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ABSTRACT: Siah-interacting protein (SIP) was identified as a novel adaptor that physically links the E3
ubiquitin ligase activity of Siah-1 with Skp1 and Ebi F-Box protein in the degradation ofâ-catenin, a
transcriptional activator of TCF/LEF genes. In this study, we have used solution NMR spectroscopy to
characterize the domain structure of SIP, which includes a novel helical hairpin domain at the N-terminus
flexibly linked to a CS domain and an unstructured carboxy terminal SGS domain. These studies have
been complemented by mapping the sites of functionally important protein-protein interactions involving
Siah-1 and Skp1 to individual domains of SIP. NMR-based chemical shift perturbation assays show that
Siah-1 interacts with the flexible linker between SIP N and CS domains. This site for interaction in the
linker does not perturb residues in the structured region at the N-terminus but does appear to restrict the
rotational freedom of the SIP CS domain in the context of the full-length protein. In contrast, Skp1 engages
the SIP CS domain exclusively through weak interactions that are not coupled to the other domains. The
principal role of the modular structure of SIP appears to be in bringing these two proteins into physical
proximity and orchestrating the orientation required for polyubiquitination ofâ-catenin in the intact SCF-
type complex.

Ubiquitin-dependent proteolysis pathways play a crucial
role in regulating the cell cycle, proliferation, and differentia-
tion (19). These regulatory pathways employ a complex
assembly of proteins built around the catalytic activities of
ubiquitination enzymes to recruit and process various
substrates for degradation in the proteosome (43). Some of
the most important substrates include a variety of transcrip-
tion factors whose activity is tightly regulated through
degradation and modification by ubiquitin and small ubiq-
uitin-like molecules (8). A crucial cellular target isâ-catenin,
which associates with TCF-LEF transcription factors in the
nucleus (6) and triggers the expression of cell cycle proteins
such as cyclin D1 (48), c-myc (17), and metalloproteinases
(4). Sinceâ-catenin is readily transported into the nucleus,

resulting in aberrant transcriptional activity of the TCF-
LEF complex, multiple ubiquitination pathways regulate its
cytosolic levels, including Wnt signaling (reviewed in ref
42), FLIP inhibition of Fas signaling (38), activity of retinoid
X receptor (52), and a fourth mechanism triggered in
response to p53-dependent expression of the E3 ligase Siah-1
(35). There is very strong evidence to support the role of
disabling these pathways in the onset of various cancers (32,
36).

Siah-1 is a conserved E3 ligase and a homologue of
Drosophilaseven in absentia gene (Sina)1 required for the
degradation of the transcriptional repressor Tramtrack during
R7 photoreceptor development (26). In humans, the promoter
of Siah-1 gene expression is a target of p53 transcriptional
activity and hence of interest in tumor suppression (14, 29,
31, 34, 35). The Siah-1 degradation pathway has attracted
special attention because it provides a mechanism for
eliminating â-catenin that is independent of its state of
phosphorylation (35). The significance of the Siah-1 pathway
is underscored by its ability to target mutantâ-catenin
overlooked by canonical phosphorylation-dependent Wnt
signaling (44).

The molecular architecture of the Siah-1 E3 ubiquitin
ligase activity inâ-catenin degradation is complex. The core
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of the complex is formed by a novel Cullin-1-like adaptor
protein SIP, which provides a physical link between the
RING domain of Siah-1 and the substrate engaged by the
Skp1/Ebi F-Box protein (Figure 1).â-Catenin is specifically
recognized by the WD-40 repeat domain of the F-Box protein
Ebi and poised for the transfer of ubiquitin from the E2 ligase
Ubc-H5/H9 positioned by the RING domain of Siah-1. APC
plays an important stabilizing role in this complex through
interactions with both Siah-1 andâ-catenin (34).

The focus of this study is to elucidate the structural role
of SIP in the assembly of the Siah-1-mediated E3 ligase
complex (35). Sequence analysis of the 229-residue SIP
protein revealed three distinct regions (Figure 1). The amino
acid sequence of the N-terminal region (residues 1-77)
displays novel features with some predicted coiled-coil
propensity. Although little is known about the structure of
this region, it is crucial for interactions with Siah-1 (35).
The N-terminal region is followed by a CS domain (residues
74-178), which is fused to a SGS domain (residues 152-
229). Functionally, SIP(74-229) has been implicated in
interactions with Skp1 (35), which implies SIP bridges the
E2-presenting protein Siah-1 with the substrate binding
protein Ebi (Figure 1).

