsl—4). For example, this system destroys ephemeral protein. Some Ubc proteins may transfer the ubiquitin to the
and misfolded protein$( 6), cleaves proteins for presenta- target protein directly. However, most Ubc proteins require
tion as antigens to the MHC7( 8), matures transcription  the intervention of a separate E3 ligase activity. Formation
activators from precursor form®); and activates phyto-  of polyubiquitin chains on the target protein, perhaps by the
chrome (0). The system also controls several key transitions iterative covalent addition of ubiquitin to previously attached
in the cell cycle by removing, when appropriately cued, ubiquitin molecules, is necessary for the efficient recognition
proteins that block further progression. For example, the and hydrolysis of the targeted protein by the proteasome.
ubiquitin/proteasome system destroys the cyclin-dependentThe specificity in targeting a protein for ubiquitination resides
kinase inhibitor proteins to allow entry into S phaé,(12), primarily in cognate pairs of E2 and E3 enzymes. Different
the “glue” proteins binding the sister chromatids together to E2/E3 pairs exist for ubiquitinating different sets of target
permit entry into anaphaség, 14), and cyclin B to permit proteins.
exit from mitosis (5, 16). Thus, it has become abundantly |0 the ubiquitination/destruction machinery, the Ubc
clear that the regulated destruction of proteins is of paramountproteins are quite remarkable. Despite their relatively modest
importance for proper cell function. size (usually 14-35 kDa), they must interact with at least

Ubiquitin is conjugated to the target protein through the three and perhaps four different proteins: ubiquitin, E1
coordinated action of three enzyme activities designated E1,protein, and E3 protein and/or the target protein. Even more
E2, and E3. The E1 or ubiquitin-activating enzyme forms, remarkable, all these interactions must necessarily involve
in an ATP-dependent manner, a thioester linkage betweenthe active site cysteine in the E2 protein. Further, some E2
its active site cysteine and the carboxy terminus of ubiquitin. proteins have terminal extensions. This apparently reflects
The ubiquitin then is transferred from E1 to the active site the need to bind to diverse E3/targets as well as the need
for modulating other aspects of function such as intracellular
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are designated class |, whereas those with extensions at theolumn (1.7 mL) on a BioCad Sprint chromatography system
C-terminus, N-terminus, or both termini are designated class (PerSeptive Biosystems) equilibrated with 20 mM Tris and
II, class lll, and class IV, respectively. bis-Tris Propane at pH 8.5, and the E2-C protein was
The E2-C protein from clam is a class Ill Ubc enzyme. collected in the flow-through. Since subsequent IEF analysis
Of its 177 amino acid residues, the first 25 residues compriseindicated oxidation of the cysteine residues in the protein,
an N-terminal extension and the remaining residues form 1.0 M DTT was added to the fraction tubes prior to collection
the E2 core domain. The E2-C protein and its cognate |igase,SUCh that final concentration of DTT in the fraction was 1.0
termed the cyclosome or the anaphase promoting complexmM. In the third step, the flow-through from the anion
(APC), conjugate ubiquitin to cyclin B, thereby tagging the €xchange column was loaded onto a POROS HS20 cation
cyclin B for destruction and permitting subsequent exit from €xchange column (1.7 mL) equilibrated in 20 mM MES and
mitosis (7). Dominant-negative mutants of E2-C block HEPES at pH 4.5. A NaCl gradient was developed from 0
mammalian cells in metaphas8f. This observation sug- 0 1.5 M in 40 column volumes at a flow rate of 10 mL/
gests that the E2-C protein also may be required for entry min. The E2-C protein elutes at100 mM NaCl. DTT was
into anaphase, perhaps by ubiquitinating the glue proteins@dded as above to the fraction tubes. The sample at this stage
that must be destroyed to allow sister chromatid segregation.was >98% pure as assessed by SEFAGE and silver
Indeed, the “destruction box” sequence necessary for rec-staining. Scaleup of the purification was accomplished by
ognition by the E2-C/APC is present as a single copy in €mploying the POROS columns multiple times. In prepara-
mitotic cyclins and as a double copy in the glue proteins. tion for crystallization, the E2-C purified as above was
Several homologues of E2-C have been identified. The E2-C concentrated te-14 mg/mL with a Centricon 10 instrument
homologue inXenopusUbc-x, has been implicated in cyclin ~ (Amicon).
B destruction 19). The homologue in humans, UbcH10, can ~ The E2-C was crystallized using the vapor diffusion/
substitute for E2-C in clam extracts. Dominant-negative hanging drop method. Crystallization conditions were screened
UbcH10 mutants, like dominant-negative E2-C mutants, by a sparse matriX2(l) using precipitation reagents provided
arrest mammalian cells in metaphase. The homologue inin Hampton Screens | and Il (Hampton Research). The
Schizosaccharomyces pomh#bcP4, is essential for entry — droplet was prepared by mixingil of the protein solution
into anaphase2(). with 1 uL of the precipitant solution and then suspended
Here we report the crystal structure analysis of the E2-C ©Ver 750 ulL of the precipitant solution. Crystals were
enzyme. Analysis of sequence features conserved in all thePserved in the droplet suspended over the reservoir contain-
Ubc proteins with available crystal structures and in E2-C Ing 30% PEG 4000, 0.1 M Tris-HCI (pH 8.5), and 0.2 M
homologues reveals surface patches that may be involved-iSulfate. The. crystals were observed first after 2 days and
in interactions with the conserved E1 and ubiquitin proteins. StoPped growing after-1 week.
This comparison also reveals a striking buried spine of A crystal with an approximate size of 0.2 mm0.2 mm
hydrophobic residues that may drive the protein to fold. % 0.1 mm was used for collecting the diffraction data. The
Comparison of sequence features with E2-C homologues ha<rystal was mounted in a loop and flash-frozen in the mother
allowed the tentative identification of surfaces interacting lquor. The entire data set was collected from a single crystal

