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Structural Analysis of B-Box 2 from MuRFI1: Identification of a Novel
Self-Association Pattern in a RING-like Fold™*
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ABSTRACT: The B-box motif is the defining feature of the TRIM family of proteins, characterized by a
RING finger—B-box—coiled coil tripartite fold. We have elucidated the crystal structure of B-box 2 (B2)
from MuRF1, a TRIM protein that supports a wide variety of protein interactions in the sarcomere and
regulates the trophic state of striated muscle tissue. MuRF1 B2 coordinates two zinc ions through a cross-
brace a/f-topology typical of members of the RING finger superfamily. However, it self-associates into
dimers with high affinity. The dimerization pattern is mediated by the helical component of this fold and
is unique among RING-like folds. This B2 reveals a long shallow groove that encircles the C-terminal
metal binding site Znll and appears as the defining protein—protein interaction feature of this domain. A
cluster of conserved hydrophobic residues in this groove and, in particular, a highly conserved aromatic
residue (Y133 in MuRF1 B2) is likely to be central to this role. We expect these findings to aid the future
exploration of the cellular function and therapeutic potential of MuRF1.

Zinc-binding motifs play key physiological and structural
roles in a broad range of proteins, including storage and
structural proteins, enzymes, and transcription factors. The
“B-box” is a small zinc-binding domain (~40 residues) found
exclusively in eukaryotes. It occurs within the context of a
tripartite fold known as TRIM' (/—3), which consists of up
to three sequentially conserved zinc-binding domains [com-
monly a RING finger, a B-box type 1 (B1), and a B-box
type 2 (B2)] followed by a coiled coil fraction (CC). In those
cases where a single B-box is present, it is usually of type
B2. The presence of a B-box is the determinant of the TRIM
fold, since it is found only in members of this family.

TRIM proteins have been attributed roles in the regulation
of gene expression, cell growth, and differentiation, thereby
being associated with human proliferative pathologies [e.g.,
cancer, familiar Mediterranean fever, Opitz/BBB syndrome,
promyelocytic leukemia, mulibrey nanism, and thyroid
carcinomas (4)]. Accumulating evidence suggests that B-
boxes mediate protein—protein interactions specific to each
TRIM class (e.g., refs 5—7) and are crucial for the efficient
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self-assembly of this fold (3 and references therein). Re-
cently, atomic structures of B1 and B2 boxes have become
available, namely, the B1 boxes of MIDI (8) and TRIM19
(PDB entry 2D8V) and the B2 boxes of ATDC (2CSV),
TRIM39 (2DID), TRIM41 (2EGM), TRIMS (2YRG), MuRF1
(2D8U), MID2 (2DJA), and MID1 (9). These structures
reveal that the B-box fold exhibits a ffa RING-like
architecture that coordinates two zinc ions in a classical
“cross-brace” topology, where zinc-binding site I (Znl) is
formed by the first and third ligand pairs and zinc-binding
site II (ZnlI) by the second and fourth ligand sets. The recent
B-box models differ significantly from a structure previously
described for B2 of Xenopus XNF7 (10), which adopted a
topology unique among zinc-binding folds and coordinated
one single zinc ion leaving four potential metal ligands
unoccupied. For more than a decade, the fold of XNF7 B2
was thought to represent the canonical B-box motif. How-
ever, it is now evident that that model, calculated from a
refolded synthetic peptide, does not represent a physiologi-
cally relevant fold.

To further investigate the characteristics of the B2 motif,
we have analyzed the structure and self-association properties
of the B2 from the ubiquitin ligase MuRF1 using X-ray
crystallography, NMR spectroscopy, light scattering, and
analytical ultracentrifugation. MuRF1 contains a RING
domain in the N-terminal position, a specific MuRF family
domain (MFC), a single B2 box, a CC domain, and a
C-terminal acidic tail (Figure 1). We selected MuRF1 for
our studies since it contributes to the control of the trophic
state of cardiac and skeletal muscle and its inactivation can
slow the development of muscle atrophy (//, 12). MuRF1
interacts with an intriguingly wide variety of cellular partners,
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Structure of the MuRF1 B2 Dimer
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FIGURE 1: Domain structure of MuRF1. MFC refers to a MuRF
family specific motif, and AT denotes the C-terminal acidic tail.
The residue composition of the protein constructs used in this study
is indicated.