Independent studies by Kuznicki and co-workers (11, 13)
have identified the SGS domain as a site for interactions
with calcium binding EF-hand proteins belonging to the S100
family. It has been hypothesized that S100 proteins regulate
the cellular localization of SIP to the perinuclear region in a
phosphorylation-dependent manner (12, 51). However, the
phosphorylation of SIP has no clearly defined role in
â-catenin degradation (35).

This report describes the characterization of the modular
structure of SIP and an analysis of the network of protein-
protein interactions that are important for its function.
Solution NMR techniques have been used to characterize
the structure of the three domains of SIP in isolation and
the extent of coupling in the intact protein. Chemical shift
perturbation assays were applied to map the SIP binding sites
for Siah-1 and Skp1. These results provide for the first time
structural details of the multiple sites of protein-protein
interactions on SIP and insight into the dynamic mechanism
that drives the formation of the Siah-1 E3 ubiquitin ligase
complex.

MATERIALS AND METHODS

Protein Expression and Purification.Expression systems
for intact mouse SIP (residues 1-229) and SIP fragments
(residues 1-77, 74-178, 178-229, 155-229, and 73-229)
were subcloned from mouse cDNA into the pET28a vector
(Novagen), which produces six-His tag fusion proteins
separated by a thrombin cleavage site. The gene for human
Skp1 was a gift from R. Y. Poon (Hong Kong University)
and subcloned into a pET28a vector. The gene for mouse
Siah-1 (residues 90-282) was subcloned into a pSV278
plasmid (L. Mizoue, Center for Structural Biology, Vander-
bilt University), which produces a MBP fusion-tagged protein
with an N-terminal His tag. The proteins were overexpressed
in Escherichia colistrain BL21(DE3) cells and purified on
Ni-NTA resin (Qiagen). The N-terminal His tag or MBP
fusion tag was removed by thrombin cleavage followed by
separation of products over Ni-NTA resin and a MonoQ
column. 15N-enriched and15N- and 13C-enriched proteins
were produced in the same manner using minimal medium
containing [13C6]glucose and15NH4Cl as the sole carbon and
nitrogen sources, respectively.

Affinity Chromatography.Affinity resin prepared by
coupling intact Skp1 to CNBr-Sepharose beads was equili-
brated with buffer containing 20 mM Tris-HCl and 1 mM
PMSF at pH 7.5 in microcentrifuge tubes (11). Purified
fragments of SIP (5-10 µg) were dissolved in the equilibra-
tion buffer and incubated with the affinity resin for 15 min
at room temperature. The unbound fraction was removed by
centrifugation, and the resin was washed five times with the
aforementioned buffer. Bound proteins were then eluted from
the affinity resin with a buffer containing 0.5 M NaCl. The
competitive binding assays were performed using a similar
protocol by using SIP-conjugated beads and including 1 mM
CaCl2 or 2 mM EGTA in the incubation buffer. In all
experiments, the eluant was analyzed by SDS-PAGE and
Western blots.

NMR Samples.Unlabeled and15N-enriched samples of
intact SIP, various SIP fragments (residues 1-77, 74-178,
and 178-229), and Skp1 were prepared in 20 mM NaPi and
50 mM NaCl at pH 7.0 in a 90% H2O/10% D2O mixture.
Additional samples of13C- and15N-enriched SIP(1-77) and
SIP(74-178) were prepared under identical buffer conditions
in a 90% H2O/10% D2O mixture or 100% D2O. The protein
concentration in the various samples used for acquiring
multidimensional NMR data was determined from the UV
absorbance at 280 nm and ranged from 1 to 2 mM.

NMR Resonance Assignments.NMR data were acquired
at 303 K on BrukerAVANCE600 and 800 MHz spectrom-
eters and then processed and analyzed using Felix 2000.1
(Accelrys Inc.). The backbone and side chain chemical shifts
of SIP(1-77) were assigned using three-dimensional (3D)
HNCA, 3D HN(CO)CA, 3D HNCACB, 3D CBCA(CO)-
NH, 3D HNCO, 3D HC(C)(CO)NH, 3D (H)CC(CO)NH, 3D
TOCSY-HSQC, 3D HCCH-TOCSY, two-dimensional (2D)
1H-1H TOCSY, and 2D1H-1H DQF-COSY experiments
(reviewed in refs5, 37, and46). With the exception of M1,
Q51, and the last three residues at the C-terminal tail (K75,
I76, and S77), the backbone was completely assigned as well
as more than 95% of the side chain chemical shifts.æ angles
were measured from3JNR andø1 angles from4JNâ coupling
constants extracted from 3D HNHA and 3D HNHB experi-

