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ABSTRACT. Prpl9 is an essential splicing factor and a member of the U-box family of E3 ubiquitin ligases.
Prp19 forms a tetramer via a central coiled-coil domain. Here, we show the U-box domain of Prp19
exists as a dimer within the context of the Prp19 tetramer. A high-resolution structure of the homodimeric
state of the Prp19 U-box was determined by X-ray crystallography. Mutation of the U-box dimer interface
abrogates U-box dimer formation and is lethal in vivo. The structure of the U-box dimer enables construction
of a complete model of Prp19 providing insights into how the tetrameric protein functions as an E3
ligase. Finally, comparison of the Prp19 U-box homodimer with the heterodimeric complex of BRCA1/
BARD1 RING-finger domains uncovers a common architecture for a family of oligomeric U-box and
RING-finger E3 ubiquitin ligases, which has mechanistic implications for E3 ligase-mediated polyubig-
uitination and E4 polyubiquitin ligases.

Post-translational modification of target proteins via (E2), and ligating (E3) enzyme8<10). There is generally
covalent attachment of ubiquitin and ubiquitin-like modifiers one activating E1 and approximately 20 conjugating E2s.
(ubl)! is a central regulatory mechanism utilized in many These are complemented by hundreds of E3 ligases, which
different cellular pathways1( 2). The most extensively  provide the essential substrate selectivity for modulation of
studied mechanism of ubiquitin-mediated signaling involves the specific signaling pathway4@). Similar cascades (E1,
polyubiquination of substrate proteins leading to target E2, E3) exist for the different ubl pathways such as SUMO,
degradation by the 26S proteoson® 4). However, the Nedd8/Rubl, and Hubl.
addition of either one or a few ubiquitin molecules has been | pox-, RING-finger-, and HECT-domain-containing pro-

shown to mediate protein activity, proteiprotein interac-  tejns represent three families of E3 ubiquitin ligases. RING-
tions, and subcellular localizatio<7). finger and U-box E3s facilitate the transfer of Ub by precise
Addition of ubiquitin is accomplished via a conserved spatial orientation of the E2 and the substrate rather than
enzyme cascade consisting of activating (E1), conjugating binding Ub directly as seen in the HECT famil1j. The
U-box or RING-finger domain serves as the E2 recruitment
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as WD40 repeats, to interact with a substrate. Complex was transformed with pRS415 plasmids containing either
ligases are either multiprotein or multicopy complexes, both wild-type PRP19or prp19-L15E The ability ofprp19-L15E
of which require complex quaternary structure to function. to rescue growth at the restrictive temperature was scored
Some multiprotein complex ligases, such as the SCF andby spotting serial dilutions and incubating them at permissive
anaphase promoting complex (APC) ubiquitin ligases, are (25 °C) or restrictive (36°C) temperature for 3 days. The
large assemblies of different proteins that together contain prp19::HIS3 ura3-52 leu2A1 haploid strain carrying a
only a single E2 recruitment domain and a single substrate URA3selectable vector expressing wild-typlRP19was
recognition domain. Other complex ligases are oligomeric transformed with eithePRP19cDNA or prp19-L15Eunder
and thus contain multiple E2 recruitment and/or substrate control of theGAL1promoter in d.EU2-based vector. Ura
recognition domains. Indeed, numerous RING-finger- and Leu" transformants were serially diluted on plates in the
U-box-containing E3 ubiquitin ligases are known to form presence or absence of 5-flourootic acid and uracil to score
higher order homo- and hetero-oligomeric species. the ability of prp19-L15to rescue growth of th@rpl9A
The oligomerization of E3 ligases is often mediated by a strain after 3 days.
known oligomerization domain such as a coiled-coil or  Analytical Ultracentrifugation. Sedimentation velocity
helical bundle; however, there are also a number of examplesexperiments were conducted with an Optima XLA (Beck-
where the RING-finger domain itself is known to contribute man-Coulter, Fullerton, CA), with a 4-hole An60Ti rotor
to the oligomeric interface2(l, 22). While there are only a  using double sector cells with charcoal-filled Epon center-
limited number of structural studies characterizing dimer- pieces (path length 1.2 cm) and quartz windows. The
ization of RING-finger and U-box domains, biochemical experiments were conducted at 25 at a speed of 40,000
characterization has revealed that many E3 ligases formrpm and concentration profiles measured at 280 nm. The
specific homo- and heterodimeric species that are mediatedvelocity scans were analyzed with the program Sedfit
by direct RING/RING, RING/U-box, and U-box/U-box (version 8.7) 28) using 300 scans collected approximately
interactions 22—25). Further, a prototypical plant U-box, 2 min apart. Size distributions were determined for a
AtPUB14, has been shown to form U-box-mediated dimers confidence level op = 0.95, a resolution ofi = 300, and
of uncharacterized structur@@). While the importance of  sedimentation coefficients between 0.1 ands20
homo- and hetero-dimeric complexes in ubiquitin ligase  Crystallization.Crystals of the U-box domain, Prp19{1
signaling is clear, it remains to be determined whether the 58), were prepared in hanging-drop vapor-diffusion experi-
dimer interfaces between RING-finger and U-box domains ments with a 1:1 mixture of protein at 15 mg/mL and 33%
are conserved and whether a general mechanism(s) forpoly(ethylene glycol) (PEG) 4000, 75 mM MggCl0.1 M
dimerization exists. Tris, pH 8.5, and 1 mM DTT at 4C. Selenomethionine-
This study provides the first structure of a U-box domain labeled protein crystals were obtained in 38% PEG 4000,
dimer. Combined with previous data, the structure enables75 mM MgCh, 0.1 M Tris, pH 8.5, and 1 mM DTT at 2C.
the construction of a model of the full-length Prp19 homo- Prior to data collection, crystals were serially transferred to
tetramer. In addition, detailed analysis of this structure mother liquor containing 5, 10, and 15% ethylene glycol and
combined with previous biochemical analyses strongly flash-frozen. Diffraction data statistics are summarized in
implies the existence of a common mode of dimerization Table 1.

