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Ubiquitin-specific proteases (USPs) USP15 and USP4 belong
to a subset of USPs featuring an N-terminal tandem domain in
USP (DUSP) and ubiquitin-like (UBL) domain. Squamous cell
carcinoma antigen recognized by T-cell 3 (SART3), a spliceo-
some recycling factor, binds to the DUSP-UBL domain of USP15
and USP4, recruiting them to the nucleus from the cytosol to
control deubiquitination of histone H2B and spliceosomal pro-
teins, respectively. To provide structural insight, we solved crys-
tal structures of SART3 in the apo-form and in complex with the
DUSP-UBL domain of USP15 at 2.0 and 3.0 Å, respectively.
Structural analysis reveals SART3 contains 12 half-a-tetratrico-
peptide (HAT) repeats, organized into two subdomains, HAT-N
and HAT-C. SART3 dimerizes through the concave surface of
HAT-C, whereas the HAT-C convex surface binds USP15 in a
novel bipartite mode. Isothermal titration calorimetry measure-
ments and mutagenesis analysis confirmed key residues of
USP15 involved in the interaction and indicated USP15 binds
20-fold stronger than USP4.

Ubiquitination plays an important role in almost every bio-
logical process, including protein homeostasis, DNA damage
response, gene transcription, protein trafficking, and RNA
splicing. Deubiquitinases (DUBs)2 remove covalently conju-
gated ubiquitin tags from substrates and regulate ubiquitin sig-
naling. Ubiquitin-specific proteases (USPs) comprise the larg-
est family of DUBs. In addition to the catalytic domain, most
USPs contain auxiliary domains that are involved in substrate
recognition, activity regulation, or recruitment of binding part-
ners (1, 2). USP4, USP11, and USP15 are a small set of closely
related USPs, sharing a similar domain architecture as follows:
a DUSP (domain in USP), followed by a ubiquitin-like (UBL)
and a large catalytic domain, bifurcated by a second UBL
domain and disordered region (Fig. 1A). Evolutionary analysis
suggests the three USPs arose from gene duplication events (3).
USP4 and USP15 are more closely related in both sequence and

function compared with USP11. Both USP4 and USP15 are
implicated in mRNA processing through their interaction with
spliceosome components (1). USP4 is recruited by U4/U6 small
nuclear RNA recycling factor SART3 (squamous cell carci-
noma antigen recognized by T cells 3) to remove the Lys-63-
polyubiquitin chain from pre-mRNA processing factor 3
(Prp3), and it controls the assembly of the spliceosome at dis-
tinct stages of the splicing process (4). USP15, but not USP4, is
recruited by SART3 to regulate deubiquitination of free ubiq-
uitinated histone H2B that has been evicted from the nucleo-
some during transcription (5).

SART3 is the mammalian homolog of yeast Prp24 protein
and is essential for the formation of U4/U6 small nuclear ribo-
nucleoprotein complex (6). SART3 plays multiple roles in
mRNA splicing, viral and host gene transcription, as well as
stem cell survival, proliferation, and differentiation. It is also a
potential antigen for cancer immunotherapy (7–9). The biolog-
ical functions of SART3 have been summarized in a recent
comprehensive review (10). SART3 is a large protein of 110 kDa
and contains multiple half-a-tetratricopeptide (HAT) repeats
followed by a bipartite nuclear localization sequence (NLS), two
RNA recognition motifs, and a C-terminal conserved LSm-in-
teracting motif (Fig. 1A).

The HAT repeat is a repetitive sequence pattern identified in
proteins involved in RNA processing (11). Sequentially and
structurally similar to the tetratricopeptide repeats, it features
two anti-parallel �-helices containing aromatic residues with
conserved spacing. HAT repeats are involved in protein-pro-
tein (12) and protein-RNA interactions (13). The central HAT
repeat region of SART3 mediates direct interactions with the
DUSP-UBL domains of USP4 (4) and USP15 (5) but not of
USP11. The USP15 DUSP-UBL domain has 69% sequence
identity with that of USP4 and 39% with USP11. Structural
details of the SART3 HAT domain and how SART3 interacts
with the DUSP-UBL domain is not known. Sequence homology
of SART3 to other HAT repeat-containing proteins with
known structures is too low (�20%) to permit meaningful
structural modeling.