FIGURE 1: Schematic diagram of the Siah-1-SIP-Skp1-Ebi
ubiquitination complex. Shown below is the domain organization
of SIP and sites of protein-protein interactions. Residues contained
within each domain of SIP are labeled.
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ments, respectively (2). Methyl group stereospecific assign-
ments were obtained from a13C-1H HSQC spectrum
acquired on a 10%13C-labeled sample (39). Stereospecific
assignments for Hâ protons were obtained from the analysis
of 3JRâ coupling constants extracted from a 3D HACAHB-
COSY experiment (16). Distance restraints used for structure
calculations were derived from 3D15N-edited NOESY-
HSQC and 3D13C-edited NOESY-HSQC experiments.

The backbone chemical shifts of the SIP CS domain (95
of 103 residues, two Pro residues) were assigned using 3D
HNCACB and 3D CBCA(CO)NH experiments. At neutral
pH, cross-peaks from eight residues at the unstructured
C-terminal end are exchange broadened. They were observed
in spectra acquired at only pH 4.5.

Perturbation Assay.All NMR experiments were performed
using a BrukerAVANCE600 MHz spectrometer equipped
with a CryoProbe. For analyzing interactions with Siah-1, a
1:1 mixture of15N-labeled SIP(1-77) and unlabeled Siah-1
at a final protein concentration of 25µM was prepared in a
buffer containing 20 mM Tris-HCl, 25 mM NaCl, and 10
mM BME at pH 7.2. 2D 15N-1H HSQC spectra were
acquired at 303 K with 128 scans. A similar 1:1 complex
was prepared with15N-labeled SIP and unlabeled Siah-1 at
final protein concentrations of 30µM in a buffer containing
50 mM Tris-HCl, 25 mM NaCl, and 10 mM BME at pH
7.0. For this sample, 2D15N-1H HMQC spectra were
acquired at 310 K with 256 scans. This experiment was
repeated under identical conditions with a complex contain-
ing SIP(74-178) and Siah-1 proteins in a 1:2 molar ratio.

For titrations with Skp1, 100µM 15N-labeled samples of
SIP and SIP(73-229) in 20 mM NaPi, 50 mM NaCl, and 5
mM DTT at pH 7.0 were titrated with concentrated solutions
of Skp1 prepared in an identical buffer. 2D15N-1H HSQC
spectra were acquired at 303 K with 32 scans.

Structure Calculations.Input distance constraints for
SIP-N were generated from NOESY cross-peak intensities
with the upper bounds set to 3.5, 4.5, and 6.0 Å. Theæ and
ψ angles for the helical regions were restrained to-65 (
25° and-45 ( 25°, respectively, based on the3JNR values
and CSI analysis within TALOS (7). Since residues 56-77
do not have regular secondary structure and are not associated

with any long-range NOEs to the remainder of the protein,
this region was excluded from the subsequent calculations.

An ensemble of 100 structures was first generated in
CYANA (version 1.0.6) (18) using 18 restraints per residue
(Table 1). SANE (9) was used for distance filtering in several
iterations of structure-based NOE assignments. The 50 best
structures with a target function of less than 1.5e-04 were
selected for 3000 steps of restrained energy minimization
followed by two rounds of restrained simulated annealing
calculations over 20 ps in AMBER version 7.0 (41). The
final structures were selected on the basis of lowest constraint
violation energies and large negative molecular energies. A
minimum of 20 structures was found to be adequate to
represent the family (47). Analysis of the ensemble with
PROCHECK_NMR (25) revealed more than 98% of the
residues in the allowed regions of the Ramachandran plot.
The structural coordinates have been deposited in the Protein
Data Bank (entry 1YSM) and the chemical shifts in the
BioMagResBank (entry 6498).

A homology model of the SIP CS domain was built using
the NMR structure of the Sgt1 CS domain (35% identical
sequence) as a template in the 3D-PSSM webserver (23).
The predicted secondary structure agrees with CSI analysis
performed with the backbone chemical shifts (BMRB entry
6500) within TALOS.