for certain U-box and RING-finger domains. Crystal Structure DeterminatiorData were collected at
the Center for Advanced Microstructures and Devices
MATERIALS AND METHODS (CAMD) using beamline PX. Selenomethionine MAD data

were collected to 2.5 A with wavelength selection based on
a fluorescence energy scan. The data were processed using
DENZO/SCALEPACK @9). SOLVE was used to locate all
six (one per subunit) expected selenium sitg@).(Native
crystals of the Prp19 U-box dimer diffracted to 1.5 A. Phase
extension and initial model building were accomplished using
RESOLVE B1). No averaging of the multiple subunits in
the asymmetric unit was employed during refinement.
Additional model building and refinement was accomplished
using XtalView @2) and Refmac533). Final refinement
statistics are summarized in Table 1. The atomic coordinates
and structure factors have been deposited in the PDB (PDB

Protein Expression and Purification. Saccharomyces cer-
evisiae Prpl19 constructs were expressedeEstherichia coli
as 6xHIS-tag fusion proteins from pET15b. Protein was
produced and purified using established protocols for Prp19-
(1—73) (19). Briefly, proteins were expressed using BL21-
(DE3) cells (Novagen) in Luria-Broth (LB). For selenome-
thionine-labeled protein, protein was expressed using 834(DE3)
cells (Novagen) in M9 minimal media supplemented with
selenomethionine. Proteins were purified using &"Ni
nitrilotriacetic acid column (Qiagen) with an imidazole
gradient from 25 to 500 mM. Thex8HIS-tag was cleaved
by incubation with thrombin (1 U/1 mg protein) for 12 h at
4 °C for U-box constructs and 36 h at°€ for Prp19(t D c_ode _ZBAY)' . .
133). Protein was then purified using anion exchange over Dimer interfaces were analyzed using the Protétnotein
a MonoQ column (Amersham-Pharmacia) with a gradient interaction server (http://www.biochem.ucl.ac.uk/bsm/PP/
of NaCl from 10 to 500 mM. server/).