Here, we report the crystal structure of the first eight HAT
repeats of SART3 and SART3 in complex with the DUSP-UBL
domain of USP15. Structure-based sequence analysis reveals
SART3 contains 12 HAT repeats that can be divided into sub-
domains HAT-N and HAT-C. The HAT domain dimerizes
through the concave surface of HAT-C, whereas the convex
surface of HAT-C binds USP15. Binding affinity measurements
and mutagenesis analysis confirmed the interaction between
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USP15 and SART3 is bivalent and revealed that USP15 binds to
SART3 20-fold stronger than USP4.

Experimental Procedures

Cloning, Protein Expression, and Purification—DNAs en-
coding SART3(81–393), SART3(280 –578), SART3(81–578),
and DUSP-UBL domains (USP15(1–223), USP4(1–229),
and USP11(78 –286)) and DUSP domains (USP15(1–133),
USP4(1–137), and USP11(80 –196)) were subcloned into a
modified pET28 vector encoding either a tobacco etch virus
(TEV) protease (GenBankTM EF456735) or a thrombin-cleav-
able (GenBankTM accession number EF442785) N-terminal
His6 tag. For co-expression of USP15 and SART3, a bicistronic
pET28 vector was constructed by inserting a ribosomal binding
site (5�-CTCGACGGAGGAATAATCAT-3�) between the
genes encoding USP15(1–223) and SART3(280 –578). All sub-
clonings were completed using ligation-independent InFu-
sionTM cloning kit (Clontech). Site-directed mutagenesis was
carried out using the PrimeSTAR HS DNA polymerase
(Takara) and was verified by DNA sequencing. For selenome-
thionine labeling, a pre-packed M9 selenomethionine growth
media kit (Medicilon) was used as per the manufacturer’s
instructions. All proteins were overexpressed in a BL21 (DE3)
Escherichia coli strain harboring a plasmid encoding tRNAs for
rare codons. Expression cultures were induced using 0.5 mM

isopropyl 1-thio-�-D-galactopyranoside overnight at 18 °C. All
proteins were purified using nickel-nitrilotriacetic acid-aga-
rose resin (Qiagen), and the His6 tag was removed by TEV or
thrombin proteases correspondingly. Uncleaved proteins
and TEV protease were removed by another pass with nick-
el-nitrilotriacetic acid resin. The proteins were further puri-
fied using anion-exchange and size-exclusion chromatogra-
phy (Source15Q and Superdex 200, GE Healthcare). The
final concentrations of purified proteins were 10 –30 mg/ml
as measured by UV absorbance at 280 nm.

Crystallization—All crystals were grown at 20 °C using the
vaporization method. SART3(81–393) was crystallized in 30%
PEG3350, 0.2 M NaCl, 0.1 M HEPES, pH 7.5. SART3(81–578)
was crystallized in 20% PEG3350, 0.2 M magnesium formate.
For crystallization of the SART3(280 –578)-USP15(1–223)
complex, 2 �l of protein solution was mixed with 1 �l of well
solution containing 19% PEG3350, 0.1 M HEPES, pH 7.5, 0.2 M

MgCl2, 5% ethylene glycol, and 1 �l solution containing 0.33%
(w/v) each of disodium 2,6-naphthalene-disulfonate, 2-amino-
benzenesulfonic acid, disodium m-benzenedisulfonate in 20
mM HEPES, pH 6.0. Crystals were cryo-protected, when
required, by paratone-N (Hampton Research).

Data Collection, Structure Determination, and Refinement—
X-ray diffraction data for SART3(81–393) were collected at 100
K at the Canadian Macromolecular Crystallography Facility
beamline 08ID-1 of Canadian Light Source (14). Data for
SART3(81–578) and the SART3(280 –578)-USP15(1–223)
complex were collected at beamline 19ID at the Advanced Pho-
ton Source, Argonne National Laboratory. All datasets were
collected at the selenium absorption edge and processed with
the HKL-3000 suite (15). The structures were solved by single
wavelength anomalous dispersion (SAD) method (16) using
SOLVE/RESOLVE (17). A monomeric USP15 model (18), PDB

code 3T9L, was used to build the USP15 molecule in the com-
plex. COOT (19) was used for model building and visualization
and REFMAC (20) for restrained refinement. The final models
were validated by MOLPROBITY (21).