RESULTS AND DISCUSSION

Structural Characterization of SIP.The structural proper-
ties of SIP were investigated by comparing the15N-1H
HSQC NMR spectra of the intact protein with those of the
isolated domains. To this end, a series of bacterial expression
vectors were constructed on the basis of sequence analysis
(Figure 1), and the proteins were produced by standard
methods. Figure 2 shows the HSQC spectra for residues
1-77, 74-178, and 178-229. The dispersion of NMR
resonances clearly shows that the N-terminal and central
fragments contain independent folded globular domains,
whereas the C-terminal fragment is not folded. Additional
spectra were acquired for residues 155-229 and 73-229
(Supporting Information), but the lack of signal dispersion
for the C-terminal residues was not affected by extending

Table 1: Structural Statistics for the Structure of the SIP N Domain (residues 1-55)

total no. of constraints 999
no. of intraresidue constraints 340
no. of sequential constraints 200
no. of medium-range constraints 320
no. of long-range constraints 49
no. ofæ/ψ constraints 74
no. ofø1 constraints 16

Average Energy and Restraint Violations

〈distance〉 〈angle〉 〈energy〉 (kcal/mol)

d > 0.2 Å 0.0 θ > 5° 0.0 EAmber -758( 16
0.1 Å < d < 0.2 Å 0.25 θ < 5° 0.05 Econstraint 0.8( 0.3
d < 0.1 Å 1.4 ELennard-Jones -263( 5
〈dmax〉 0.06 〈θmax〉 0.13

Precision (rmsd)

backbone (Å) heavy atoms (Å)

SIP N (residues 3-46) 0.47 1.17
helix I (residues 3-20) 0.22 0.89
helix II (residues 28-46) 0.23 0.97
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the N-terminus of these constructs. Moreover, the 1:1
correspondence between the cross-peaks observed in the sum
of the spectra of the isolated domains of SIP and the spectrum
of the intact protein indicates that the two structured domains
are independent. Analysis of the corresponding CD spectra
indicates the N-terminal fragment contains helical structure,
whereasâ-sheet structure is present in the central CS-
containing fragment. The C-terminal region in isolation or
when fused to the CS domain has a small degree of helical
structure (40). The NMR and CD data are fully consistent
with sequence analysis, dividing the protein into N-terminal
[SIP(1-77)], central CS [SIP(74-178)], and C-terminal SGS
[SIP(152-229)] domains.

To further analyze the structural characteristics of SIP and
delineate the correspondence between assignments for func-
tional versus structural domains, sequence-specific resonance
assignments were made and structures determined for the
N-terminal domain (residues 1-77) and the CS domain
(residues 74-178). This analysis was also required for the
subsequent structural mapping of the binding sites for Skp1
and Siah-1. Of critical importance, because the domains of
SIP are structurally independent, is the fact that the NMR
chemical shift assignments and structures of the fragments

could be directly transferred to the context of the intact
protein.

The three-dimensional structure of the N-terminal domain
of SIP could not be predicted on the basis of sequence
homology and was therefore determined from first principles
using solution NMR spectroscopy. Standard heteronuclear
multidimensional NMR experiments were readily carried out
with this small protein fragment and yielded a large number
of experimental restraints. Table 1 provides a summary of
structural statistics. The ensemble of 20 representative
conformers of SIP residues 1-50 is shown in stereoview in
Figure 3A. The first 47 residues of the domain fold into a
helical hairpin domain with a hydrophobic core stabilized
by a classic knobs-and-holes arrangement of side chains
contributed by the two amphipathic helices (Figure 3B).
Interestingly, the helical packing of the side chains revealed
heptad repeats of hydrophobic and charged side chains
reminiscent of antiparallel coiled-coil domains (30). The 30
C-terminal residues corresponding to SIP(48-77) did not
form regular secondary structure.

The CS domain of SIP is highly homologous to the CS
domain of Sgt1 (34% identical), whose 3D structure has been
reported previously (54). The backbone chemical shifts for

FIGURE 2: SIP has a modular structure.15N-1H HSQC NMR spectra of (A) SIP(1-77), (B) SIP(74-178), (C) SIP(178-229), and (D) the
intact SIP protein. All protein samples were prepared in 20 mM NaPi and 50 mM NaCl buffer at pH 7.0 and 303 K. In the spectrum of the
intact protein, blue circles indicate peaks from SIP(1-77) and red circles those from the CS domain. The unmarked peaks represent the
signals from SIP(1-77) and SIP(74-178) that are overlapped, as well as those that arise from the poorly structured C-terminal region.
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the SIP CS domain were analyzed using TALOS to deter-
mine the distribution of elements of regular secondary
structure. Figure 4 shows a plot of the chemical shift index
for the SIP CS domain, along with a comparison of the
predicted secondary structure with that in p23 and the Sgt1
CS domain. Given the similarity in secondary structure and
the high level of sequence homology, the SIP CS domain
structure could be accurately modeled using the Sgt1 CS
domain as a structural template.