namely, the titin filament (/3, 14), isopeptidase T-3 (15),
the transcription regulator GMEB-1 (15), CARP, SQSTM1,
and EEFIG (/2). Further, MuRF1 also participates in
sumoylation pathways (13, 15). Although the specific motifs
in the multidomain MuRF1 that are responsible for these
interactions are still unknown, its B2 box has recently been
shown to participate in the binding of creatine kinase (/6),
providing a further link between myofibril turnover and
muscle metabolism. Our data show that MuRF1 B2
presents a distinct dimerization pattern and allow us to
propose sequence and surface features that might sustain
the protein interactions mediated by this motif, aiding
future studies of its cellular role and potential therapeutic
targeting.

EXPERIMENTAL PROCEDURES

Cloning. Truncated variants of human MuRF1 (Q969Q1)
(Figure 1) were cloned into vector pETM-11 (EMBL
collection) containing an N-terminal His¢ tag and a TEV
protease cleavage site prior to the target gene. The B2€137P
variant was engineered in pETM-11 using the QuikChange
protocol (Stratagene). The B2CC construct corresponded
to a C293S variant designed to prevent sample oxidation.

Protein Production. Expression occurred in Escherichia
coli BL21(DE3) Rosetta (Novagen). Cultures were grown
at 37 °C to an ODgy of 0.6 in Luria-Bertani medium
supplemented with 25 ug/mL kanamycin and 34 ug/mL
chloramphenicol. Expression was induced with 0.2—0.5 mM
IPTG, and cultures were grown for a further 18 h at 20—25
°C. To obtain soluble B2 and B2CC samples, media were
supplemented with 50 uM ZnCl, upon induction. Harvesting
was accomplished via centrifugation. Pellets were resus-
pended in 50 mM Tris (pH 8.0), 100 mM NaCl, and 10 mM
B-mercaptoethanol containing a protease inhibitor cocktail
(Roche). Lysis was by addition of lysozyme and French
pressing in the presence of DNase. The homogenate was
clarified by centrifugation and the supernatant applied to a
Ni*>*-chelating HisTrap column (GE Healthcare) equilibrated
in lysis buffer containing 20 mM imidazole. Elution used
250 mM imidazole. The eluate was dialyzed against 50 mM
Tris (pH 8.0), 150 mM NaCl, and 10 mM f-mercaptoethanol
in the presence of His-tagged TEV protease at 4 °C
overnight. Subsequent purification involved reverse affinity
chromatography on a HisTrap column followed by gel
filtration on a Superdex 75 16/60PG column (GE Healthcare)
equilibrated in lysis buffer. Pure samples were concentrated
to 10 mg/mL (BCA assay, Pierce) and stored until further
use.

Expression of B2¢137P according to the protocol described
above resulted in insoluble sample, possibly reflecting a
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Table 1: Experimental Diffusion Parameters for MuRF-1 B2 from N
Relaxation Data“

model Teeri” (nS)
isotropic 6.39
axially symmetric 6.39
fully asymmetric 6.40

@ At 25 °C in water. ” 7. is calculated from (6D)~!, where D = (Dy
+ D, + D.)/3; rotational diffusion was analyzed with TENSOR (25).

decrease in zinc affinity. Consequently, the bacterial pellet
was resuspended in lysis buffer supplemented with 8 M urea
and subjected to affinity purification under denaturing
conditions. Eluted fractions were dialyzed overnight against
a refolding buffer containing 50 mM Tris (pH 8.0), 150 mM
NaCl, 10 mM pS-mercaptoethanol, and 1 mM ZnCl,. The
refolded sample was processed further as the wild type.