with the APC/cyclosome and/or the target protein. at—176°C. X-rays were produced using a rotating copper
anode on a Rigaku RU200 generator operating at 50 kV and
EXPERIMENTAL PROCEDURES 100 mA and focused with a Yale-design mirror system

(Molecular Structure Corp.). The oscillation method with 1

An BL21(DE3) pLysSEscherichia colistrain harboring  sweeps was used to collect the data. Diffraction data up to
the expression plasmid with the E2-C gene was provided a d.,, of 2.0 A were collected using an R-axis Il imaging
by J. V. Ruderman (Harvard Medical School, Boston, MA). phosphor system (Molecular Structure Corp.). The data were
The cultures were grown at 3T while they were constantly  reduced with DENZO and SCALEPACKZ®). Two possible
shaken in a rotor in LB broth with 10@g/mL ampicillin space groups assignments for this crystal ve3£21 @ =
and 34ug/mL chloramphenicol. Cultures for protein over- p = 46.334 A andc = 150.52 A, with one molecule in the
expression were begun by inoculating with overnight cultures asymmetric unit, and weak violations of the systematic
at a volume ratio of 1:100. The cultures, upon growing to absences) an@2 (a = 80.35 A,b = 46.0 A,c = 150.56 A,
an optical density of approximately 0.6/, were induced  andg = 90.0F, with three molecules in the asymmetric unit,
by adding IPTG to a concentration of 1.0 mM. The induced and no violations of the systematic absences). The higher-
cultures were incubated for 3 h, harvested by centrifugation symmetry space groupP8:;21) was chosen since the
(10 min at 800@), and frozen overnight at 80 °C. systematic absence violations were quite smaR.6% of

Cells were lysed by sonication; the cell debris was pelleted the allowed 00 reflections). The diffraction data statistics
by centrifugation and the supernatant collected. The proteinare summarized in Table 1.
was purified by a three-step process. In the first step, much The phase problem for the E2-C crystal structure was
of the nucleic acid component and many of the proteins were solved by the molecular replacement method. The structure
precipitated by adding polyethyleneimine (PEI) (Sigma) to of the Arabidopsis thalianalbcl protein (PDB file name
a concentration of 0.2% (v/v), incubating on ice for 30 min, 1AAK) was chosen as the basis for the molecular replace-
centrifuging at~1000@ for 10 min at 4°C, and collecting ment model. Thé\. thalianaUbcl sequence is 44% identical
the supernatant. The PEI precipitation was repeated once tdo that of the E2-C when the sequences are aligned with
improve the removal of nucleic acids and unwanted proteins. FASTA (23). The molecular replacement model was pre-
In the second step, supernatant from the second PElpared from the 1AAK model based on the sequence
precipitation was applied to a POROS HQ20 anion exchangealignment. Identical residues were left unchanged; homolo-
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Table 1: Summary of Crystallographic and Model Data

unit cell dimensions (space grot3,21)