Is NatiVe SIP a Dimer?On the basis of two-hybrid assays
and gel filtration experiments, Matsuzawa and Reed reported
the oligomerization of human SIP protein into higher-order
states and identified the 80 N-terminal residues to be critical
for self-association (35). However, in course of our NMR
studies of intact SIP and SIP(1-77), we did not detect
oligomeric states as would be manifested by large line widths
and poor signal-to-noise ratios. To resolve the apparent
discrepancy between the two studies and to confirm the
monomeric state of mouse SIP(1-77), a series of one-
dimensional proton NMR spectra were acquired at neutral
pH and a wide range of salt concentrations (Figure 5).
Clearly, there is no change in the line widths of peaks
corresponding to amide and aliphatic side chain protons,
suggesting the presence of a single species in the buffer used
for the studies. Furthermore, a sample consisting of a 1:1
mixture of unlabeled to labeled SIP(1-77) protein was used
to probe intermolecular NOEs by filter-edited NMR experi-

ments. But despite our best efforts, we were unable to
confirm the presence of oligomeric states spectroscopically.

Our structural characterization suggests that the gel filtra-
tion results can be explained by the elongated rodlike shape
of SIP with a high degree of anisotropy (1:3, W:L). Our own
experience working with the full-length protein shows it is
prone to nonspecific aggregation at pH 7.0( 2.0, which
appears to be mediated by the differences in the charge of
the three domains of SIP. The N-terminal region of SIP(1-
178) has a high pI of∼9.0 and is basic, while SIP(178-
229) is acidic because of its low pI of∼4.5. We have made
similar observations with other proteins, where acidic and
basic domains are linked at neutral pH. Under the conditions
at which the NMR experiments were performed, the protein
is clearly monomeric. In the absence of a detailed compara-
tive experimental analysis, it is not possible to completely
rule out the possibility that differences in the sequence of
human and mouse SIP or post-translational modifications
give rise to the differences seen between our studies and

FIGURE 3: Structure of the SIP helical hairpin domain. (A)
Stereoview of the ensemble of 20 representative conformers of SIP-
(1-50). The unstructured C-terminal tail corresponding to residues
51-77 is not shown. The side chains of hydrophobic residues Leu,
Val, and Ile are colored green. (B) Single most representative
conformer from the NMR ensemble shown as a ribbon diagram. A
ball-and-stick representation is used for hydrophobic (green),
positively charged (blue), and negatively charged (red) side chains.

FIGURE 4: Secondary structure of the SIP CS domain. Assignment
of secondary structure is based on the chemical shift index
calculated with TALOS (7). Residues withâ-sheet character have
a CSI value of-1 and those withR-helical properties a value of
1. Residues predicted to have secondary structure from sequence
and structural alignment with the Sgt1 CS domain and p23 are
highlighted in gray.

FIGURE 5: 1D proton NMR spectra of 100µM unlabeled SIP(1-
77) dissolved in 50 mM Tris-HCl at pH 7.0 and different NaCl
concentrations. The data were acquired on a 600 MHz Bruker
spectrometer equipped with a CryoProbe at 300 K. The peaks in
the amide and aliphatic regions are plotted in separate panels.
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those reported previously. As such, the two proteins are 96%
homologous with five differences in the putative oligomer-
ization domain of SIP (residues 1-80). It will be important
to determine if the propensity of human SIP to oligomerize
is functionally relevant.

Mapping of Protein-Protein Interaction Sites on SIP.The
structural analysis of free SIP lays the foundation for analysis
of interactions with its two known binding partners in the
Siah-1 E3 complex, Skp1 and Siah-1. The approach that was
used involved NMR chemical shift mapping, taking advan-
tage of the structures, chemical shift assignments, and
modular constructs that were readily available.

SIP and Siah-1 Interactions. Siah-1 is a dimeric protein
with a N-terminal RING domain (residues 1-90), tandem
cysteine rich zinc-binding domains (residues 90-121 and
122-152), and a TRAF-like domain (residues 153-282) in
each subunit (45). The entire C-terminal region (residues 90-
282) is required for dimerization, and the predominantly
electronegative surface of the dimer mediates protein-protein
interactions (10, 27, 33). Although there is significant
variation in the amino acid sequence and affinity of Siah-1
binding partners, a common PxAxVxP binding motif has
been identified in several cellular binding partners (20).