Crystal Structure Elucidation. Crystals grew from solutions
containing 1.8 M ammonium sulfate, 0.1 M Tris (pH 8.5),
and 15% glycerol at 4 °C in hanging drops composed of a
1:1 ratio of protein and reservoir solutions. Hexagonal
crystals with dimensions of ~200 um x 200 um x 100 xm
grew within 2 days, typically showing visible macro-
twinning. X-ray data were collected from a selected single
crystal frozen at 100 K in native mother liquor. Data
processing used the XDS package (/7) (statistics given in
Table 2). Phasing was carried out using a 34 MAD
experiment that exploited the signal from endogenous zinc
ions. The location of anomalous scatterers and phase
calculation were conducted with SOLVE (/8), while density
modification and initial model building were conducted in
RESOLVE (79). Further automated building used ARP/
wARP (20). Manual model editing was conducted in O (27)
and final refinement in PHENIX (22). The final model
contains all protein residues with the exception of C-terminal
residue S161 in chains B and C that was not visible in
electron density maps.

Crystals of B2¢1¥P grew from 1.8 M ammonium sulfate,
0.1 M Tris (pH 8.5), and 5% glycerol at 18 °C (protein
concentration like that of the wild type). X-ray data were
collected on an Elliot GX20 rotating anode up to 3.4 A
resolution. Crystals belonged to space group P2,2,2; with
six B-box protomers (three biological dimers) per asymmetric
unit and the following cell dimensions: a = 60.77 A, b =
66.80 A, and ¢ = 77.40 A. Lattice reconstruction was by
molecular replacement in PHASER (23) using the wild-type
monomer lacking zinc ions as a search model. Map calcula-
tion was preceded by mild refinement.

Analytical Ultracentrifugation. Sedimentation equilibrium
data were recorded using an Optima XL-A analytical
ultracentrifuge (Beckman Instruments) equipped with 4 and
12 mm Epon double-sector cells in an An-60 Ti rotor and
absorption optics. Runs were performed at 20 °C in 50 mM
Tris (pH 8.0) and 150 mM NaCl at 24000, 28000, and 34000
rpm and protein concentrations of 0.025—0.4 mg/mL, where
OD values remained linear. A detection wavelength of 232
nm was used because of the low extinction coefficient of
the sample. Average molecular masses were evaluated using
SEGAL (24). A protein partial specific volume of 0.73 mL/g
was employed, while the solution density was taken to be
1.003 g/mL and the viscosity to be 1.02 cP.

NMR Experiments. "N-labeled B2 was expressed in M9
minimal medium using "NH4CI as the nitrogen source and
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Table 2: X-ray Data and Model Refinement Statistics

MAD (six zinc atoms)

peak inflection remote

space group
unit cell dimensions

solvent content

X-ray source

detector

energy (keV)

resolution (A)

no. of unique reflections/Bijvoets™*

X06SA (SLS)
MAR-CCD225

18—1.9 (2.0—1.9)
20520 (2851)

12.3000 9.8825
15-3.35 (3.4—3.35)
33994 (1556)

P6522

a=b=7622A c=14693 A, 0. = = 90°, y = 120°

69%
ID23-1 (ESRF)
ADSC Quantum Q210
9.6624 10.2000
15—3.45 (3.5-3.45) 15—3.5 (3.55-3.5)
*31059 (1347) *209580 (1216)

R-factor (%) 7.1 (38.6) 11.1 (42.6) 10.6 (41.6) 12.9 (47.5)
multiplicity 10.4 (10.7) 3939 3.7 @3.7) 3939
completeness 99.7 (100.0) 98.8 (99.7) 98.2 (99.4) 98.2 (98.9)
Ilo() 20.7 (7.8) 9.8 (3.5) 10.1 (3.5) 9.2 (3.1)

no. of reflections in working/free set 19667/853

no. of protein chains 3

no. of protein residues/solvent atoms/zinc ions 139/158/6

R-factor/Ryee (%) 19.9/25.2

rmsd for bond lengths (A)/angles (deg) 0.012/1.35

Ramachandran plot, residues in disallowed regions

1 (Q44 in chain A)

following the protocol described above. This resulted in
production of an insoluble sample, presumably due to the
formation of Zn3(PO,), sediments that depleted the medium
of soluble zinc. Thus, refolding and purification protocols
like those described for B2€137P were followed for all labeled
samples used in NMR measurements.