Strains and Media. S. cesisiaestrains used in this study  pEgULTS
were grown either in synthetic minimal medium with the
appropriate nutritional supplements or yeast extrpep- Oligomerization State of the Prp19 U-Bokhe U-box-
tone—dextrose 26). Transformations were performed by the containing protein Prpl9 possesses three recognized do-
lithium acetate method2{). A haploid strain containing a mains: an N-terminal U-box, a central coiled coil, and a
temperature-sensitive copy BRP19(prp19-1) (KGY1811) C-terminal WD40 repegf-propeller domain (Figure 1A).
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Table 1: Crystal and Refinement Statistics for the Prp19 U-box Dimer

Crystal
SeMet
native edge peak remote
beamline PDX PDX
space group P2:2:2; P212:2;
wavelength (A) 1.381 0.979653 0.979344 0.92526
unit-cell parameters
a(h) 49.421 49.038
b (A) 57.105 56.558
c(A) 122.587 122.420
unique reflections 52742 22973 23144 23461
completeness (%) 93.3(85.6) 99.9 (100.0) 99.9 (100.0) 99.8 (100.0)
resolution (A) 1.50 (1.551.50) 2.50 (2.59-2.50) 2.50 (2.59-2.50) 2.50 (2.59-2.50)
Rimerge (%) 6.3 (42.9) 7.6 (39.8) 7.7 (40.1) 7.0 (34.8)
redundancy 7.5 (6.5) 4.5 (4.2) 4.5 (4.4) 4.2 (4.0)
o (1) 38.7 (3.1) 14.0 (3.2) 13.3(3.1) 13.4(3.8)
Refinement Statistics
resolution limits (A) 22.93-1.50 Ramachandran
number of reflections 49928 most favored 91.8
used in refinement additionally allowed 8.2
number of reflections 2632 generously 0.0
used to computBee dissallowed 0.0
R (Rree) 18.2 (20.4)
no. protein atoms 2758 rms deviations
no. solvent molecules 387 bond (A) 0.012
angle (deg) 15

Recently, we demonstrated using electron microscopy (EM) to the spectrum of the intact Prp19 tetramer. This result is
and analytical ultracentrifugation that Prpl9 exists as a insightful because it strongly implies that, in the context of
tetramer, with the coiled-coil domain serving as the primary the tetrameric coiled-coil domain, the U-box domains do not
oligomerization domain34). The EM studies also revealed exist as flexibly tethered independent domains but, rather,
that, in the absence of additional binding partners, the Prp19Prp19(1-133) tumbles as a single unit. If the U-box domains
WD40 repeat domains are flexibly tethered to the tetrameric were flexibly tethered to the core coiled-coil tetramer, narrow
core of the molecule34). The U-box domain was not signals would be observed in the NMR spectrum corre-
directly detectable by EM due to its small size. Thus, the sponding closely to those of the isolated U-box domain, as
status of the U-box domain in the context of the Prpl9 has been seen, for example, in the small independent
tetramer remained unclear. RPA32C domain of the-50 kDa RPA14/32 complex and
To obtain insight into the structure of the U-box within the C-terminal domains of the L7/L12 stalk proteins in the
the context of the Prp19 tetramer, a construct was characterintact ribosome 35, 36).
ized, Prp19(+133), which contains both the N-terminal To obtain deeper insight into the state of the U-box in the
U-box and central coiled-coil domain. The oligomerization context of the Prp19 tetramer, we used analytical ultracen-
state of this construct was determined by analytical ultra- trifugation to examine the propensity of the isolated U-box
centrifugation. The major peak (75%) exhibited a sedimenta- domain to self-associate. This analysis shows that the Prp19
tion value 6) of 2.7 with a frictional ratio of 1.9. This is  U-box exists in equilibrium between two states, which are
consistent with a tetrameric state of 66 kDa (Figure 1B) and assigned to a monomes € 1.4) and a dimerg§= 2.1) in a
reaffirms our previous finding that the coiled-coil domain is ratio of 7:3 (Figure 1E) with a frictional ratio of 1.3. Thus,
both necessary and sufficient for Prp19 tetramerizatai ( although weak, the U-box does have an intrinsic propensity
In addition to the tetramer, a small amount of monomer to dimerize. Importantly, we have observed that the equi-
(<10%, s = 1.1) and higher order species15%) were librium is shifted toward the dimer by increasing ionic
detected in the analytical ultracentrifugation analysis (Figure strength and protein concentration. These results have
1B). The frictional ratio indicates an elongated molecule, implications for the U-box, indicating that the propensity to
consistent with the presence of an extended coiled-coil dimerize will be enhanced significantly in the context of
domain linked to the globular U-box34). intact Prp19 due to the close spatial proximity of pairs of
CD and NMR spectroscopy were then used to characterizeU-boxes on either side of the tetramer (Figure 1F). This can
the secondary and tertiary structure of Prp19[83), as be understood by considering that tethering of the U-box
compared to the intact Prp19 tetramer and the isolated U-box.via a short {10 residue) linker to the tetrameric coiled-coil
The minima in the CD spectrum at 208 and 222 nm indicate domain results in a very high local concentration of U-boxes,
Prp19(+133) is a well-folded protein with mainly helical ~Which shifts the monomerdimer equilibrium strongly
secondary structure (Figure 1C), as expected, based on théoward the dimeric state.
previous U-box structure and the predicted coiled-coil region. To summarize, the EM, AU, CD, and NMR data, taken
Analysis of the'>N-*H HSQC NMR spectrum of Prp19@ together, strongly support our contention that the Prpl9
133) reveals extensive line broadening with only a few broad U-box exists in a dimeric state in the context of intact Prp19.
resonances discernible (Figure 1D), which is nearly identical This conclusion is fully consistent with previous yeast two-
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Ficure 1: The U-box domain of Prp19 exists as a functional dimer.
(A) Prp19 contains three domains: an N-terminal U-box, a central
tetrameric coiled coil, and a C-terminal WD-40 repeat domain. (B)
Analytical ultracetrifugation reveals that the coiled-coil domain
drives the formation of a single functional tetramer in the context
of a construct containing both U-box and coiled-coil domains. (C)
The construct containing U-box and coiled-coil domains is well-
structured with primarily helical content. (D) NMR reveals that
the U-box domain is integrally connected to Prp19 and not flexibly
linked, as is the case for the C-terminal WD40 repeats. (E) The
U-box of Prp19 exists in a monomer/dimer equilibrium. (F) A model
of the U-box and coiled-coil regions of Prpl9 showing the
symmetric U-box dimers formed around the coiled-coil tetramer.