aandb (A) 46.33
c(A) 150.52
resolution (A) 5.0-2.0
data quality
no. of unique reflections 13327 (789)
completeness (%) 99.4 (92.7)
averagd/o(l) 11.7 (3.7)
Reym’” (%) 6.1(35.8)
no. of residues in model monomer 2277
no. of protein atoms in the model monomer 1250
no. of solvent atoms in the asymmetric unit 172
R-factors
Rworking 0.2156
Riree 0.2972
stereochemistry
rms deviation from ideal values
bond lengths (A) 0.007
bond angles (deg) 1.343
dihedrals (deg) 23.2

aThe numbers in parentheses are for the highest-resolution shell
(2.05-2.00 A). " Rym = =S| i(h) — T(h) V=Rl (h), whereli(h) is the

ith observation of the intensity of reflection with indexand (h)Clis Ficure 1: Overall fold of the E2-C structure (stereoview). The
the average value of all observationsl ) including its Friedel and a-helices andp-strands are shown in light and dark shades,
symmetry-equivalent reflectionsR-factor= S|Fo(h) — Fo(h)|/SiFo(h), respectively. The active site cysteine (Cys-114) is shown as a ball-

whereF,(h) andF(h) are the observed and calculated structure factor and-stick rendering. The modeled portion of the amino-terminal
magnitudes, respectively. Prior to refinement, 10% of the data were €Xtension, seen at the top of model, makes contacts with a

randomly selected and extracted from the dataRsgliing is theR-factor symmetry-related molecule. This figure was created with Insight
for the data used in the refinemeRkee is theR-factor for the extracted Il (MSI Corp.).
data.

proteins with known molecular masses (ribonuclease A,

gous residues were changed to the corresponding residue iff?YmMotrypsinogen A, ovalabumin, and albumin with speci-

E2-C, and nonhomologous residues were changed to alanine€d mo-IecluI.ar r:nasses_ of .13'7’h 250, 43.0, anld 6??‘ kDa,
The rotation and translation functions solutions were found reSPECtively; Pharmacia Biotech). A 100 sample of the

by using REPLACE 24) and X-PLOR £5). E2-C protein [initially 5 mg/mL in 150 mM NaCl, 20 mM
The initial R-factor using reflections from 1®t4 A was Trls_, _and 2 r_nM DTT (pH 7.6)] was a_pplled to the column
46.9%. At this stage, aR > 20(F) cutoff was applied and _equmbr_ated in the same buffer. The ollgom_erlc_state of E2-C
10% of the remaining diffraction data were randomly in solution also was probed by NMR self-diffusion measure-

extracted from the data set and set aside for later uBg.in ment§ as developgd by Byrd an_d colleagues).(In th[s
cross-validationZ6). The refinement was performed against technique, pulsed f'?'d gradient S“m“'ateo.' echo experllm.ents
the remaining 90% of the datRng). POsitional refinement are used to determine the translational diffusion coefficient
using X-PLOR reduced trﬁNorki?\;I?o .36.5% and th&ee to of the protein, which can then be _used to caICL_JIate the
40.1%. An electron density map using sigmaA-weightegl 2 apparent mo!ecular mass. Th.e experiment was qa!lbrated by
-~ F cbefficients £7) and model-derived phases then was first measuring the translation diffusion coefficients of
calctjlated. Map display and model building were performed monomeric proteins with known moIecuIar_masses (fibro_nec-
with O (28) on a SGI Indigo2 graphics workstation. The tin type lll, lysozyme, ospA, and ovalbumin). The diffusion

model was changed to correspond to the sequence of thecoefnment of E2-C (at 5 mg/mL) was then measured and

E2-C protein (residues 27175). Further refinement pro- {fﬁggﬁgfg&gﬂiﬁg?r mass calculated by interpolation using
ceeded by cycles of simulated annealing using X-PLOR '
followed by interactive graphics sessions for inspecting the RESULTS AND DISCUSSION
model and electron density and also for rebuilding portions
of the model as necessary. During the course of the The crystal structure of the mitotic-specific ubiquitin-
refinement, residues 226, 176, and 177 were added to conjugating enzyme has been determined using data to 2.0
the model. These residues have no counterparts in the UbcIA resolution. All residues other than the first 21 N-terminal
search model. Attempts to convincingly model residue21L residues have been modeled. The E2-C protein is/gn
were not successful despite extensive efforts. In the later protein containing one four-stranded antiparaftesheet and
stages of refinement, 172 solvent atoms were added to thefour o-helices (Figure 1). Three of these helices flank two
model. The quality of the model was assessed using opposite edges of the sheet, and one helix lays diagonally
PROCHECK 81) and the WHAT_CHECK subset of across one broad face of the sheet. The other face of the
WHATIF (32). The statistics of the final model are given in  sheet is exposed to solvent. One turn of @tglix (residues
Table 1. 116-118) is located between the fourth strand of the sheet
Solution Experiments for Determining the Quaternary and the second-helix. The active site cysteine (residue 114)
State. Gel filtration experiments were performed with a is situated in a segment between the fourth strand of the sheet
Superdex 75 HR 10/30 column (Pharmacia Biotech) attachedand the 3-helix. The overall shape of the E2-C protein is
to a FPLC Il system. The column was calibrated using four roughly that of an elongated triangular prism with the