NMR data were recorded at a sample concentration of 3
mM in 20 mM Tris (pH 7.0), 75 mM NaCl, and 10 mM
p-mercaptoethanol. Protein backbone N and 'H resonances
were assigned with 'N-separated NOESY and TOCSY
spectra. The oligomeric state of MuRF1 B2 was estimated
from 'H T, spin echo relaxation measurements as well as
BN T}, BN T,, and N heteronuclear NOE data. N
relaxation data were analyzed with TENSOR (25). RDCs
were measured in a solution of 1 mM protein dissolved in
20 mM Tris (pH 7.0), 75 mM NaCl, and 10 mM S-mercap-
toethanol supplemented with Pf1 phage (ASLA Biotech) (26)
at a concentration of 15 mg/mL. The electrostatic alignment
was tuned by addition of NaCl to a final concentration of
150 mM. Intersubunit NOE:s to residue F148 were identified
using a two-dimensional NOESY spectrum with a mixing
time of 100 ms. Spectra were recorded on a BRUKER DRX
600 spectrometer equipped with a TXI probe and on a
BRUKER DRX 800 spectrometer equipped with a TCI
cryoprobe. Data were processed with NMRPipe (27) and
analyzed with PIPP (28).

Multiangle Light Scattering Coupled to Size Exclusion
Chromatography (SEC—MALS). Measurements were per-
formed on an AKTA basic system (GE Healthcare) con-
nected to a tri-angle light scattering detector and a
differential refractometer (miniDAWN Tristar and Optilab,
respectively). A Superdex 200 HR 10/300 GL column (GE
Healthcare) was used in 50 mM Tris (pH 8.0) and 100
mM NaCl at a flow rate of 0.7 mL/min. Sample volumes
of 100 uLL were injected at a concentration of 2 mg/mL.
A specific refractive index increment (dn/dc) value of
0.185 mL/g was used. The data were recorded and
processed using ASTRA (Wyatt Technology). To deter-
mine the detector delay volumes and normalization
coefficients for the MALS detector, a BSA sample (Sigma
catalog no. A-8531) was used as a reference.

RESULTS AND DISCUSSION

Crystal Structure. The structure of human MuRF1 B2 has
been elucidated by X-ray crystallography to 1.9 A resolution
(Figure 2a). The crystal form used in this study contains three
molecular copies in its asymmetric unit that are nearly
identical [average rmsd of 0.30 A for 43 matching Ca. atoms,
calculated using SPDBV (29)]. Crystallographic data show
that the B2 domain spans residues HI 19—L159 in MuRFI.
It consists of a structural core formed by an a-helix (al)
that packs against a three-stranded antiparallel S-sheet
(B1—/33), supporting three loop regions (L1, L2, and L3)
involved in zinc binding, where L2 is, in fact, a conserved
p-turn. Anomalous difference Fourier maps revealed that
each molecular copy of B2 binds two zinc ions in cross-
brace topology at a mutual distance of ~10.7 A, in agreement
with inter-zinc distances observed in other B2 boxes
(10.3—10.9 10%) (Figure 2b). Zinc-binding site Znl involves
residues C122xxH125 and C142xxC145, while site Znll
involves C134xxC137 and H151xxC154. The C-terminal
cysteine ligand, C154, is a unique feature of human MuRF
proteins. This residue is a conserved histidine in all other
B2 boxes [52 sequences analyzed (Figure S1 of the Sup-
porting Information)]. Thus, MuRF1 B2 is a representative
of the CHC,C,HC B2 subtype.

The crystal structure of the MuRFI B2 monomer is in
good agreement with NMR models of the B2 domains from
ATDC (2CSV), TRIM39 (2DID), TRIM41 (2EGM), TRIMS
(2YRG), MID2 (2DJA), MID1 (9), and MuRF1 (2D8U)
(Figure 2b). A more detailed comparison of the crystal and
NMR structures of MuRF1 B2 is given in Figure S2 of the
Supporting Information.

