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Structure of SAP18: A Ubiquitin Fold in Histone Deacetylase Complex Asseémbly
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ABSTRACT: Signal transduction pathways are frequently found to repress transcription of target genes in
the absence of stimulation and, conversely, to upregulate transcription in the presence of a signal.
Transcription factors are central in this dual regulatory mechanism and widely use a generalized mechanism
to repress transcription through recruitment of a Sihdtone deacetylase (HDAC) complex to their
binding sites on DNA. The protein SAP18 (Sin3-associated polypeptide of 18 kDa) has been shown to
play a key role in gene-specific recruitment of the HDAC complex by a number of transcription factors
including Gli, GAGA, and Bicoid. The solution structure of SAP18 reveals a ubiquitin-like fold with
several large loop insertions relative to other family members. This fold supports the functional role of
SAP18 as a proteinprotein adapter module and provides insight for how SAP18 may bridge the-Sin3
HDAC complex to transcription factors.

The Hedgehog (Hh) pathway is involved in many aspects Caenorhabditis elegangespectively; a distant orthologue
of development, and misregulation of its activity leads to of SAP18 is also detected in fission but not fusion yeast
developmental disorders and cancer. Its activity is mediatedgenomes (see Figure S3 in the Supporting Information).
for the most part by the Gli zinc-finger family of transcription However, sequence alignments reveal no significant domain
factors (—3). In the absence of the Hh ligand, the Hh links to non-SAP18 homologues and therefore no matches
signaling pathway represses transcription of target genes thato known folding motifs ).

include important regulators of cell growth and differentia-  gap18 has been reported to bind a number of transcription
tion. This inhibitory role is mediated, in part, through the ;46 6, 9, 10). While the functional role of SAP18 has

recruitment of the Sin3histone deacetylase (HDAE) ot heen defined clearly, Gli and Bicoid have been shown
complex. Gene-specific recruitment of HDAC activity is 1, require SAP18 to repress transcription of their respective

recognized as a major regulatory mechanism of gene et genes through recruitment of the SH@AC com-
expression (for review, see refisand5). HDAC activity plex 6, 11). In a study reported by Cheng and Bishop,

drives the packagin_g of DNA into_condensed phromatin and gap18 was shown to function as a protefrotein adapter
leads to transcriptional repression by making the DNA that bridges the transcription factor Gli, the transcriptional

inaccessible to transcription machinery. Gli-dependent HDAC repressor suppressor of fused [Su(fu)], and the SHBAC
recruitment and function requires the assemblage of a number .

) . ~~'comple . Using a biotinylated DNA oligonucleotide
of protein cofactors, among which is the accessory protein plex ©). Using otny \gony !

. : . containing the binding site of Gli as bait, Gli, SAP18, and
Sin3-associated polypeptide of 18 kDa (SAP1®) ( P ; .
SAP18 was first identified by immunopurification of Sin3- the Gli-binding protein Su(fu) were required to pull down

associated proteins; it was further demonstrated to be athe SinB—HDAC complex. Additionaln 'yi.tro and ye ast tV\.'O'.
component of the éin%HDAC complex and to enhance hybrid analyses demonstrated specific and direct binding
Sin3-mediated repression of transcriptigh Human SAP18 between SAP18 and Su(fu). Results from _ceII—bas_ed assays
; : L ’ . . show that SAP18 and Su(fu) act cooperatively with Gli to
is 153 amino acids in length and contains a single cysteine

residue. SAP18 tends to be highly conserved among higher{ecrUIt .hlt':?tone fdzz?]cettylatlfn mach|.nert¥] andbto repres%s ::;]e

eukaryotes with an identity of approximately 98, 60, and 54% ranscription ‘o arget genes In he absence o

in sequence alignments between the human polypeptide ancft'mmatIon 6’_ 1?)' )

homo|ogues from mous@rosoph”a me|anogasterand The association of SAP18 with a select number of

transcription factors supports the hypothesis that the HDAC
# The coordinates of SAP18 have been deposited in the RCSB ProteinCOMPplex utilizes a modular architecture that includes several

Data Bank under accession code 2HDE. adapter proteins. In this model, adapter proteins such as
* To whom correspondence should be addressed. Telephone: 650-SAP18 organize the assembly of the HDAC enzyme and

zzgsgsgggr.t;zﬁ:t gfg}ﬁf;fg‘é}ni'gpﬂg_ fairbro @gene.com. DNA-bound transcription factors to provide gene-specific

o Current address: Center for Biotechnology and Interdisciplinary targeting of HDAC activity. Therefore, the temporal and
Studies, Rensselaer Polytechnic Institute, Troy, NY 12180-3590. spatial distribution of transcription factors and HDAC adapter

' Department of Molecular Biology. . : S S
1 Abbreviations: SAP18, Sin3-associated polypeptide of 18 kDa: proteins are important factors in this transcriptional regulatory

HDAC, histone deacetylase; RDC, residual dipolar coupling; BTB, BR- Mechanism. Here, we report the nuclear magnetic resonance
C, ttk and bab. (NMR)-based structure of SAP18 and speculate, on the basis
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Solution Structure of SAP18

of the SAP18 structure and structatiinction relationships
of structurally related proteins, the functional role of SAP18
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spectra acquired with both the 30 and 150 ms NOE mixing
times and in 3D NNH, CNH, and CCH NOESY spectra.

as a protein adapter module within several larger molecular Distance restraints were calibrated using the structure-

assemblies including the present work with Suf@)i in
Hh pathway signaling and the SirBIDAC complex in
chromatin regulation.