6474 Biochemistry, Vol. 38, No. 20, 1999 Jiang and Basavappa

clam E2E

human WhoHLD

X. laevis Ubox

Ha pﬂﬂbﬂ 1

A. thaliana Ubocl
g, ocerevisas Ubcil
g, oarsvisas Ubod
Z. ocersvisas Uboc?

clam E2C

human UhoHLO

X. lasavia Ubox

2. panbs W

A:. thaliama Ubel
B. carsvisas Obol
B. carevisas Ubsd
]

. careviaas Ube? FRE]
(311 LE=1 LTa
clam E2C A -0T VLHEETETRQSDE -
human UbcHLD =k T KN—-PT. TLOET TSROV TSOER -
X, laswia Ubaxy ESPUERIFY, -0t HLHEQTOKOVRERELl ——————m e e m e e
£. ponbes Ubspd Ak EDPL TEEIDEI -
A, thaliana Ubsl HEPARSERRRMY ST SFREYHRRVADVYEUSHTAD - === == === === ]
%, cerevisas Ubcl BPASFARYVEAATLFRDUESOYVERVEETVEKSWEDDMDDMODDO0DDDO0DDDEAD
. cerevisas Ubod DOPLYPEI AR K TDRFE Y EATARENTEEY AV e e e e e e e e e m
%, verevisas Ubc? BIESGARIDAC TLWRDHRPEFERGVELS ILESLEF === == e m o e m m

Ficure 2: Sequence alignment of E2-C with its homologues and with the Ubc enzymes for which the crystal structures are available. The
color coding is as follows: red, identical in all aligned sequences; light purple, highly conserved in all sequences; blue, identical within the
E2-C family and no more than one nonfamily sequence contains that residue at that position; cyan, highly conserved only within the E2-C
family (changes are conservative, and no more than one nonfamily sequence contains that residue at that position); and green, active site
cysteine. The sequences were aligned using CLUSTABYY. (

N-terminal arm extending from one triangular face. The
sulfur atom of the active site cysteine sits highly exposed
midway along one long edge of the prism and in a slight
local depression.

Disorder of the N-Terminal RegionThe first 21 N-
terminal residues of the protein are disordered in the X-ray
structure. It is not yet clear whether the N-terminal extension
is necessary for the cell cycle-specific function of E2-C. The
Xenopus laeis homologue of yeast Ubc4 does not have an
N-terminal extension but does mediate cyclin ubiquitination
(34), though with a much reduced activity relative to that of
E2-C in clam extractsl(?). This suggests that the N-terminal
extension is not essential for ubiquitination activity per se.
The lack of a clearly established function for the N-terminal
extension is in contrast to class Il enzymes in which various

structured 85), provide target specificity36, 37), possess
ligase activity 88), or determine intracellular locatio39).

The N-terminal domain of E2-C may become ordered upon
binding to other proteins. Such induced local folding upon
interaction with another molecule may be critically important Ficure 3: Hydrophobic spine formed by conserved buried residues
to function by allowing the domain to recognize a variety in the available Ubc crystal structures (stereoview). The location

of targets. This role has been suggested in the case of, fo2f these residues is shown in the context of the E2-C crystal
structure. The side chains of the conserved internal residues are