Isothermal Titration Calorimetry (ITC)—Proteins were
diluted with a buffer containing 25 mM Tris-HCl, pH 8.0, 150
mM NaCl, 1 mM tris(2-carboxyethyl)phosphine. All ITC mea-
surements were performed at 25 °C either on a VP-ITC Micro
Calorimeter (Malvern) or a Nano ITC (TA Instruments). For
VP-ITC, a total of 26 injections, each of 10 �l of protein except
for the first injection with 5 �l of protein, were delivered into a
1.4 ml sample cell containing the other protein. For Nano ITC
measurement, a total of 25 injections, each of 2 �l, were deliv-
ered into a 0.167 ml sample cell at a 180 s internal. The data
were analyzed using OriginTM for ITC and NanoAnalyze soft-
wares on the instruments, respectively, and fitted to a one-site
binding model.

Size Exclusion Chromatography (SEC)—For SEC analysis,
250 �l of each sample was loaded onto a Superdex 200 10/300
column (GE Healthcare) pre-equilibrated with a buffer con-
taining 20 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 1 mM dithi-
othreitol (DTT). The column was calibrated using gel filtration
standard (Bio-Rad).

SEC-MALS—The absolute molar masses and mass distribu-
tions of the wild-type USP4(1–229) at different concentrations
and the F42D mutant were determined using SEC-MALS. Sam-
ples were injected through a Superose 6 10/300 GL column (GE
Healthcare) equilibrated in 25 mM Tris-HCl, pH 8.0, 150 mM

NaCl, 1 mM DTT followed in line by a Dawn Heleos-II light
scattering detector and a 2414 refractive index monitor
(Waters). Molecular mass calculations were performed using
ASTRA version 6.1.1.17 (Wyatt Technologies) assuming a
refractive index increment, dn/dc, value of 0.185 ml�g�1.

Results

SART3 Is a Dimer Containing 12 HAT Repeats—We solved
the crystal structures of an N-terminal fragment of SART3
(amino acids 81–393) and a central fragment of SART3 (amino
acids 280 –578) in complex with the USP15 DUSP-UBL domain
at 2.0 and 3.0 Å, respectively, using the SAD method (Fig. 1A
and Table 1). The overlapping region (amino acids 280 –393) of
the two SART3 constructs superimpose well with a root mean
square deviation of 0.56 Å for 114 C� atoms. A crystal for the
SART3 construct containing all the HAT repeats (amino acids
81–578), in the P22121 space group diffracted to 3.4 Å. Molec-
ular replacement using a concatenated model containing
SART3(81–393) and SART3(280 –578) gave a solution that fit-
ted well into the difference density, indicating no significant
change in the conformation of SART3 in the three different
crystal forms. Because of the suboptimal resolution of the
SART3(81–578) dataset, we hereinafter use the concatenated
model for the analysis of the SART3 HAT repeats.

Previous structure and sequence analysis (11, 13, 22) suggest
each HAT motif contains two anti-parallel helices (�A and �B).
HAT repeats form a contiguous structure so the assignment of
pairing helices in each repeat is somewhat arbitrary (22). The
composite model reveals SART3(81–578) contains 12 HAT
repeats (Fig. 1, A–D). The entire HAT repeat domain can be
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divided into two subdomains as follows: HAT-N-containing
repeats 1–5 and HAT-C-containing repeats 6 –12. A linker
helix, L�, connects HAT-N and HAT-C. An additional C-ter-
minal helix, E�, links the HAT domain to a bipartite NLS pep-
tide (10, 23, 24). We assigned the helices in the convex surface
of the subdomains as �As, and those in the concave surface as
�Bs, as this gives the best alignment of the sequence motifs (Fig.
1B). The alignment indicates that HAT1 and HAT12 are less
conserved than other repeats. The �A and �B of repeats HAT2
to HAT11 contain conserved motifs (Fig. 1B) of aliphatic (�),
hydrophobic (�), aromatic (�), hydrophilic (�), positively
charged (�), and small aliphatic residues (�) (25). The �1 res-
idue (usually Trp) of the �Bi helix interacts with the aliphatic
residues �2 and � of the �Ai and �Ai � 1 helices, respectively,
whereas the �2 residue (usually Tyr) of the �Bi helix forms a
hydrophobic core with the � and � residues of the �Ai and
�Ai � 1 helices (Fig. 1D). A salt bridge is formed between the �

and � residues of the �Ai and �Ai � 1 helices. Additionally, a
salt bridge between an Arg and a Glu within the same repeat is
seen for 5 out of the 10 conforming repeats.