In the B2 motif, zinc is coordinated through highly
conserved cysteine and histidine residues, with the exception
of the fourth ligand (in site ZnlI) that is broadly degenerated.
This position is often occupied by an aspartate residue (31
occurrences in 52 sequences), but it can also host a cysteine
(16 of 52), a glutamate (3 of 52), a histidine (1 of 52), or a
serine (1 of 52) (Figure S1 of the Supporting Information).
All models of B2 boxes elucidated to date display regular
aspartates in this location, with the exception of MuRF1 B2
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FIGURE 2: Structural characterization of B-boxes. (a) Crystal structure of MuRF1 B2. Metal binding ligands are displayed. The N- and
C-terminal zinc ions are colored blue and red, respectively. Secondary structure elements and loops are labeled. (b) Superposition of B2
structures available to date, where MuRF1 B2 is highlighted in cyan. (c) Superposition of MuRF1 B2 (cyan) and MID1 B1 (gray), where
loop insertions in the B1 family are colored red. (d) Structure-based sequence alignment of B-boxes with known structure. Secondary
structure elements and loop regions are colored as in panel a. Metal ligands are highlighted in black, numbered, and colored according to
the metal site they form. The mutated cysteine residue in the B3P variant is colored orange. The cross-brace topology is sketched.

that contains a cysteine. To investigate whether aspartate and
cysteine ligands are interchangeable at this position, we
analyzed a C137D mutated variant of MuRF1 B2 (B2¢137P),
Comparative 'H NMR measurements showed that both wild-
type B2 and B2¢37P shared a high degree of spectral
similarity, indicative of common structural features. This was
confirmed by a subsequent crystallographic analysis of
B2€137D which demonstrated that the amino acid substitution
neither influences the fold nor alters its zinc binding
properties.

MuRF1 B2 Has a Dimeric Structure. The crystal structure
of MuRF1 B2 reveals a dimer, where the al helix of one
protomer docks into a concave depression formed by the
o-helix and fS-sheet of the other subunit (Figure 3b).
The interface, which comprises an area of 515 A? (calculated
using the PISA server), contains clusters of hydrophobic and
polar interactions (Figure 3c). Hydrophobic interactions
involve residues M 144 and F148 in helix al of one subunit
and residues I132” in strand $1 and 156’-VAP-158’ in strand
f33 of the other subunit. Polar contacts are established by

residues E128—N131” and by the mutual packing of residue
S143 from both ol helices. Electron density maps for
interface groups are shown in Figure S3 of the Supporting
Information.

The groups involved in dimer formation in MuRF1 B2
are relatively well conserved within the B2 family (Figure
S1 of the Supporting Information), in particular the hydro-
phobic groups in strands 1 and 53 and helix a1. Remark-
ably, positions S143 and F148 are subject to compensatory
sequence variations, where position 143 commonly hosts a
hydrophobic group and position 148 is most frequently a
serine. The L1 loop also shows a propensity to host charged
residues that could form interactions across protomers
equivalent to those of MuRF1 B2, although a pattern of
conservation is not detected. Thus, one might speculate that
other B2 boxes could also dimerize following the pattern of
MuRF1 B2. In contrast, Bl boxes seem to be unlikely to
adopt this dimerization model. As opposed to the short loops
of B2 boxes, which are conserved in length, B1 boxes contain
two long variable regions following the second and seventh
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FIGURE 3: Dimeric structure of MuRF1 B2. (a) Fitting of 'H—'N RDC data to the crystal structures of the monomer (top), the dimer in the
asymmetric unit (middle), and the dimer formed by crystallographic symmetry (bottom). (b) Stereo representation of intersubunit NOEs (15
in total; shown as dashed lines) measured between the protons of F148 and neighboring hydrophobic residues. (c) Stereoview of the interface
contacts in the crystal structure of dimeric MuRF1 B2. Hydrophobic groups are colored green and highlighted using van der Waals spheres.