Structural characterization of SIP(1-77) revealed the
putative Siah-1 binding region (Pro61-Pro67, PAAVVAP)
is part of the unstructured linker region (residues 48-73)
that connects the N-terminal helical domain of SIP and the
CS domain. NMR titrations of unlabeled Siah(90-282) into
15N-labeled intact SIP resulted in a loss of peak intensity
and chemical shift changes for residues (Met46-Gly71) in
the linker and, surprisingly, the disappearance of residues
from the CS domain (Figure 6A). In contrast, no changes
were found in the SIP helical hairpin N-domain or in the
SGS domain. These differential effects on residues from
different regions of SIP reflect formation of a specific Siah-1
complex. The observed spectral changes can be attributed

to a combination of two factors. The weak binding affinity
in the range of 1-100 µM (20) would be consistent with
exchange broadening of NMR signals at a 1:1 molar ratio
of the two proteins. Second, the Siah(90-282) dimer
complexed with two SIP molecules exceeds 96 kDa, resulting
in a loss of signal intensity through slower tumbling times.

The loss of signals from the CS domain was puzzling and
prompted further analysis. Although CS domains are known
protein interaction modules, it was assumed that binding to
Siah-1 occurs at the consensus binding motif in the N-
terminal linker. To further delineate the Siah-1 binding site
on SIP, additional NMR binding studies were carried out
on the isolated N-terminal and CS domains. For the SIP
N-terminal region (residues 1-77), differential line broaden-
ing, chemical shift perturbations, and a loss in peak intensity
of residues located in the linker region are observed as in
the intact protein (Figure 6B). In contrast, the NMR signals
of the isolated CS domain behaved differently than those in
the intact protein, as no perturbations in the CS domain were
observed (Supporting Information). This suggests that bind-
ing of Siah-1 to SIP is mediated by the consensus motif in
the linker. In this model, we reason that the CS domain
signals are perturbed by binding of Siah(90-282) not through
direct interaction but rather because the motion of the CS
domain is sterically restricted by its proximity to the larger
Siah(90-282) dimer. As a consequence, the CS domain now
tumbles slowly in solution in synchrony with the Siah-1
dimer, and hence, the intensity of its signals is reduced as
Siah(90-282) is titrated into the SIP solution. In the presence
of the free CS domain, there is no attenuation of signals
because there is no direct binding to the CS domain. This
interpretation is supported by yeast two-hybrid assays with
human SIP(81-228), which showed no interaction with
Siah-1 (35).

The data we have obtained cannot rule out an alternate
explanation, that the interaction of Siah-1 with the CS domain

FIGURE 6: Interaction of SIP with Siah-1 monitored by the NMR chemical shift perturbation assay. (A) A 1:1 complex of15N-labeled SIP
and unlabeled Siah(90-282) at pH 7.0 and 310 K. The black circles indicate peaks from the N-terminal helical region of SIP(1-47) that
are not perturbed by the interaction between the two proteins. (B)15N-1H HSQC spectra of free SIP(1-77) (black) and a 1:1 complex of
15N-labeled SIP(1-77) and unlabeled Siah(90-282) (red) at pH 7.0 and 303 K. Residues in the linker region of SIP(48-73) affected by
binding of Siah-1 are labeled in blue, while those in the helical hairpin domain that are not perturbed by the interaction between the two
proteins are circled in black.
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is very weak. In this model, the effect on the CS domain
resonances in intact SIP arises due to transient, weakdirect
interactions. These interactions are so weak that they fall
below the detection limit in the NMR assay with the isolated
CS domain. However, when the CS domain is attached to
the consensus, higher-affinity interaction site, there is a high
local concentration, which in turn leads to a more detectable
effect in the intact protein. Mutational analysis of residues
at the binding interface should enable differentiation of these
two models.