EXPERIMENTAL PROCEDURES

NMR Sample Preparatio”®N- and**N/**C-labeled SAP18
(amino acids 6149, C26S) was overexpresseddscheri-
chia coli BL21 (DE3) RIL-codon plus (Stratagene) as a
thrombin-cleavable amino-terminal Hitagged protein, puri-
fied, and cleaved specifically as describeti3)( NMR
samples typically contained approximately 1 mM protein in
buffer composed of 50 mM sodium phosphate (pH 5.5), 50
mM NaCl, 20uM ethylenediaminetetraacetic acid (EDTA),
3 mM NaN;, 0.1 mM DSS, and 8% fD. A “100%" D,O

dependent calibration module of CYANA and preliminary
structural models also refined within CYANA. Pseudo-atom
corrections were added to the upper bound limits when
necessary. Distance restraints involving methylene and
aromatic protons with degenerate chemical shifts and from
methyl groups were calculated as sums of the individual
contributions. A 0.5 A correction was added to the upper
bounds for restraints involving methyl groups with the lower
bounds for all distance restraints set to the sum of the van
der Waals radii. Hydrogen-bond restraints were inferred on
the basis of protection from amide hydrogaseuterium
exchange, inter-residuN—'Ha, *Ho—*Ha, and *HN—

HN NOE patterns, dihedral angle restraints, and structural
models calculated in the absence of hydrogen bonds. TALOS

sample was prepared by resuspension of lyophilized SAP18was used to provide 108and 100y backbone torsion angle

in 99.995% DO.

NMR SpectroscopNMR spectra were acquired at 26
on Bruker DRX-600 and DRX-800 spectrometers equipped
with a 5 mminverse triple-resonance cryoprobe witk-axis
gradient ad a 5 mminverse triple-resonance probe with

restraints based dila, 3Ca, 3Cf, 13CO, and*®N secondary
chemical shifts20). Angles were typically restrained t52
or 3 times the standard deviation for matches classified as
“good” and “warn”, respectively.

Residual Dipolar Coupling (RDC) Restraint®artial

three-axis gradient coils, respectively. Chemical shifts were molecular alignment of SAP18 was achieved using 6.8% (w/

referenced to internal DSS4). Near complete backbone

V) stretched polyacrylamide gel matrix as described by Bax

and side-chain resonance assignments were obtained usingnd co-workersZ1). Partially dried gel (83:1 acrylamide to

standard method4 %) and were reported previously (BMRB
accession number 6371)3). The following nuclear Over-

bisacrylamide) was rehydrated with uniformi3N-labeled
SAP18 to provide final concentrations of 0.5 mM protein,

hauser effect spectrometry (NOESY) spectra were acquired50 mM sodium phosphate (pH 5.5), 50 mM NacCl, 28

using the!>N-labeled sample in 92% /8% D,O: 3D °N-

EDTA, 3 mM NaN;, 0.1 mM DSS, and 8% fD (see the

heteronuclear single-quantum coherence (HSQC) NOESY Supporting Information for details). The gel was then

(mixing times of 30 and 150 ms) and a 3M-resolvedN-
I1H-HSQC NOESY (mixing time of 150 ms). The following
NOESY spectra were acquired using tH&l/*3C-labeled
sample: 3D B*C-resolved >’N-HSQC NOESY (CNH-
NOESY:; mixing time of 150 ms) in 92% /8% D,O and

a 3D 3C-HSQC NOESY (mixing times of 30 and 150 ms)
in D,O. Steady-statéH-'>*N nuclear Overhauser effects
(NOEs) were measured on tH&-labeled sample using pulse

extruded from the 5.4 mm casting chamber into a NMR tube
with an inside diameter of 4.24 mm using gel stretching
accessories from New Era Enterprises. Residual dipolar
couplings (RDCs) were measured for backbone amide groups
in partially aligned and gel-free states using a modified in-
phase/anti-phase (IPAP) HSQC that suppresses natural-
abundancé®N background signals from amide groups in
polyacrylamide 22). RDC data were not used from amide

sequences described previously that were modified to groups with significantly overlapped resonance peaks or from

simultaneously evolvéH-5N coupling and frequency label
15N nuclei during a semiconstant time peridds(17). The

structural regions assessed to be dynamic via heteronuclear
NOE analysis. Because of broad amide linewidths and poor

spectra were acquired with and without saturation of amide spectral dispersion, RDC restraints were applied using a
proton magnetization in an interleaved manner. Saturationsquare-well penalty function with &4 Hz width. A grid

was achieved through applying a train of pulses with an
effective tilt angle of 120 separated by 5 ms during the 6 s
recycle delay period. Amide hydrogen-exchange kinetics
were measured during the preparation of a “100%0D
sample. After lyophilization,'>N/*3C-labeled SAP18 was
resuspended in 99.995%,0 and a series of 2BH-15N-

search procedure was used to determine the aRialgnd
rhombic ©,) components of the alignment tensor in Xplor-
NIH (23, 24). For each combination @, andR (defined as
DJ/D)) values in the grid search, SAP18 structures, calculated
in the absence of RDC restraints, were rotated as single rigid
structural units to a fixed tensor axis system to obtain the

HSQC spectra were acquired. Spectral processing andbest agreement between the predicted and measured RDC

analysis were performed using FELIX (version 2000.1;
Accelrys, San Diego, CA).