Polar interactions are represented as dashed lines.

zinc ligands (2) (Figure 2c,d). In MID1 Bl (/2), the
C-terminal insertion adopts a bulky, “lasso-like” structure
stabilized by conserved proline residues that can be expected
to sterically prevent the formation of a dimeric arrangement
like that of MuRF1 B2.

Oligomeric State in Solution. To establish the oligomeric
state of MuRF1 B2 in solution, we analyzed it using
analytical ultracentrifugation. Sedimentation equilibrium
experiments confirmed the dimeric character of the domain
and suggested a strong association constant (Figure 4a). Since
the sample remained predominantly dimeric at the lowest

assayed concentration of 4.8 uM, we concluded that the
dissociation constant of the interaction must be below that,
possibly in the submicromolar range.

These conclusions were supported by NMR data obtained
from "“N-enriched samples. The correlation time (z.) at 25
°C derived from 'H T and a complete set of '*N relaxation
data (T}, T», and {'H}—"N NOEs) was 6.4 & 0.1 ns,
corresponding to a molecular mass (M;) of ~12 kDa,
approximately twice that of a B2 monomer (5.2 kDa).
Experimental diffusion parameters and residue-specific re-
laxation properties are given in Table 1 and Figure S4 of
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FIGURE 4: Oligomeric states of MuRF1 B2 and CC domains. (a)
Molecular masses (M;) of MuRF1 B2 calculated from sedimentation
equilibrium measurements. (b) SEC—MALS measurements of
MuRF1 CC and B2CC truncated variants. The average M, per
volume unit (dots) and the normalized refractive index (solid lines)
are shown. The theoretical M, values of the dimeric states of CC
and B2CC constructs are represented as dashed horizontal lines.
Unfolding of B2 in the B2CC variant was achieved by mixing with
50 mM EDTA and 10 mM fS-mercaptoethanol for 16 h at 4 °C.

the Supporting Information. The stability of the dimer was
confirmed by monitoring the sample through a dilution series
['H—"SN HSQC spectra in the concentration range 3—0.3
mM and 'H spectra for further dilutions down to 20 uM
(Figures S5 and S6 of the Supporting Information)]. In
agreement with sedimentation equilibrium data, NMR spectra
remained virtually unchanged at the concentrations that were
tested, indicating that MuRF1 B2 retained its association state
through the concentrations that were assayed. Equivalent
results were obtained from the NMR analysis of B2¢137P,
proving that the dimerization properties of this domain are
independent of its zinc-binding ligands.

Validation of the Dimer Structure. To assess whether the
dimer of MuRF1 B2 in the crystalline state corresponds to
that in solution, 'H—'H NOE and '"N—'H residual dipolar
couplings (RDCs) recorded from weakly aligned samples in
a medium containing Pfl phage were compared to all
possible structural models derived from the crystal lattice,
namely, (i) the monomer, (ii) the dimer in the asymmetric
unit (described above), and (iii) one additional dimeric form
that arises in the lattice by crystallographic symmetry (Figure
3a). A description of the lattice of this crystal form is given
in Figure S7 of the Supporting Information. The NMR data
(Figure S8 of the Supporting Information) revealed 15 NOEs
between the H® and H¢ ring protons of residue F148 and the
cluster formed by 1132, V156, A157, and P158. These are
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perfectly satisfied by dimer ii as short intermolecular contacts
(<5 A) (Table S1 of the Supporting Information and Figure
3b) but cannot be satisfied within the monomeric structure
(1) or the lattice dimer (iii) [in which the respective proton
distances are >10 A (Table S1 of the Supporting Informa-
tion)]. It should be noted that dimer ii, but not dimer iii, has
its termini arranged in parallel and is consistent with the
known composition of the TRIM fold where the B2 box is
followed by a parallel coiled coil domain.