example, the disordered segment in $Z1CP1S4(40) and shown as a space-filling rendering. Nitrogen and oxygen atoms are
the disordered domain in the apical region of GroBiL)( shown as dark spheres. The active site cysteine also is shown in
Mitotic-specific protein degradation occurs through a com- space-filling mode with the sulfur atom depicted as a light sphere.
plex network of interactions that controls both the spatial This figure was prepared using SETO62).
and temporal aspects of destruction. The role of the flexible either characterize E2 proteins as or assume E2 proteins are
N-terminal segment in E2-C should become clearer as themonomers. The crystal structures of the class | E2 proteins
nature of these interactions becomes better understood.  exhibit interaction surfaces that are more typical of crystal
Possibility of a Dimeric StateA point of some contention  packing interactions than of functional interfaces, suggesting
has been whether the Ubc enzymes form functional dimers.that these proteins are monomers. This includes the yeast
Some laboratories have reported certain E2 proteins to existUbc4 protein, which has been suggested to be dimeric on
as dimers on the basis of gel filtration chromatogra@® (  the basis of cross-linking and gel filtration experiments.
42—44), genetic analysis3(), two-hybrid system assay45, The E2-C forms what may be a functional dimer in the
46), chemical cross-linking35, 47), or the presence of crystal. This putative dimer is formed by two monomers
specific autoubiquitinatiom®). However, most other studies  related by a crystallographic 2-fold axis and involves residues
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36, 39, 40, 43, 44, 5357, 59, 63, 65, and 80. Several
observations suggest that this interaction may be of functional
importance. First, the surface area of interaction is ap-
proximately 1318 A which is within the range (12661500

A2 for known functional dimers49). Second, the interface
surface is formed by a patch of residues that is primarily
hydrophobic in the center and hydrophilic at the periphery.
Such an interface can be indicative of a functionally dimeric
protein 60). Third, part of the interface consists of one helix
from one monomer packing against its symmetry mate in
the other monomer with a “knobs into holes” motif. A high
degree of complementarity also is indicative of a functional
interface B0).

Despite the crystal structure having the hallmarks of a
functional dimer, two solution state experiments suggest that
the E2-C protein is monomeric. First, gel filtration experi-
ments at relatively high initial E2-C concentrations (5 mg/
mL) indicate an apparent molecular mass of 30 kDa. The
calculated molecular mass of the monomer is 20.1 kDa.
Second, NMR self-diffusion experiments at 5 mg/mL E2-C
also indicate an apparent molecular mass of 30 kDa. The
high apparent molecular mass likely is due to the somewhat
extended shape of the molecule and to the disorder of the
first 20 N-terminal residues. Therefore, the putative dimer
in the crystal system may represent a weak specific interac-
tion of unknown functional significance. Experiments, such
as functional and biophysical characterization of appropriate
site-directed mutants chosen on the basis of this structure,
should help to resolve the question of the quaternary state
of the Ubc.

Comparison to Other E2 StructureBhe crystal structures
of several other E2 proteins have been reported: Ubcl from
A. thaliana(51), presumably involved in DNA repair; Ubc4
from Saccharomyces cersae (52), primarily involved in
ubiquitinating short-lived and misfolded proteins; Ubc7 from
S. cereisiae (53), a nonessential gene linked to the ubig-
uitination of a variety of substrates; and Rad6 (also known
as Ubc2) fromS. cereisiag involved in the degradation of
short-lived proteins and in DNA repairs§). For these
proteins and E2-C, the sequence homology is relatively low,
within the range of 3545%. Despite the disparity in protein
targets and the relative lack of sequence homology, the
overall fold adopted by these proteins is remarkably similar.
The structure of a Ubc-like protein, Ubc9 from human (100%
identical to Ubc9 from mouse), has also been determined
(54). The Ubc9 protein initially was presumed to be involved
in the ubiquitination of a diverse set of target proteins but
recently was found to be involved in the conjugation of the
ubiquitin-like protein SUMO-1%5—57). The Ubc9 structure
is not included in the comparison since it is not a bona fide
ubiquitin-conjugating enzyme. When the Ubc proteins are
superimposed using corresponding secondary structural ele-
ments, the rms deviation in correspondimgarbon atoms
is in the range of 0.81.25 A. When the positions of
correspondingx-carbons are compared between E2-C and
the other Ubc structures, the greatest deviations are observed
FIGURE 4: Comparison of conserved surface features in the to occur in thea-helices at the N- and C-termini and the
available Ubc crystal structures. The two views for each protein |oop (residues 144148) near the active site. This close
are related by a 12Q-otation about a vertical axis in the plane of similarity among Ubc protein structures allows us to identify

the paper. The color coding is the same as that described in the . .
legend of Figure 2: identical residues are red, highly conserved potentially important conserved structural features.

residues are light purple, and the active site cysteine is green. This Analysis of residues that are identical or highly conserved
figure was prepared using GRASE3]. in all available Ubc crystal structures and E2-C homologues

o d

Ube?
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Ficure 5: Mapping of generally conserved residues that contribute to the surface of the E2-C protein. The views in panels B and C are
related to the view depicted in panel A by rotations of 120d 240, respectively, about a vertical axis in the plane of the page. The areas
shaded red and light purple are contributed by residues that are identical or highly conserved, respectively, in the available crystal structures.
This figure was prepared using GRASE3).