Distance and Dihedral Restraint®istance restraints were
derived from the intensities of manually picked peaks in the
3D 3C-edited NOESY (mixing time of 30 ms) and the 3D
15N-edited NOESY (mixing time of 30 ms). Automated NOE

values. An optimaD, of 13.0+ 1.1 Hz andR of 0.31 +
0.09 were calculated as the average values in fits for the
five lowest-energy solutions.

Structure CalculationsStructural refinement was per-
formed using a simulated annealing protocol with restrained
torsion angle dynamics using CNX (version 2002.02; Ac-

assignments were obtained in combination with structure celrys). A total of 100 structures were calculated using a

calculations using a standard CANDID (version 1.18)(
protocol and the CYANA program (version 1.06)9.

refinement protocol that started with high-temperature re-
strained torsion angle dynamics (15 ps at 50 000 K) followed

Manual restraint checking was performed in repetitive rounds by a cooling stage (120 ps), Cartesian dynamics (20 ps), and
of structure/assignment calculations by analyzing the NOESY conjugate-gradient minimization. The force constant for RDC
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restraints increased from 0.01 to 2.0 kcal mdtiz=2 during a 100
the final 5000 K of the cooling stage. The 20 structures with .
the lowest restraint violation energies were chosen to be
included in the final solution structure ensemble. The quality

of the structural models was evaluated and visualized using
Procheck-NMR (version 3.5.4)2%), INSIGHT (version
2000; Accelrys), and PyMOL (version 98.5; DelLano Sci-
entific).

Identification of a Minimal SAP18-Binding Fragment of
Su(fu). Su(fu) plasmids used in this study have been
described previoushy26). Human SAP18 was cloned into a
pRK5-based mammalian expression vector that encodes a
N-terminal Myc-epiptope tag, encoded by synthetic oligo-
nucleotide linkers (see the Supporting Information). Clones
were sequence-verified and found to express anlBBkD-
sized Myc-tagged protein as analyzed by Western blot when
transiently transfected by GeneJuice (Novagen) into CHO-7 .
cells and HEK293 cells.

Transfections, immunoprecipitations, and Western blot
analysis were performed as described previou&y. COS-7
cells were grown in 50:50 media (half Ham’s F-12-low
glucose and half Delbecco’s modified Eagle’s media) 2
containing 10% fetal bovine serum, 2 mM glutamine, and
10 mM HEPES. The cells were transiently transfected with 20 40 60 80 100 120 140
various expression plasmids in 10 cm plates with GeneJuice residue
(Novagen). A total of 24 h after transfection, cells were lysed Ficure 1: Residue-based structural statistics for residue$4®
for 20 min at 4°C with rotation in 1 mL of 1% NP-40 lysis  of SAP18. (a) Residue-based summary of NOE distance retraints.
buffer [50 mM Tris (pH 8.0), 150 mM NaCl, 1 mM EDTA,  Intraresidue, sequential, medium-range<(1i — j| < 5), and long-

: . S b range (i — j| = 5) NOEs are displayed as open, hatched, gray, and
1 mM PMSF, and a cocktail of additional protease inhibitors black bars, respectively. (B-15N NOE values plotted as a function

(Complete, Boehringer Mannheim)]. Samples were centri- of the residue number. (c) Atomic pairwise rmsd values determined
fuged at 20009 at 4 °C for 20 min to remove NP-40  for the backbone heavy atoms (N*Cand C) of the 20 final