hybrid evidence that the U-box domain of Prp19 is involved
in protein self-associatior3{).

Crystal Structure of the Prp19 U-Box Diméwith the
objective of producing crystals of the dimeric state of the
Prp19 U-box, crystallization trials were set up with a
relatively high protein concentration of 15 mg/mL. Crystals
were obtained in a relatively rapid manner which diffracted
to high resolution. Initial phases were derived from multi-
wavelength anomalous diffraction (MAD) experiments using

Vander Kooi et al.

0.94 A), with all significant differences between the crystal
and solution structures at the dimer interface. The major
structural difference between the structure of the monomer
and the dimer is in the conformation of a loop region
immediately adjacent to the thirgl-strand (residues 53
57), which is involved in critical intermolecular contacts
(Figure 2A).

The dimer interface of the Prp19 U-box is formed by

residues contributed from the N-terminal loop and the three
B-strands. The overall buried surface area is 695ubunit
with a 69% hydrophobic and 31% hydrophilic character and
a high degree of shape complementarisy € 0.75) 39).
The hydrophobic character of the dimer interface is due to
residues Leulb, lle22, Val51, and lle53 (Figure 2B,C).
Importantly, all four positions are conserved long-chain
hydrophobic residues (Val, lle, Leu) in Prp19 from yeast to
man.

Functional Analysis of the Prp19 U-Box Dimdio assess
the role of U-box dimerization in Prp19 function, mutations
were made to the residues identified at the dimer interface
(Figure 2A), including L15, V51, and 153. To select the best
candidate for the more complex biological assays, biophysical
analyses of these mutations were performed first to determine
how effective these mutations were at disrupting the ability
of the Prp19 U-box to self-associate. Not unexpectedly, the
most significant effect was from mutation of leucine 15, the
hydrophobic residue at the center of the dimer interface.
Analytical ultracentrifugation analysis of the L15E mutant
provided a single peak with aswalue of 1.4, indicating it
exists exclusively in a monomeric state. The frictional ratio
of 1.3 is similar to that observed for the peak of the wild-
type monomer. Thus, there is no evidence of the monemer
dimer equilibrium seen for the wild-type protein (Figure 2D,
cf. Figure 1E). To ensure that the mutant protein adopts a
stable, native-like fold, art®N-'H HSQC spectrum was
acquired for the L15E U-box construct (Figure 2E). The
spectrum of the mutant was found to be nearly identical to
that of the wild-type U-box, indicating that the structure was
not perturbed by the mutation. Consequently, the L15E
mutant was selected for analysis of the effect on Prp19
biological activity arising from destabilizing U-box dimer-
ization.