-

(Figure 2) reveals that these residues partition into two setswith the conserved elements of the ubiquitination system,
on the basis of their general location in the protein. One set namely, ubiquitin and E1. Indeed, the two most striking of
contains residues that are totally buried in the protein, and these conserved patches together straddle the active site
the other set contains residues that have atoms on the surfaceysteine. The surface of interaction with E1 and ubiquitin
of the protein. The conserved buried residues are primarily would be expected to include areas near the active site. These
hydrophobic (Figure 3). The residues in this set form a two patches possess a significant hydrophobic character. The
remarkable spine down the center of the protein. The large patch shown in Figure 5B is rather hydrophobic in the
formation of the hydrophobic spine may drive the folding center and contains negatively charged atoms along much
of the protein, and the spine may stabilize the protein once of the periphery (not shown). The remaining significant patch
it is folded. The residues are widely dispersed in the linear is contributed by a pair of basic residues in the N-terminal
sequence and are located primarily in the secondary structurahelix, Lys-33 and Arg-34 in E2-C. The importance of this
elements. The particular location of these residues may guidepatch in intermolecular interactions is corroborated by
the packing of the secondary structural elements against eachmolecular genetic and biochemical experiments that implicate
other. The very highly conserved HPN triplet (residues-104 the equivalent residues in Ubcl frof thaliana(59) and
106) does not seem to be an integral part of the spine but isUbc2b from human@0) in binding to E1 protein.
adjacent to it. Its close proximity to the active site cysteine  Mapping of Residues Consed among E2-C and lIts
suggests that it may play a more direct role in ubiquitin Functional HomologuegAnalysis of residues conserved only
transfer and not merely stabilize the protein as a whole. among E2-C and its homologues and not among Ubcs in
Comparison of the disposition of the conserved surface general can provide clues as to what features are specific to
residues indicates these residues form similar surface patchethe function of the E2-C family. These conserved residues
on their respective proteins (Figure 4). If the protein is viewed are shown in Figure 6. It is notable that all of these residues
as forming an extended triangular prism with the active site contain atoms that contribute to the protein surface. None
on one long edge, then most of the conserved patches aref these residues is totally buried in the protein. This finding
situated in the two long faces forming the edge (Figure is quite consistent with the notion that these residues are
5A,B). The remaining face, opposite the active site cysteine, conserved to provide a shared molecular interface (such as
is fairly bereft of conserved surface residues (Figure 5C). the second set of generally conserved residues discussed
This finding is in overall agreement with observations made above) and not to provide conserved internal scaffolding
previously with regard to the other Ubc crystal structures. (such as the first set discussed above). As expected, patches
The conserved surface patches may be involved in interactingof E2-C family conserved residues exist near the active site
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Ficure 6: Mapping of residues conserved exclusively in the E2-C family onto the surface of the E2-C protein. The views in panels B and
C are related to the view in panel A by rotations of 120d 240, respectively, about a vertical axis in the plane of the page. The areas
shaded blue and cyan are contributed by residues that are identical or highly conserved, respectively, in E2-C and its known homologues.

The red area corresponds to the active site cysteine. This figure was prepared using GRASP (

cysteine (Figure 6A), as observed for the more generally REFERENCES

conserved Ubc residues. The other two faces also contain
significant conserved surfaces (Figure 6B,C). In particular,
the side opposite the active site cysteine contains an
intriguing track of conserved residues along the length of
the face (Figure 6C). This face also contains a significant
hydrophobic patch contributed by residues Met-44, Phe-53,
and Leu-143. Thus, the E2-C protein contains significant
conserved surface features on all three major faces. This may
be relevant to the observation that the APC/cyclosome is a
large, multimeric complex and could, in principle, contact
the protein on different faces. The E2-C crystal structure
provides a guide for designing molecular genetic, biochemi-
cal, and biophysical experiments that will help us better
understand the stereochemistry of targeted protein ubiquiti-
nation.
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