insoluble proteins. Alternatively, constructs were expressed structures (superposing residues-2B9).
alone, and lysates were mixed after normalization. Reaction RESULTS
mixtures were then rotated at 4 for 4 h to allow for
binding, after which immunoprecipitations were performed.  Structure DeterminationThe manually assisted CANDID
For immunoprecipitations, lysates were precleared for approach was effective at combined autoassignment of
1 h at 4°C with 30uL of Protein A Sepharose (Amersham/ NOESY cross-peaks and structure determination of SAP18.
Pharmacia Biotechnology, Inc.). Lysates were transferred toHere, rounds of generating automated assignments were
a new tube containing @g of anti-Myc (9E10, Boehringer interleaved with manual interactive checking of both assigned
Mannheim), anti-FLAG-M2 (Sigma), or anti-GST (Amer- but violated and nonassigned peaks fréh- and**C-edited
sham/Pharmacia Biotechnology, Inc.) monoclonal antibodies NOESY spectra. During this series of calculations, vetted
and rotated fo 2 h at 4°C. Protein A Sepharose beads NOE crosspeak data were supplemented with restraints for
(30uL) were then added to each sample and allowed to rotate32 hydrogen bonds and 203 dihedral angle restraints. As a
for 1 h. The immune-complexed beads were then washed 4result, a total of 2165 nonredundant and structurally restrain-
times with 1 mL of lysis buffer. To ensure that binding was ing NOE-derived distance restraints were generated. A
specific, some immunoprecipitations were subjected to two residue-based summary of the 377 intraresidue, 569 sequen-
high-salt washes (500 mM NacCl). The immune-complexed tial, 382 medium-range (X |i — j| < 5), and 837 long-
beads were resuspended inid0of sodium dodecyl sulfate  range {i — j| = 5) distance restraints is provided in Figure
(SDS) loading buffer (Invitrogen, Inc.) containingymer- la. SAP18 was refined using CNX with 2165 interproton
captoethanol and boiled at 10CQ for 5 min. Samples were  distance restraints, 208 and i dihedral angle restraints,
analyzed using denaturing20% SDS-PAGE, transferred 32 hydrogen bonds (employed as 2 distance restraints per
to 0.2 um nitrocellulose membranes, and blocked for 1 h hydrogen bond), and 624-*5N RDC restraints as input (see
with 5% milk and 2% BSA in phosphate-buffered saline Table 1).
(PBS). Membranes were then probed with anti-Myc (9E10)-  Structural statistics for the final 20-member ensemble
peroxidase (Boehringer Mannheim, Inc.) at 1:2500 in block- (Figure 2) are summarized in Table 1. The calculated
ing solution, anti-FLAG-M2-peroxidase (Sigma) at 1:1500 structures all converged to solutions with low violations and
in blocking solution, or anti-GST (Amersham/Pharmacia with similar atomic coordinates for residues-286, 54—
Biotechnology, Inc.) at 1:3000 in PBS containing 0.05% 91, and 102-139. In contrast, residues-19 (N terminus)
Tween-20 (PBST) fol h atroom temperature. Blots were  and 140-149 (C terminus) and residues within two extended
washed 4 times with 10 mL of PBST for 5 min, each internal loops betweefi strands 1 and 2 (residues N36
followed by chemiluminescent development using Chemi- S53) ands strands 3 and 4 (residues \V92103), respec-
glow West (Alpha Innotech, Inc.). tively, are poorly defined by the data and appear conforma-

restraint count

=
o
an 4
=
i
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tionally unrestricted in the calculated structures (see l:igureSTabIe 1. Structural Statistics for the Solution Structure of SAP18

1c and 2).!H-!5N heteronuclear NOE ratios suggest the

presence of high-frequency structural dynamics in most of _parameter ensemble

these disordered regions (Figure 1b). '”Pﬁgéstgglms o165
Figure 1 highlights the strong correlation between residues intraresidue 377

with high atomic root-mean-square deviations (rmsd values) sequential 569

and residues with few long-range NOEs and &SN medium range 382

heteronuclear NOE ratios. More specifically, the N and C _long range 837

termini and residues V96Y101 of the 3—/4 loop are d'h;dral angles total 102??3

determined to be dynamically disordered on the basis of Y 100

relatively low *H-15N heteronuclear NOE ratios, resonance hydrogen bonds 32

line shape, and the absence of long-range NOE connectivites ~ RDCs 62

(see parts ac of Figure 1). Amide peaks were not observed V'or'rfqt'sc(’j"fsmm experimental restraints

for residues D95, R102, and V103, a possible result of line NOE distance (A) 0.0% 0.0005

broadening associated with loop dynamics or fast amide dihedral (deg) 0.2@ 0.06

proton exchange with the solvent. In contrast, many residues NOE distance violations

within the 81—52 loop have relatively highH-5N hetero- Eﬂmggg 8'%? g.gi 1.6

nuclear NOE ratios and NOE patterns consistent with the mean maximum violation (A) 0.13 0.03

helical structure. Furthermore, Procheck-NMR detects a dihedral violations

helical turn formed by residues R4E46 in all of the final number>0.1° 6.9+£22

ensemble members, yet loop residues have poor superposi- RD”(‘:e\"laiglg‘t‘i"‘OXr']’:”m violation (deg) 1606

tions when using all core residues (see Figure 1c) or just number> 0.1 Hz 0.0

those from within the loop (not shown). The ability to mean maximum violation (Hz) 0.0+ 0.01

structurally define the residues within the helical turn beyond

rmsd from idealized geometry

the secondary structure is clearly limited by the lack of long- ggg%ss(é)eg) Odo??&l% &0002

range distance restraints. Residues after the helical turn in impropers (deg) 0.2% 0.02

the81—/52 loop have markedly reducéd-*>N heteronuclear energies

NOE values and virtually no long-range NOEs. Therefore, energy components (kcal m)

this portion of the f1—82 loop is likely structurally 2854(5210635)) c}éftolzj

dlsordereq and flexible on the piemanosecond time scale, RDC (62) 145+ 165

as are residues V96y101 in the3—/34 loop and in the N- bonds 7317

and C-terminal regions. angles ;1&&1563

The structures satisfy the experimental restraints well, as L’gﬁrggre\r,\s/aals M350 200

eV|de_nt by the low restraint V|0Ia'§|on energies (see 'I_'at_JIe stereochemistry

1), with the greatest NOE and dihedral violations within Ramachandran (%)

structured regions being 0.15 A and 2.Bespectively. The favored 83.9

protein exhibits good covalent geometry with approximately allowed 15.8

84, 16, and 0.2% of alp), ¢ angles in the favored, allowed, d o é)_'oz

and generous regions of the Ramachandran plot, respectively, structural precision

and none in disallowed regions. The atomic rmsd values from atomic rmsd values (A)

the mean coordinates for core residues—36, 54-91, backbone

102-139) in the final 20 structures are 0.370.07 and 0.95 E%Srft‘:;dzfelgsg 01??73i 8'3?