Prp19 is an essential protein and, thus, required for
viability. Consequently, the functional significance of Prp19
mutations could be determinad vivo by introducing the
L15E mutation into the full-length protein. Two comple-
mentary approaches were utilized. The first involved assess-
ing the ability of the mutant protein to complement grp19
temperature-sensitive allelgrpl9-1, at the restrictive
temperature (Figure 2F, upper panels). The second approach
involved complementation of the null allele pfp19 by a
conventional plasmid shuffle approach (Figure 2F, lower
panels). The results for L15E in both assays revealed that
this single mutation, which disrupts U-box dimerization, is
sufficient to compromise cell viability. The origin of this

SeMet-substituted protein, and the structure was determinedeffect is presumably through disruption of the ligase activity

to 1.5 A, with three dimers in the asymmetric unit (Table 1,
Figure 2A). The U-box domain adopts the typical U-box fold,

of Prp19, or perhaps through destabilization of the NTC
complex as observed for the Prpi® mutation (9). Taken

and all copies in the asymmetric unit are superimposable together, the physical and functional effects of dimer interface

with a backbone rmsd of 0.28 A9, 20). The dimer subunits
overlay well with the previously reported NMR structure of

mutations underscore the physiological relevance of the
Prp19 U-box dimer and imply that dimerization of the Prp19

the Prp19 U-box in the monomeric state (backbone rmsd of U-box is necessary for its function in vivo.
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Ficure 2: Basis for Prp19 dimerization. (A) Ribbon diagram of the Prp19 U-box dimer. Molecular graphics were generated using MOLMOL
(48). (B) Prp19 contains a central hydrophobic patch at the dimer interface composed of four long-chain hydrophobic residues, shown with
a zoom showing the electron density at the dimer interface. (C) RepresentBgve Ec electron density map of the dimer interface
contoured at 2 (generated with PYMOL; http://www.pymol.org). (D) Mutation of the central hydrophobic L15 to glutamate disrupts the
ability of the U-box to dimerize. AU profile of Prp19{4173) L15E shows only one peak with a sedimentation coeffiecient consistent with

the monomeric species. (EN-1H HSQC of the same construct shows excellent line width and chemical shift dispersion, characteristics
of a well-folded domain. Additionally, the chemical shifts are virtually superimposable with the wild-type prbgidgmonstrating that

the L15E mutation causes minimal structural perturbation and adopts a nativelike structure. (F) Mutations to the residues in the dimer
interface abrogate Prp19 functiém vivo either in rescuing a temperature-sensitive strain (upper panel) or rescuing growth for the null
allele (lower panel).

Prpl9

Stabilization Centers in the U-Box DomaiAs already The C-terminal stabilization center in the U-box domain
noted, the binding of two zinc atoms is essential for the involves four core residues (Serl6, Serl9, Asp38, and Thr41)
stability of the RING-finger domains. The high-resolution with the nonconserved Glu43 peripherally involved (Figure
crystal structure of the Prp19 U-box provides the first detailed 3C). There are no detectable solvent molecules in this
view of the series of hydrogen bonds and salt bridges that network. The overall arrangement is very similar to that of
serve to stabilize the U-box fold in place of the essential the corresponding zinc-mediated stabilization center seen in
zinc atoms in the RING-finger domain&q). Both protein RING-finger domains (Figure 3D). In the case of Prpl9,
functional groups and tightly bound water molecules are Asp38 appears to be central to the interaction network and
observed in the U-box networks (Figure 3A). Several useful closely mimics the zinc atom at the center of the RING-
insights have been obtained by comparing to the correspond<inger stabilization center.
ing zinc-mediated stabilization centers in the crystal structure A much different picture emerges for the N-terminal
of the Ragl RING-finger (Figure 3B36). stabilization center of the Prp19 U-box, which includes five
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Ficure 3: Stabilization centers of the U-box domain. (A) U-box domain is stabilized by two networks of hydrogen bonds and salt bridges
in Prp19. (B) In contrast, the RING-finger domain of Ragl (1RMD) is stabilized by chelation of two zinc atoms. (C and D) The C-terminal
stabilization center of Prp19 is much more compact and largely recapitulates the organization of the RING-finger center (D), but with
Asp38 extended to occupy the position of the central zinc atom. (E) The N-terminal stabilization center of the U-box contains an extended
network of inter-residue interactions including marR/ between side chain and main chain amides. Distances between potential hydrogen
bond donors and acceptors are color coddds 3.0 A as green, 3.6< d < 3.25 A as pink, 3.25< d < 3.50 A as tan. (F) The zinc-
mediated RING-finger contains the four ziasulfur bonds.