This result was in agreement with a subsequent analysis
based on RDC data (Figure S9 of the Supporting Informa-
tion), where alignment tensors were obtained by fitting the
RDCs to the respective coordinates (models i—iii) (Figure
3a). In the case of dimeric structures, dipolar couplings for
the equivalent internuclear vectors in both protomers are
averaged. Thus, one of the principal axes of the alignment
tensors for dimers must coincide with the dimer C; axis, and
monomeric and dimeric forms cannot be distinguished on
the basis of the fitting of RDCs to coordinates alone. The
RDC data showed excellent agreement with the tertiary
structure of the monomer (i) in the crystal (Q = 0.21;
Q-factor definition as in ref 30), confirming that the crystal
structure of the MuRF1 B2 protomer represents closely the
protein in solution. The fitting of RDCs to the noncrystal-
lographic dimer ii yielded an agreement (Q = 0.22) similar
to that of the monomer, which is expected if the internal
symmetry of the dimer in the crystal is identical to that in
solution. In contrast, lattice dimer iii fitted the data poorly
(Q = 0.64), which rules out the existence of this form in
solution. Thus, both NOE and RDC data corroborated the
initial expectation that the dimer revealed by the crystal
structure coincides with that present in solution.

Distinct Dimerization Pattern. The dimeric arrangement
of MuRF1 B2 is different from that of other RING-like
domains (Figure 5). Even though the dimerization modes of
RING folds are highly heterogeneous, involving different
secondary structure elements and sequence groups, some
general patterns can be observed. The RING finger of RAG1
(31), the heterodimeric BRCAI—BARDI tumor suppressor
(32), the homodimeric FYVE domain from EEA1 (33) and
the U-box of CHIP (34, 35) self-assemble via additional
a-helical extensions. In those cases where direct contacts
across the zinc-binding motifs are present, as in the Hdm?2
RING (36) and the Prp19 U-box (37), these commonly
involve the 5-sheet component and/or its neighboring loop
region. Helix ol invariably lies in the outside, opposite
to the dimer interface. A similar arrangement is also
observed in the tandem interaction of boxes B1 and B2
in MID1 (38). By comparison, the MuRF1 B2 dimer could
be regarded as having a “reverse” geometry. Furthermore,
in the absence of additional helical extensions [with the
exception of Hdm2 RING (36)], the self-association of
other motifs appears weak (37), while the dimerization
of MuRF1 B2 is stable and occurs at low concentrations.
This suggests that the B2 box might contribute to the
overall assembly of MuRF1.

Contribution of B2 and CC Domains to MuRF1 Quater-
nary Structure. MuRF1 contains a dimeric CC motif C-
terminal to its B2 box (/4). To investigate how the
dimerization properties of the B2 motif relate to those
imposed on MuRF1 by its CC domain, we compared the M,
values of two MuRF1 variants corresponding to the isolated
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FIGURE 5: Dimeric structure of RING-like motifs. Structures correspond to the Hdm2 RING domain (2HDP), the U-box (2BAY), dimerization
and U-box domains of CHIP (2F42), the BRCA1—BARDI heterodimer (1JM7), the CHIP—Ubc13—Uevla complex (2C2L), and the EEA1

homodimer (1JOC).

CC motif (MuRF1 CC) and the B2 box followed by the CC
motif (MuRF1 B2CC) (construct definition as in Figure 1)
using multiangle light scattering coupled to size exclusion
chromatography (SEC—MALS) (Figure 4b). The data showed
that MuRF1 CC forms dimers as main species in solution
but that the presence of B2 in the B2CC variant leads to the
formation of higher-order oligomeric species. Even though
the polydispersity of the resulting assemblies did not allow
calculation of their M, accurately, this could be approximated
to that of hexameric or octameric formations. To verify that
the increased level of assembly in B2CC was due to the
presence of the B2 box, a B2CC sample in which the B2
had been unfolded by metal depletion (using EDTA) was
assayed. The latter formed exclusively dimers mediated
by the intact CC fraction (Figure 4b), proving that B2
induces a high-order association. Clearly, the oligomeric
state of full-length MuRF1 must become known before
the physiological relevance of the B2-induced higher-order
assembly can be established. Nonetheless, it is worth
noting that these findings correlate with the evolutionary
invariability of the B2 domain directly preceding the CC
region, which suggests that the B2CC fraction might act
as an integrated module in securing the correct quaternary
structure of the TRIM fold.