+ 0.11 A for backbone and all heavy atoms, respectively. heavy ' '

When loop residues 3753 and 92-101 are included in the residues 26139 1.66+ 0.24
core residues 0.95+0.11

superposition, atomic rms differences from the mean coor-

dinates increase to 1.0% 0.29 and 1.66+ 0.24 A for

backbone and all heavy atoms, respectively.
Description of StructureA central fragment of SAP18

(spanning amino acid residues -1549) was used in an

a All terms are calculated for the 20 low-energy structufeSach
hydrogen bond was employed as two distance restraintsraithy =
1.8-2.4 A andry_o = 2.7-3.5 A. ¢ The final force constants of the
target functions used were 50 kcal mbf 2 for NOE, 200 kcal mot?
rad2 for dihedral angle, 2.0 kcal mol Hz2 for RDC, 1000 kcal mol*

automated search of the Protein Data Bank (PDB) structure A-2 for bond length, 500 kcal mot rad2 for angle and improper

repository with the DALI program27), revealing a decided
topological similarity to ubiquitin-like proteins and other
members of the largé-grasp fold class. The SAP}Bgrasp

dihedral, 4 kcal moi* A= for the Lennard-Jones potential function
with a 10 A cutoff (employing effective van der Waals radii set to
0.80 times their value in the CHARMM parametersptomic rmsd

values were calculated with respect to mean coordinates. Mean

architecture comprises a mostly antiparallel five-stranled  coordinates were determined using a best fit superposition of the

sheet (with a strand order of-2—5—3—4, wheref1 and specified atoms among all ensemble membeAgomic rmsd values

p5 have a parallel orientation) curled around a cemtraklix were determined for backbone (NyCand C) atoms! Atomic rmsd

H2, as shown in Figure 3. In addition to the close topological values were determined for the_ structurally ordered core r_esidues_ 20

match, particular structural features shared by SAP18 with S0 2491, and 102:139.9 Atomic rmsd values were determined using
Tt B . ) . all heavy atoms from the specified region.

ubiquitin-like folds include the overafi-sheet dimensions,

orientation of the helix within the curvature of tifesheet, helix (residues 122125) in the linker betweefi4 andf5.

and conservation of a well-ordered turn that includes both a For instance, 73 & atoms of SAP18 superimpose to

positive ¢ angle for K126 (N60 in ubiquitin) and a short corresponding positions within the archetype ubiquitin fold
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Ficure 2: Stereoviews of the final 20 SAP18 structures are shown superposed. The superimposition was optimized for backbone atoms
(N, C* and C) of ordered residues 286, 54-91, and 102139 to the mean coordinates. Residues from the nonstructuree Njéand
C (142-149) termini are not shown.

N36-P52

Ubiquitin SAP18 ElonginB

Ficure 3: Ribbon representation for residues-289 of SAP18 is shown with structurally related proteins ubiquitin and Elongin B.
Inserts within the ubiquitin-fold architecture are shown in red for SAP18 and Elongin B. This figure was made using PA&IOL (