core residues (Cys3, Ser6, Argl2, Glu24, and Ser26) andsignificant insight, analysis of conformational variability
two high occupancy water molecules (Figure 3E). The within individual molecules and between the different copies
backbone trace of this region of Prpl9 is virtually super- in the unit cell reveals these inter-residue interactions are
imposable on the RING-finger domain of Ragl (Figure dynamic. For example, differences in the side-chain confor-
3E,F). Despite the remarkable similarity of the backbone mations of Argl2, Glu24, and Ser26 are evident when
conformation, the U-box center differs markedly from that comparing different molecules in the asymmetric unit.
of a RING-finger (Figure 3F). In particular, the residues
involved in stabilizing the U-box are more widely distributed DISCUSSION
than the four zinc-chelating residues in the RING-finger  Stabilization of RING-Finger-like DomainsThe high
domain, and many more side-chain to backbone amideresolution structures now available for U-box and RING-
hydrogen bonds are apparent. In addition, the U-box centerfinger domains provide a basis for analysis of other related
includes high-occupancy solvent molecules, something thatdomains. In particular, the comparison of residues now
is not found in the RING-finger structure. shown to contribute to domain stabilization is highly
Interestingly, Cys3 and Ser6 in Prpl9 are structurally informative. Consider, for example, the Miz-finger domain,
homologous to two of the RING-finger zinc-chelating which is related to the U-box and RING-finger domains but
ligands. Although there is no U-box atom that directly is contained in proteins (e.g., the Siz and PIAS families) that
corresponds to the RING-finger zinc atom, Glu24 is located function as E3 ligases in SUMOIlation as opposed to
near the center of the extended stabilization site and makesubiquitination pathways 40). Alignment of the U-box
contacts with both solvent molecules and Ser26. The latterdomain of Prpl9, the RING-finger domain of Ragl, and
is located one residue shifted from the corresponding zinc- several Miz-finger domains provides tantalizing clues to the
chelating residue in the RING-finger domain. This positional architecture and structural basis for stabilization of the Miz-
shift appears to result in an expansion of the U-box center finger domain, the structure of which has not been deter-
and the inclusion of the tightly bound water and Argl2. mined. This analysis strongly suggests that the Miz-finger
While static pictures of the stabilization centers provide has a unique composition (Figure 4A). The Miz-finger
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Ficure 4. Comparison of related E3 ligase domain stabilization.

(A) Multiple sequence alignment of Prp19, Ragl, and four human
Miz-finger domains. Residues contributing to the N-terminal center
of the U-box are highlighted in blue. Residues contributing to the
C-terminal center of the RING-finger domain are highlighted in
red. (B) Schematic of the cross-braced stabilization of U-box and
RING-finger proteins with hydrogen bonding and zinc centers in
cyan and red, respectively. Both domains contain a core helix (large
rectangle) and three shgitstrands (small rectangles). The cross-
brace is mediated through the central strand, represented by thericure 5: Model of the quaternary structure of Prp19. (A) The
dotted line connecting the two stabilization centers. The Miz-finger basic domain structure of an E3 ligase requires E2 and substrate
domain found in related SUMO E3 ligases appears to represent arecruitment domains. (B) Prp19 exists as a functional tetramer with
hybrid of these domains. dimeric U-box domains and flexibly attached WD40 domains.
WDA40 repeat domain modeled from Groucho/TId®)( (C) The