Surface Features. To reveal the possible determinants of
protein interaction in MuRF1 B2, we examined its surface
topography. Each protomer exhibits a long, shallow groove
that encircles the C-terminal metal site Znll formed by loops
L2 and L3. The groove comprises a hydrophobic cluster
contributed by the solvent-exposed surface of the S-sheet
that includes the highly conserved aromatic residue Y133.
This groove does not resemble those defining ubiquitin ligase
activity in RING domains (34), suggesting that this B2 box
is unlikely to be involved in ubiquitination. Instead, one
might speculate that the hydrophobic features of this groove,
which are conserved in B2 sequences, might mediate the
heterologous interactions established by this motif. These
conclusions concur with those obtained from MID1 B2,
whose role in ubiquitination was also thought to be unlikely
and whose hydrophobic surface area was suggested as
possible mediators of protein interactions (9). Potentially,
this feature of the B2 motif might provide specificity when
strategies for attempting the therapeutic targeting of TRIM
proteins are designed.

Comparative Overview. The B-box fold belongs to the
RING finger superfamily of zinc-binding motifs, which
comprises RING (39), PHD (40), FYVE (41), ZZ (42),
U-box (43), and B-boxes Bl (8) and B2. These folds,
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although poorly related in sequence and loop structure, share
a common SBfa core that supports the ligation of two zinc
ions in a cross-brace fashion (Figure S10 of the Supporting
Information) [with the exception of the U-box domain that
does not bind zinc but, instead, exhibits a network of
hydrogen bonds and salt bridges (43)]. The different folds
become individualized through the nature of their conserved
zinc binders and the length and composition of the spacing
sequences, which confer them substantial structural plasticity
and allow a broad range of protein interactions and cellular
roles to be supported. The B2 box is the most compact of
these folds. The short sequences between its metal binders
result in an inter-zinc distance of ~10.7 10\, similar to that
of the FYVE motif, but shorter than that of ZZ and B1 boxes
(~13 A) and RING and PHD domains (~14 A). Conserved
hydrophobic residues within the respective RING folds
mediate the packing of the f3-sheet against the o-helix and
are primarily located around the fifth metal ligand, in the
segment connecting strand 2 to helix ol (Figure S10 of
the Supporting Information). Interestingly, the hydrophobic
residues of MuRF1 B2 in this position do not form a motif
core but are part of its dimerization interface. In fact, MuRF1
B2 does not have a defined hydrophobic core beyond the
interaction of V156 with the aliphatic chain of K146,
indicating that it is mostly stabilized by metal binding and
self-assembly.

The o/f core of RING folds is most structurally similar
at metal site Znl, while the loops and metal ligands around
C-terminal site Znll display significant variability, both
within and across families (Figure S10 of the Supporting
Information). Also in the B2 group, variations accumulate
around Znll. All structures available to date correspond to
the predominant CHCDC,H, form, while MuRF1 B2 is the
only representative of a CHC,C,HC variant. The difference
in metal binders, however, does not translate into noticeable
structural differences in the family, which forms a closely
related structural group (Figure 2b). Finally, MuRF1 B2 is
to serve as a close representative of the B2 domains of the
MuRF2 and MuRF3 members of the MuRF family. Since
this box contains unique structural features in contrast to
other RING-like folds, it might provide specificity for the
therapeutical targeting of MuRF1. In this respect, future
studies of the molecular interactions established by this B2
domain will shed light on its cellular role and potential
pharmacological relevance.
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its possible dimeric states in the crystallographic lattice
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(Figure S2), views of the (2Fobs — Fealc)Qcalc €lectron density
map (Figure S3), NMR relaxation data (Figure S4), assigned
HSQC NMR spectrum (Figure S5), comparative HSQC data
for diluted B2 samples (Figure S6), description of dimeric
formations in the crystalline lattice (Figure S7), NOE data
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(Figure S8), RDC data (Figure S9), and a comparative
overview of RING-like motifs (Figure S10).
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