(PDB file 1UBI) with approximately a 1.8 A rmsd, a and on the other side by residues from the extended ends of
surprising level of structural conservation given the 11% the 3 and 4 staves. The 25- and 15-residue chain
sequence identity between SAP18 and ubiquitin. extensions beyond the ubiquitin fold at the N and C termini
Notable unique features in the SAP18 architecture relative are not unique to SAP18; for example, the small ubiquitin-
to the compact ubiquitin fold include 3 large insertions related modifier (SUMO) has a 20-residue extension and
comprising approximately 40 residues; in addition, 25 and Elongin B has a 39-residue extension at the N and C termini,
14 extra residues at the N and C termini, respectively, form respectively, relative to the ubiquitin fold.
flexible chain extensions to the core fold. The position and  While ubiquitin and its close relatives [together, the
size of the inserts are highlighted in Figure 3 in red relative ubiquitin-like superfamily in the SCOP-fold hierarch§Q(
to ubiquitin [PDB ID 1D3Z @8)] and the ubiquitin-like 31)] form the largest cohort of resolvegigrasp structures,
protein Elongin B [PDB ID 1VCB 29)]. Two loop insertions the remainder are a remarkably diverse lot of molecules with
form spatially close extended fingers betwgkstrandssl neither sequence similarity or functional overlap. This
andf2, andp3 andp4. As indicated previously, these loops  extraordinarily broad subscription to a common core fold is
are poorly defined in the calculated structures and are likely characteristic of what have been termed superfolds, select
dynamically disordered in solution. In contrast, the third protein architectures with perhaps an ancient origin, very
insert is structurally well-defined in SAP18 and extends the stable chain topologies, and plasticity to great sequence and
B4 strand by several residues relative to ubiquitin. Interest- functional divergence3@). To better classify SAP18 within
ingly, a § bulge (residue 1106) is located at the residue many branches of thg-grasp superfold class, targeted,
position at which thg4 strand typically terminates in other domain-level structural comparisons against SC®Brasp)
ubiquitin-like proteins. fold family d.15 were conducted with the SSM progre3B)(
Additional structural differences between SAP18 and the As judged by several measure3, P, or Z scores, rmsd,
archetype ubiquitin fold arise from the extension of fi#e and/or the length of & alignment, this survey consistently
strand. In SAP18, thgg3 strand is extended by several grouped SAP18 first with members of the parent ubiquitin
residues, forcing a significant displacement of the H3 helical superfamily (SCOP index d.15.1.1) and then progressively
turn within the connecting loop between helix H2 and strand superposed the FERM module family (d.15.1.4), Ras-
/33, relative to ubiquitin. In the ubiquitin fold, a helical turn  association (RA) domains (d.15.1.5), UBX domains (d.15.1.2),
caps the33 strand in a conformation that clashes with the the PB1 family (d.15.2.2), Ig-binding domains (d.15.7.1),
closely apposed termini gf3 andf4 strands in SAP18. As  GABA(A) receptor-associated protein (GABARAP) modules
a consequence, the helical H3 turn in SAP18 is nestled in a(d.15.1.3), and doublecortin domains (d.15.11.1) (see Figure
cleft formed on one side by the C end of the major H2 helix S2 in the Supporting Information). With few exceptions, the
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o oo O domain of Su(fu) encoded by Su(fuy268-GST-FLAG was
S é;?‘ unable to interact with SAP18 (Figure 4). This segment of
‘ 2l Su(fu) contains a discrete globular domain whose function
ool odl @3(? is to engage the C-terminal end of Gli and whaset+
) 4 é?yg‘;" g&" ‘g fold has been earlier resolved k_Jy X-ray cr_ystallograpit@)._(
YSSEPXSS qgngg- o W GST-FLAG constructs expressing C-terminal Su(fu) residues
il i il i 300433, 406-433, and 433484 were all unable to bind
o dulbbE il =k AR a0 to SAP18. However, a Su(fu)-38084-GST-FLAG con-
-— struct was able to pull down SAP18, albeit less robustly than
49 + "'_- - - P FLAG Su(fu) regions +433, 100-484, 106-433, and 269484
-— - WB: FLAG (see Figure 4). These results indicate that Su(fu) binds to
.o SAP18 through a minimal region encoded between residues
28 7 - 380 and 484. This C-terminal segment of Su(fu) is predicted
28 to encase a conserved globular domain whose boundaries
IP: FLAG are well-predicted by disorder analysis using the Disprot
e — WB: Myc program [VL3H method 34)] and is of mixedo + S
secondary-structure composition by PSiPRED analy3§} (
(see Figure S1 in the Supporting Information).

bl IP: Myc DISCUSSION

ol WB: FLAG As the fold analysis of SAP18 recapitulates, protein
28 structure (in the form of a cryptic ubiquitin-likg-grasp
domain) is far better preserved than sequence. The manner
i in which domain folds interact appears to be similarly well-
IP: Myc . . .
DD T T D T ——— — WB: Myc cons_erved 36), suggesting that perhf'ips__the_: biochemical
function of SAP18 is to serve as a ubiquitin-like adapter or
L o o interaction module, akin to ubiquitin-related molecules that
Ficure 4: Identification of a SAP18-binding region in Su(fu).