domain likely contains a canonical RING-like stabilization Qquaternary structure of Prp19 suggests a common architecture for
center (red) combined with a Prp19 U-box-like stabilization Sg?r?;?f ?r?toEjozglql;g;(?n“? Pwith g]:Lt?srtlngz :ggoErfitiroer? réljcl)tr:nnaei?f
center (aqua) (Figure 4A). Thus, the Miz-finger domain is P y g '
likely a hybrid U-box/RING-finger domain, with N-terminal - and substrate required for catalysis through the spatial
stabilization via a network of hydrogen bonds and salt bridges grganization of the E2-recruiting RING-finger and the
and C-terminal stabilization via zinc chelation (Figure 4B). gypstrate-recruiting WD40 repeatsl). In any single Prp19
Since the Miz-finger domains are involved in SUMO-  nolypeptide chain (protomer), the U-box and WD40 repeat
signaling, it is intriguing to consider the biochemical and gomains are spatially remote. The model of the quaternary
biological implications of the use of these distinct, yet strycture of Prp19 reveals the U-box domain from one Prp19
architecturally similar, domains in parallel cascades. In protomer is in fact in close proximity to a WD40 repeat
summary, the addition of the Prp19 U-box to the collection gomain from one of the other protomers (Figure 5C). It is
of high-resolution structures of RING-finger domains en- |ikely that the molecular scaffold created by the Prp19
hances the ability to predict the molecular architecture of tetrameric architecture is important for orienting the E2-
RING-finger/U-box-related domains. recruiting U-box dimer with respect to both WD40 repeats
Model of the Prp19 Tetrameilhe determination of the  and also to other members of the NTC splicing complex
structure of the U-box dimer enables construction of a (Figure 5C). Clearly, further structural analysis of Prp19 in
complete model for the intact Prpl9 tetramer: a central complex with substrate and its E2 is required to elucidate
tetrameric coiled coil, with two U-box dimers and four the mechanism of action and extent of coordination of the
flexibly attached WD40 repeat domains (Figure 5A). E3 oligomer subunits.
ligases require two essential functional domains: an E2- A General Architecture for Dimerization®hile the
recruiting domain (e.g., U-box) and a substrate recognition number of characterized oligomeric E3 ubiquitin ligases
domain (e.g., WD40 repeat domain) (Figure 5B). It is continues to grow, it remains to be seen if common
commonly held that the mode of action of the E3 ligase is architectures are utilized to orient both E2 and substrate-
to bring the E2 and substrate into close proximity, thereby recruiting domains. Does the Prpl19 U-box dimer reveal a
catalyzing the transfer of the activated ubiquititil,(41). common architecture for orienting and positioning the E2-
Utilization of complex quaternary structure for positioning recruiting domain in an E3 ligase? Dimerization through
of the E2 and substrate has been proposed to be a commoRING-finger domains in E3 ligases has been examined in
feature of complex E3 ubiquitin ligases such as BRCAL/ two previous studies of Rag3%) and BRCA1/BARD1 21).
BARD1 and the multicomponent SCF and APC ligases. For Comparison of the topology of Prpl9 (Figure 6A) with
example, thefTrcP1 SCF complex has been proposed to BRCA1 (Figure 6B) and Ragl (Figure 6C) is instructive.
structurally enforce the precise structural positioning of E2 The Prpl9 U-box and BRCA1 RING-finger dimers have
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Mdm2 EPC-VICQGRPKNGCIVHGKTGHLMACFTCAK-KLKKR-NKPCPVCRQPI---QMIVLTYF
MdmX KPC-SLCEKRPRDGNITIHGRTGHLVTCFHCAR-RLKKA-GASCPICKKEI- - -QLVIKVFI

Ficure 6: The Prpl19 dimer as a general model for oligomeric E3 ligases. Comparison of the dimerization interfaces of (A) Prp19, (B)
BRCA1/BARD1 (1JM7), and (C) Ragl (1RMD), respectively, show different characterized dimerization interfaces. The U-box or RING-
finger dimerization interface appears structurally conserved between Prp19 and BRCAL. (D) Multiple sequence alignment of dimeric RING-

finger domains of Mdm2 and MdmX with Prp19. The four hydrophobic residues at the Prp19 dimer interface are highlighted.