Repeats 1– 8 of the SART3 HAT domain form a compact
moiety that folds independently and exists as a monomer in the
solution, as confirmed by SEC analysis (data not shown). The
pleated arc shape composed of repeats 2–5 from the HAT-N
domain forms a tight interaction with the convex surface of
repeats 6 – 8 from the HAT-C domain through polar and
hydrophobic interactions and has a buried surface area of 674
Å2 excluding the L� helix (Fig. 1, C and E).

The HAT-C subdomain exists as a dimer in solution (Fig.
2A). In the crystal structure, the two SART3 molecules
dimerize through a C2 axis centered along the HAT11 repeat.
Extensive interactions, mainly salt bridges between charged
residues, were observed between the �B helices of repeats 7–12
and helix E� of the two monomers. Repeats 9 –12 of the two

FIGURE 1. Structure and sequence analysis of SART3. A, domain architecture of USP15 and SART3, prepared using IBS software (38). The flat-ended blue, green,
and magenta lines indicate the constructs used for crystallization. Post-translational modification data were retrieved from the PhosphoSite (39) database. Sites
involved in binding and dimerization were obtained from structural analysis. B, sequence alignment of the 12 HAT repeats of SART3. Structure-based sequence
alignment was carried out using Promals3D (40) and visualized using Geneious software (41). C, overview of SART3 HAT domain by overlapping the SART3(81–393)
and SART3(280–578)-USP15 complex structures. USP15 structure was omitted for clarity. D, sequence and interaction pattern of the SART3 HAT repeats. Symbols
adopt a recommended nomenclature (25). E, interaction details of the HAT-N subdomain with repeats 6–8 from HAT-C. Water molecules are shown as spheres and
labeled as W. F, triangular prism shape formed by repeats 9–12. The opening angle is different in the CstF and RNA14 dimer structures.
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molecules form a triangular prism-like architecture (Fig. 1F),
and the ridge is maintained by interaction of residues from
the loops linking the �A and �B of each repeat from the two
monomers. The total buried surface area of each monomer is
1155 Å2.

Structure of the USP15-SART3 Complex—When purifying
USP15 alone, monomeric and oligomeric species eluted dis-
tinctly during anion exchange, suggesting a propensity to self-
associate. SEC analysis suggests the monomeric and oligomeric
forms do not convert easily in the solution (Fig. 2B). The
SART3-USP15 complex used for crystallization was co-ex-
pressed using a bicistronic vector and eluted as a heterote-
tramer on SEC, whereas no oligomeric forms of USP15 were
observed during purification (Fig. 2A). The asymmetric unit of
the SART3-USP15 complex contains one molecule of each pro-
tein. The second pair of the complex can be generated by a
symmetry operation. Although most of the USP15 DUSP struc-
ture is well defined in the electron density map, only 21 of 98
amino acids can be modeled for the UBL domain (Fig. 2C).

USP15 binds to the convex surface of the SART3 HAT-C
domain in a bivalent mode. The DUSP-UBL domain linker
forms a DU finger (18) that occupies a hydrophobic patch
formed by hydrophobic and aromatic residues from helices
�A11, �B11, and �A12, while the indole ring of Trp-50 forms
hydrophobic interactions with the aliphatic atoms from the
side chains of Ser-439, Glu-443, and Lys-440 on the linker
between �B9 and �A10 of SART3 (Figs. 2D and 3A). The DU
finger and the SART3 interaction also contain strong hydrogen
bonds between the main chain amide group of USP15 residues
Phe-123 and Val-124 with the side chain of SART3 residue
Asp-497 (Fig. 2D). Overall, USP15 has a buried surface area of

568 Å2, relatively small compared with the average 800 Å2 for
“standard size” protein complexes (26).

Contributing Factors to USP15/SART3 Interaction—USP15,
USP4, and USP11 all contain an N-terminal DUSP-UBL
domain. We measured the binding affinity of different DUSP-
UBL domains with SART3 using ITC. USP11 does not bind to
SART3 at all, whereas the affinity of USP4 is 20-fold weaker
than that of USP15 (Table 2 and Fig. 2, E and F). Sequence
alignment revealed USP11 is lacking three key residues in the
DU finger critical for the interaction with SART3 (Fig. 2E),
although these are conserved between USP4 and USP15.