Results are summarized from co-immunoprecipitation (IP) and Sc'vE @S covalent protein tags, like ubquItBV)g SL.JM.O
Western blot (WB) analysis between FLAG eBitopg-tagged(ve)rsions (38), Fatl0 B9), and Nedd8 40), and recruit similar
of C-terminal fusion constructs of Su(fu) and a N-terminal Myc- molecular machinery in the celt{, 42). The ubiquitin-like
SAP18 fusion construct. Size in kilodaltons is denoted on the side fold is also found in a N-terminal FERM domain, where it
of the blots. functions as an adapter module within key proteins that form
sequence identity over aligned residues between SAP18 anatytoskeletor-membrane junctions4@, 44) and in the
the s-grasp domains in SCOP remains in the-16% range, GABA(A)-receptor-associated protein that links GABA(A)
where it is difficult to gauge if the structural resemblance is receptors to the cytoskeletodf). In addition, the UBX,
due to sequence divergence. However, the closer structuraElongin B, and the family of RA domain proteins all utilize
matches between SAP18 and the ubiquitin-like superfamily, the ubiquitin-like fold as an adapter module in the recognition
despite the loop embellishments of SAP18, invite a SCOP- or assembly of larger protein complexe30) Is there
level classification in a new family within the d.15.1 accordingly a common structural theme in the interaction
ubiquitin-like fold group, at the level of the ubiquitin-related modalities of these ubiquitin-like folds with other molecules?
(grouping ubiquitin with molecules like SUMO, NEDD8, True to the highly gregarious nature of superfol@2)(
and Elongin-B) RA, UBX, FERM, or GABARAP domain  ubiquitin-like proteins have been captured in a variety of
families. different complexes that, in sum, sample nearly every face
Identification of a Minimal SAP18-Binding Fragment of of the core fold surface3(Q). Still, some preferred sites for
Su(fu). The identification and characterization of SAP18- protein—protein interactions do emerge within the circle of
interacting domains will be critical to developing an under- ubiquitin-like families. For instance, ubiquitins famously
standing of the functional role of SAP18 as an adapter protein utilize a hydrophobic patch centered 68 to engage a wide
and the structural organization of the HDAC complex. variety of helical ubiquitin-interaction motifs and zinc-finger
Because a direct interaction between Su(fu) and SAP18 hasmodules 41). In contrast, the related SUMO proteins capture
been reported to be integral to Gli recruitment of the HDAC linear SUMO-binding motifs by bidirectiong-strand ad-
complex, identification of the SAP18-binding domain of Su- dition in the cleft betwee2 and helix H2 46). Elongin B
(fu) will provide insight into the structural basis for how the contacts the BTB fold Elongin C protein by pairing of the
HDAC activity is recruited by the transcription factor. To selfsame52 strand in parallelZ9), while RA domains engage
address what portion of Su(fu) interacts with SAP18, an their prey in a related but antiparallel fashi@0). Continu-
amino-terminal Myc-epitope-tagged SAP18 construct (N- ing this focus on thg2 edge of the ubiquitin-like fold, PB1
Myc-SAP18) was overexpressed in cells expressing variousdomains form asymmetric heterodimers with a type-ll
FLAG-epitope-tagged truncation variants of Su(fu) and tested module using its 2 side to dock tj#d end of a type-I module
for binding by co-immunoprecipitation. Full-length Su(fu) (47, 48).
[Su(fu)1—484-FLAG] was capable of pulling down N-Myc- Conservation analysis has proven quite accurate in map-
SAP18 (see Figure 4). Likewise, Su(fu) regions4B3, ping the functional epitopes of protein structures that are tied
100-484, 100-433, and 269484 were all capable of to evolutionarily diverse sequence familié®,(50). Drawing
interacting very strongly with N-Myc-SAP18. The N-terminal from a wide range of SAP18 homologues collected by

17

49

17 A




11980 Biochemistry, Vol. 45, No. 39, 2006 McCallum et al.

pairing with SAP18 strand2 and contact with nearby areas
of helix H2, a type of interaction that is also similar to that
used by Elongin B and RA domaingdQ). Interestingly,
alanine-scanning analysis of ubiquitin surface residues has
provided a hint of an analogous, secondary (to the primary
3 patch), but still silen{32-centered interaction site in
ubiquitin (54, 56). Conversely, SAP18 is unlikely to use a
ubiquitin 33 patch-interaction mechanism because the cor-
responding33 site is not well-conserved and is also partly
occluded by the long, variable loop betwegth and 52
(Figure 5).

The structural and evolutionary delineation of a preferred
interaction site in SAP18 invites functional parallels to
molecular adapters like SUMO, Elongin B, and RA domains,
all of which have converged on a similar interaction zone
and strategy. Still, as pointed out in the case of the RA
domain family, significant fold and sequence similarity do
not ensure a similar binding profiles7). In the case of
SAP18, there are now seven reported molecular interactors
that include Sin3 in the HDAC complex’), Drosophila
GAGA (10), bicoid (9, 11), Enhancer of zest&8), the DNA
polymerase- subunit 69), the ASAP and EJC protein
complexes involved in pre-mRNA splicing [apoptosis- and
splicing-associated protein (ASAP§Q) and exon junction
complex (EJC)§1)], and Su(fu). Aside from some functional
Ficure 5. Conservation analysis of SAP18 shows a likely parallels [e.g., GAGA, bicoid, and Enhancer of zeste are
functional epitope (a) Consurb@) was used to derive a surface- DNA-binding proteins 9—11, 58)], the SAP18 binders

mapped conservation profile for SAP18, derived from a phyloge- :
netically diverse alignment of SAP18 homologues. The conservation appear to be structurally unrelated proteins that do not share

pattern is color-coded onto the ribbon diagram of SAP18 (encom- @ny common globular domains by sensitive SMART module
passing amino acids 23140) using PyMOL §5) spanning uncon-  analysis 62). The present work maps the earlier observed
served (red color) through moderately conserved (yellow-green) interaction between SAP18 and Su(f@) 12) to a C-terminal

to very well-conserved (dark blue) positior5(67). The two views  gjopylar domain in the latter molecule; this region hasxan

are related by a 180rotation about the vertical axis. (b) Same . .
conservation profile is mapped to the solvent-accessible surface 0f+ /3 secondary-structure signaturefbi3,03 that may itself

SAP18, showing a clearly visible epitope (colored light to dark have a distant resemblance to ubiquitin-like folds with a
blue, toward maximal conservation, further highlighted by a white [5,0,3.0,3 signature (see Figure S1 in the Supporting Informa-

dotted outline) on one side of the structure but not the other, which tjon). Two other SAP18-binding proteins with recognizable
runs along stranf2 and incorporates additional residues from helix domains in mapped interaction regions include GAGA and