conserved overall topologies with a similar interface (Figure to form RING-finger-mediated homodimers and also het-
6A,B). In both cases, the dimer interface is formed by the erodimers with MdmX 22, 42). In fact, there are striking
face of the threg-strands and additional residues from the similarities between Mdm2, MdmX, and Prp19 with respect
N-terminus. Importantly, for BRCA1/BARD1, the dimer to conservation of the hydrophobic residues critical for
interface encompasses residues N- and C-terminal to theformation of the U-box dimer interface (Figure 6C): Mdm2
RING-finger, which come together to form a four-helix contains four long-chain hydrophobic residues in these
bundle. The formation of the stable four-helix bundle positions and in MdmX three of the four positions are also
provides the driving force for dimerization, which in turn hydrophobic residues. Thus, it is quite likely that Mdm2 and
results in steric constraints that orient the two RING-fingers. MdmX utilize a similar dimerization interface and overall
Thus, we believe the four-helix bundle in BRCA1/BARD1 architecture as that found in Prp19.
serves in a role similar to the four-helix coiled coil in the Functional Implications of U-Box/RING-Finger Dimer-
Prp19 tetramer. In the case of the Ragl homodimer, a heliXjzation. Many essential RING-finger and U-box domain
from each subunit contributes to the dimer interface, which proteins including Mdm2, MdmX, PML, Parkin, Ufd2, and
orients the RING-finger domains in-trans with a separation CHIP have been shown to form complex oligomeric E3
of ~15—20 A. In all three cases, oligomerization positions ligases p2—25, 43). Consequently, it is highly relevant to
the two U-box or RING-fingers in a very similar relative consider the possible functional implications of the dimeric
orientation. Thus, it appears there is a common overall state of U-box/RING-finger domains. The potential for
architecture positioning the E2-recruiting domains in these recruitment of multiple E2 enzymes carrying activated
U-box/RING-finger oligomeric E3 ligases. ubiquitin molecules is clearly very important. Prp19 has two
If our hypothesis is correct, this architecture should be identical E2-binding surfaces on opposite sides of the
present in a range of oligomeric E3 ligases. One such E3tetramer, and the U-box dimer structure revealed that they
ligase is Mdm2, an important regulator of p53 that belongs are distinct from the dimer interface and therefore both
to the RING-finger family of E3 ligases that has been shown accessibleq, 19). Heterodimerization may offer a means



Structure of the Prp19 U-Box Dimer

for functional specificity, enabling the recruitment of two
different E2 enzymes. Indeed, BRCA1 has been shown to
selectively recruit its E2, Ubc5, in the context of the BRCA1/
BARD1 heterodimer44). The ability to recruit multiple and/

or different E2 enzymes may play a role in differentiating
the type of ubiquitin-like modifications catalyzed by mul-
tifunctional E3 ligases. Mdm2, for instance, has been shown
to function in either ubiquitin-mediated signaling through
recruitment of Ubc5 or in NEDDS signaling through recruit-
ment of Ubc12 45). In addition, the ability to recruit more
than one E2 to the site of ubiquitination may provide a means
for the efficient formation of polyubiquitin chains or for the
formation of specific branched ubiquitin chains. For example,
Ufd2 and CHIP, both U-box domain proteins, can function
independently in catalyzing the addition of short ubiquitin
chains to UNC-45, whereas the hetero-oligomer is able to
rapidly and efficiently polyubiquitinate this substraés).
Thus, the recruitment of multiple E2 enzymes may be critical
for the E4 ligase activity observed for Ufd23, 46, 47).

CONCLUSIONS

The structure and characterization of the U-box dimer
shows that oligomerization has important implications for
Prp19 function. The organization of Prpl9, like other
complex ubiquitin ligase families, appears to be finely tuned
to orient and align the E2 enzyme and substrate for efficient
ubiquitin transfer. Because multiple E2/substrate recruitment

modules exist in the Prp19 tetramer, a second consequence

of Prp19’s complex oligomeric architecture is the potential
to couple targeting of substrates. Either positive coupling,
where two or more substrates are coordinately targeted, or
negative coupling, where either one or another target is
selectively or alternately targeted, can be envisioned. While
further experiments are required to test and refine these ideas,
the potential for control through oligomerization provides
an interesting alternative means for directly regulating the
ubiquitination of substrates. Investigations along these lines
should provide important new insights into the physical basis
for the activity of oligomeric E3 family ubiquitin ligases.
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