To confirm the authenticity of the interactions, we did
mutagenesis based on structural analysis and measured the
binding affinities. Two kinetically stable oligomeric states of
USP15 that do not interconvert at room temperature or 4 °C
can be separated on an ion-exchange column, corresponding to
a monomeric form and an oligomeric (dimer and tetramer)
form (Fig. 2B). The monomeric form of the USP15 protein was
used for ITC measurement unless otherwise indicated. Wild-
type USP15 binds to the HAT-C subdomain of SART3 with a
dissociation constant (KD) of 0.12 �M. The HAT-N subdomain
of SART3 does not interfere with the USP15 and SART3 inter-
action as SART3(81–578) has a similar KD value of 0.14 �M, so
it is with the interaction between USP4 and SART3. Further
measurement was thus carried out using the HAT-C sub-
domain of SART3. Mutation of residues on the USP15 DU fin-
ger, G121A, V124A, H126A, reduced the binding affinity by
around 100-fold, whereas F123A abolished binding completely,
suggesting the benzyl group of Phe-123 contributes most to the
interaction (Table 2). Although the side chain of USP15 residue
Leu-24 is within 4 Å distance from SART3 (Fig. 3A), the con-
tribution of Leu-24 to the interaction is minimal, if any, as dem-
onstrated by the similar binding affinity of the L24A mutant
with SART3. The contribution of the USP15 Trp-50 residue to
the interaction was confirmed by a 14-fold change of KD upon
mutation to an alanine (Fig. 4A and Table 2).

Although Met-122 in USP15 is the only residue involved in
the direct interaction with SART3 that is different from USP4,
the side chain of Met-122 is mostly exposed, and only the main
chain interacts with SART3. M122A and M122K mutations do
not affect the KD value significantly (Table 2). Similarly, muta-
tion of the corresponding Leu-126 in USP4 to a lysine also does
not change its binding affinity to SART3, suggesting the small
sequence difference in the DU fingers of USP4 and USP15 is not
the cause of the affinity difference.

The UBL domain of USP15 does not interact with SART3
directly. However, removal of the UBL domain (USP15(1–133))
reduced its binding affinity with SART3 by almost 10-fold
(Table 2 and Fig. 4A), whereas removal of the UBL domain from
USP4 (USP4(1–137)) does not change the binding affinity sig-
nificantly. A further inspection revealed the binding enthalpy,
	H, upon UBL removal is increased from �15.2 kcal�mol�1 for
the USP15(1–223) to �7.9 kcal�mol�1 for USP15(1–133), while
the binding entropy, 	S, is almost diminished from �19.5 to
0.35 cal�mol�1�degrees�1. On the contrary, the binding
enthalpy and entropy values do not vary greatly for USP4 in the
presence or absence of the UBL domain (Table 2).

TABLE 1
Data collection and refinement statistics

SART3(81–393)
SART3(280 –578)
� USP15(1–223)

PDB code 5JJX 5JJW
Data collection

Space group P63 P6422
Cell dimensions

a, b, c (Å) 135.1, 135.1, 43.2 117.9, 117.9, 205.3
�, �, � (°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0

Resolution (Å) 50.0–2.0 50.0–3.0
Rsym or Rmerge 0.067 (0.968)a 0.197 (2.59)
I/�I 43.5 (2.3) 24.6 (1.3)
Completeness (%) 100.0 (100.0) 100.0 (100.0)
Redundancy 8.3 (7.8) 30.9 (31.6)

Refinement
Resolution (Å) 50.0–2.0 44.7–3.0
No. of reflections 29,831 17,386
Rwork/Rfree 0.207/0.239 0.234/0.288
No. of atoms 2537 3325

Protein 2415 3310
Ligand/ion 1 4
Water 121 11

B-factors
Protein 47.7 91.9
Ligand/ion 51.1 62.3
Water 45.3 63.2

Root mean square deviations
Bond lengths (Å) 0.009 0.010
Bond angles (°) 1.213 0.900