H2 and strand31. (c) Electrostatic potential surfaces of SAP18 . . .
(calculated by PyMOL using the vacuum electrostatics option) show € DNA polymerase-subunit, bearing predicted BTB and

that the conserved epitope of b overlaps with a largely uncharged OB modules, respectivelyl(, 59); there is a dearth of
(white) area that might be well-suited for proteiprotein interac- globular domains in other defined SAP18-interacting regions
tions. ConVersely, the Iong, flexible |OOpS of SAP18 show a hlgh [e_g_’ bicoid and Enhancer of Zes@_(]_l, 58)] Together’
degree of positive charge (blue). this suggests that SAP18 is capable of flexible interactions
iterative PSiBLAST searches of a nonredundant sequencewith a structurally diverse set of ligands that may take the
database K1), the T-coffee program5@) was used to  form of peptide motifs embedded in globular domains [Su-
generate a structurally faithful SAP18 multiple-sequence (fu) or GAGA] or sitting in unstructured chain (bicoid or
alignment to drape over the SAP18 structure and feed theSin3). The predicted helix H22 strand interaction region
ConSurf algorithm 49) (see Figure S3 in the Supporting of SAP18 could accommodate an Elongin B/Elongin C-type
Information). Surface patches of residues that retain identity interaction 29) with GAGA, where thes3 strand of the

or close chemical similarity across the phylogenetic gap GAGA BTB domain fold could slot alongside the SAP18
between mammalian and fission yeast SAP18 moleculesf?2 strand. Analogously, an edgestrand from the Su(fu)
clearly point to a more conserved face of the SAP18 structure ubiquitin-like fold could form a PB1-like heterodimer
(Figure 5). This potential functional site in SAP18 encom- interaction 47, 48) with the same SAP182 strand. For the

passes the helix H2/strangl interface (as well as the
neighboring N-terminal end of strarftl) in a manner that

remaining molecules, short peptide stretches functionally
analogous to subtle SUMO-binding motifs4j could dock

is reminiscent of the ConSurf-predicted and now structurally alongside the SAP1#2 strand, following thes-strand

validated helix H2/stran@?2 interaction site in SUMO for
SUMO-binding motifs §3, 54). This site is uncharged,

addition mechanisnbg). An unbiased effort to locate subtle
yet conserved linear peptide motifs shared among the SAP18-

largely hydrophobic, and surrounded by charged residueshinding proteins was conducted with the computational

(Figure 5c¢) and resembles known proteprotein interaction

method of Neduva and Russeb3) and revealed a few

epitopes. We therefore propose that SAP18 utilizes a SUMO- candidate sequences that are being further evaluated (not

like p-strand addition mechanisnd%) for the recognition

shown). The fact that these types of potenfiadlstrand-

and specific binding of short peptide stretches by strand centered interactions can bridge the gap from globular
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domain to linear peptide recognition is suggested by the
ability of the Elongin C-BTB domain 53-strand-derived
synthetic peptides to effectively bind to the Elongin B
ubiquitin-like fold (64). The binding promiscuity of SAP18
may have structural roots in a common binding mode that
is convergently used by several ubiquitin-like families.

The diverse binding partners of SAP18 tie this ubiquitin-
like molecular adapter to a range of larger, multisubunit
assemblies like HDAC or the ASAP complex and are
predicted to make use of a recognition mechanjgstrand
addition 65), that is particularly well-used by members of
ubiquitin-like families that are more closely structurally
similar to SAP18. The broad nature of SAP18-nucleated
complexes also argues for a cast of supporting, unique
interactions that make use of other, more variable surfaces
of SAP18, including the long, variable loops and the C- and
N-terminal chain extensions, to contact proteins specific to
one molecular ensemble. For example, the Elongin B/Elongin
C interface is centered on th#2 strand of Elongin B, but
additional contacts are made by the inserted chain (relative
to ubiquitin) between strand84 and 5 (colored red in
Figure 3) and by residues within a 39-residue C-terminal
extension 29). Outside of convergeng-strand addition
interactions between the ubiquitin-like core of SAP18 with
key recruitment proteins [like Su(fu)], we do not need to
invoke a greater homology between the types of larger
complexes that have evolved to accommodate or make use
of SAP18.

In the specific case of the transcription factor Gli in the
Hh pathway, a heterodimeric assembly involving SAP18 and
Su(fu) is speculated to bridge Gli and the Sin3 scaffold
protein 6, 12). A high-affinity binding site for the Gli
transcription factors has been shown to be centered around
highly conserved Su(fu) residues 39000 26) shown here
to bind SAP18 (Figure 4) and likely fold into a discrete
globular domain. Current efforts are focused on determining
the structure of the SAP18-binding domain of Su(fu) in
complex with SAP18 to start to decipher the binding
specificity and plasticity of the predicted SAP18-binding
groove. To date, however, a Su(fu) construct that is amenable 16.
to structural analysis in an unbound state and/or in complex
with SAP18 has not been identified.
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