Interactions of SIP with Skp1. Yeast two-hybrid cDNA
screening methods were used to identify Skp1, a component
of SCF complexes, as a binding partner of SIP(73-229) (35).
To localize the binding site of Skp1, affinity chromatography
experiments were performed with various SIP fragments
(Figure 7). These experiments narrowed the interactions to
the CS domain. To further characterize the interaction
between SIP and Skp1, NMR chemical shift perturbation
assays were performed with intact SIP and the isolated
domains. The results are consistent with the affinity chro-
matography experiments, showing interaction exclusively
with the CS domain. A combination of binding-induced
chemical shift changes and differential broadening of peaks
was observed in the spectra of the isolated CS domain (Figure
8) and intact SIP (Supporting Information). Unlike the case
for Siah-1, the Skp1-induced perturbations observed for the

isolated CS domain were identical to those observed for the
intact protein, further supporting our contention of the
functional independence of the SIP domains. Working from
the resonance assignments, we mapped the chemical shift
changes to residues located at one edge of the SIP CS
â-sandwich structure and solvent-exposed loops shown in
Figure 8. Notably, some of the perturbed residues identified
in this study consist of polar side chains that are highly
conserved across the CS domain sequences as indicated in
Figure 8 (15). Five of these positions (Q83, N104, Q140,
T148, and K157) have been previously implicated in
protein-protein interactions mediated by CS domains in p23
and Hsp20 (15).

The binding site for S100A6 had previously been coarsely
mapped to SIP(155-229) (40). This raised the possibility
that the Ca2+-dependent binding of S100A6 could serve to
regulate interaction of SIP with Skp1 and the consequent
assembly of the Siah-1 E3 ligase. To test this hypothesis,
the interactions of SIP, Skp1, and S100A6 were examined
in a ternary complex. The strategy involved competitive
affinity chromatography experiments (Figure 7). The binding
assays indicate that Skp1 and S100 proteins are able to bind
to SIP independently and therefore must be interacting at
distinctly different sites.

The SIP binding site on Skp1 has been mapped to residues
1-90, which corresponds to the well-known protein-protein

FIGURE 7: Interaction of SIP with Skp1 monitored by affinity chromatography. Skp1-conjugated Sepharose was loaded with SIP fragments
corresponding to residues (A) 1-179, (B) 155-229, and (C) 74-178. The bound fraction of the protein was eluted with 0.5 M NaCl. (D)
Competitive binding assays with SIP-conjugated Sepharose columns loaded with Skp1 and S100A6 in the presence of Ca2+ or EGTA.

FIGURE 8: Interaction of SIP with Skp1 monitored by the NMR chemical shift perturbation assay.15N-1H HSQC spectra were acquired
at pH 7.0 and 303 K. (A) SIP CS domain (black) and 1:2 complex of SIP CS and Skp1 (red). (B) Normalized chemical shift perturbations
obtained from panel A mapped on the homology model structure of SIP CS. Chemical shift differences were calculated using the relation

δ ) x[(∆1H)2 + (0.5∆15N)2]/2. The full range of effects was mapped using the color scheme shown at the right. The side chains are shown
and labeled for five conserved polar residues that are important for CS domain function.
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interaction module, the BTB/POZ domain (35). This domain
has also been shown to be actively involved in interactions
with Cullin-1 from the SCF complex (53, 55). Interactions
with the F-Box from proteins such as Skp2 (55) andâ-TrCP1
(50) have been mapped to the C-terminal region of Skp1. A
similar arrangement is presumably employed in the Siah-1
E3 complex such that the F-Box from Ebi binds in the
C-terminal half of Skp1.

Both our results and previous studies (35) describe the
isolated Skp1 protein as being sufficient for binding SIP.
Affinity chromatography results suggest that the interaction
is relatively weak. The NMR-based chemical shift perturba-
tions indicate no significant structural changes in the SIP
CS domain are induced by the binding of Skp1 (Figure 8).
That the interaction is weak is likely to be functionally
significant, enabling the rapid release of Skp1 for the
formation of other F-Box complexes. However, it is likely
that the Ebi F-Box has an allosteric effect on the structure
and stability of the interactions between SIP and Skp1. The
extensive intermolecular contacts observed in the structure
of the F-Box with Skp1 (50, 55) and elongin C (3) suggest
that the C-terminal helical region of Skp1 may be confor-
mationally heterogeneous in the absence of a binding partner,
but that the interaction with the F-Box will induce structure.
The 15N-1H HSQC spectrum of Skp1 in isolation cor-
roborates this conclusion in that the signals from this region
of the protein are poorly dispersed (data not shown). Further
studies aimed at investigating the specific effects associated
with the formation of the ternary complex are in progress to
verify and refine this model.

CONCLUSIONS

Ubiquitination is now widely recognized as a central
signaling mechanism in biology. It has become increasingly
apparent that a large number of proteins are ubiquitinated at
some stage in their lifetime. There is a need to recognize a
wide range of proteins to ubiquitinate them, and E3 ubiquitin
ligases play a central role in generating this functional
diversity.

The multiprotein SCF assemblies are remarkable examples
of using a combinatorial approach to achieve a high level of
structural and functional diversity. The modular structure of
components is vital for creating an adaptable architecture
that facilitates the rapid assembly, chemical activity, and
subsequent disassembly of the ubiquitination complexes. The
adaptable E3 ligase Siah-1 is one example consisting of a
tandem RING domain and a substrate-binding domain
serving as a scaffold for interactions with a large number of
substrates. Additional functional diversity is generated by
employing a passive linker to interact with Skp1-F-Box
protein subcomplexes.

The accumulated evidence clearly defines multiple roles
for SIP in mediating essential protein-protein interactions.
The relative independence of the structured modules plays
an important role in facilitating the binding of the compo-
nents of the Siah-1-Skp1-Ebi F-Box complex. The NMR
perturbation assays firmly established that Siah-1 interacts
with a flexible linker between the helical hairpin domain at
the N-termini of SIP and the CS domain. An important
outcome of this interaction would be to reduce the confor-
mational entropy in the linker, which will assist in correctly

orienting Siah-1 with respect to the Skp1-Ebi subcomplex.
In contrast, Skp1 appears to engage the SIP CS domain
through transient but specific contacts, an interaction that
appears not to be extensively coupled to the other domains.

CS domains have been identified in a variety of cochap-
erone proteins such as p23 and Sgt1. In these systems, Hsp90
is recruited by the CS domain to regulate the formation of
macromolecular assemblies (1, 22, 28, 49, 54). For example,
Sgt1 recruits Hsp90 to stimulate interactions between Skp1p
and the Ctf13 F-box in the CBF3 subcomplex that are
essential for formation of the kinetochore in budding yeast
(1, 24, 28, 54). Similarly, in plant disease resistance, Hsp90
associates with cochaperones RAR1 and Sgt1 to regulate the
stability and function of the client protein RPM1 (21). On
the basis of these similarities, we predict that SIP will bind
Hsp90 via the CS domain and serve as a cofactor for
stabilizing the interactions with Skp1 and Ebi in the E3 ligase
complex.

SIP appears not to engage in specific catalytic activity but
is part of a growing family of adaptor proteins that mediate
the correct assembly of ubiquitination complexes to achieve
functional diversity. Although theâ-catenin degradation
pathway presents one functional arrangement where SIP links
Siah-1 with the Skp1-Ebi subcomplex, SIP could in theory
recruit substrates directly. This speculation is supported in
part by the example of phyllopod (PHYL), which physically
links the E3 ligase SINA (Siah-1 homologue inDrosophila)
with the transcriptional activator Tramtrack for degradation
in the Sevenless pathway (27). The parallel between the
complexes is intriguing when one considers the fact that
PHYL employs a Siah-1 binding motif similar to SIP to bind
SINA, but a novel sequence motif to interact with the POZ
domain of Tramtrack (27). This pairwise interaction appears
to be a structural substitute for the interactions between the
CS domain of SIP and the POZ domain of Skp1. Although
the F-Box protein Ebi is also present in this complex, it does
not function in recruiting the substrate Tramtrack. Hence,
PHYL combines the functionality of the SIP-Skp1-Ebi
complex into a single molecular entity.

The tertiary structure of SIP is reminiscent of beads on a
string (Figure 9). The principal role of SIP appears to be
bringing various components of the complex into physical
proximity, orchestrating the correct distance and orientation
of the E2 enzyme and the site onâ-catenin for ubiquitination.
It is known that the distance between the two reactants is

FIGURE 9: Modular structure of SIP. The structured residues (1-
47) at the N-terminal part of SIP and the CS domain (74-178)
from homology modeling are colored blue. The site for Siah-1
interactions in the unstructured linker (residues 48-73) and the
S100 binding site in the unstructured C-terminal region (residues
178-229) are indicated with dashed lines.
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critically important for achieving a biologically relevant rate
of polyubiquitination (50). With these and studies from other
laboratories, we have begun to piece together critical aspects
of the molecular architecture of the Siah-1-Skp1-Ebi
ubiquitination complex. Extending these insights to span the
entire assembly and understanding the factors important for
functional specificity are key areas of future investigation.
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