Ramachandran plot
Favored regions (%) 98.3 95.4
Allowed regions (%) 1.7 4.6
Disallowed regions (%) 0.0 0.0

a Values in parentheses are for the highest resolution shell.
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Previous studies (18, 27–29) established that the USP4
DUSP-UBL domain forms a dimer in solution and in the crystal.
Detailed structural analysis revealed the DU finger of one USP4
molecule interacts with a hydrophobic patch on the DUSP
domain of the other molecule (Fig. 5, A and B), forming a head-
to-tail dimer. Such an interaction does not exist in USP15 due
to the steric hindrance caused by an elongated nearby �-helix
and protruding residues from the pocket (Fig. 5C). To under-
stand whether the dimerization caused lower binding affinity of
USP4, we first characterized the oligomeric status of USP4
DUSP-UBL domain in solution using SEC-MALS. The size of
USP4 in solution is concentration-dependent, suggesting a fast

monomer-dimer equilibrium (Fig. 4B). Monomeric USP4 can-
not be separated from the dimeric form as in the case of USP15.
We thus introduced a F42D mutation in the hydrophobic
pocket of the DUSP domain that binds to the DU finger, rea-
soning that a negatively charged residue will disrupt the hydro-
phobic patch and disrupt the dimerization seen in the USP4
crystal structure. Interestingly, we observed two peaks during
anion-exchange chromatography, a less charged Q1 species
and a more charged Q2 species. We collected the Q1 fractions
and subjected the solution to analytical SEC twice and found
the final F42D mutant protein stayed dominantly as a stable
monomer (Fig. 4C). The monomeric state of the F42D mutant

FIGURE 2. Interaction of DUSP-UBL domains with SART3. A, SEC analysis of SART3 HAT-C domain in complex with USP4 or USP15. SART3 HAT-C forms a dimer
in the solution, and the apparent size of the SART3-USP15 complex matches a heterotetramer. The size of the SART3-USP4 complex is smaller due to weaker
binding affinity. B, SEC analysis of USP4 and USP15. The two species of USP15 from anion-exchange Q column, Q1 and Q2, elute as monomer (pink) and dimer
(red) on SEC, respectively. Only a single peak is observed for USP4 (blue). Mutation of G121A in the DU finger of USP15 leads to an equilibrium of monomer and
oligomer in solution. A shoulder peak at the size of 111 kDa, corresponding to a tetramer, can be observed for the USP15 Q2 species and USP15 G121A mutant.
The size of the USP15 dimers (71 kDa) is slightly larger than the calculated value (52 kDa). This could probably be caused by the elongated conformation of a
domain-swapped dimer. C, interaction mode of USP15 with SART3, only one copy of SART3 and USP15 molecules are shown. D, atomic details of the interaction
between USP15 and SART3. Residues Lys-43, Gly-46, Lys-52, and Gln-54 of USP15 are not involved in the direct interaction with SART3, but the hydrogen bonds
they form fix the conformation of the loop and Trp-50 to a favorable position for SART3 interaction. E, sequence alignment of the DU finger of human and
mouse USP4, USP11, and USP15. F, thermodiagram of ITC measurement of wild-type DUSP-UBL domains with SART3 and data fitting.
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is further confirmed by a consistent molecular mass measure-
ment of 
28 kDa across the elution profile as measured by
SEC-MALS (Fig. 4B). This suggests the F42D mutant of USP4
behaves similarly to wild-type USP15.

Surprisingly, we found the KD value of the monomeric form
of USP4 F42D mutant binding with SART3 to be 9.3 �M by ITC
measurement, with only small changes of the binding enthalpy
and entropy compared with the wild-type USP4 (Table 2). This

FIGURE 3. Interaction details of USP15 with SART3. A, schematic representation of the interactions between SART3 and USP15 using LigPlot� (42). B,
comparison of the conformation of the loop containing SART3-interacting residue Trp-50 from all known structures of USP15: red (PDB code 5JJW, USP15/
SART3); green (PDB code 3PV1); blue (PDB code 4A3P); yellow (PDB code 4A3O); orange (PDB code 3PPA); and magenta (PDB code 3T9L). The loop of USP4 (PDB
code 3JYU) is shown in gray.

TABLE 2
Summary of ITC measurements of USPs and SART3 interaction

Syringe Cell n KD �H �

�M kcal�mol�1 cal�mol�1degrees�1

USP15(1–223) SART3 (81–578) 0.952 � 0.002 0.14 � 0.01 �15.03 � 0.05 �19.0
USP4(1–229) SART3 (81–578) 0.808 � 0.002 2.07 � 0.04 �16.39 � 0.06 �29.0
USP15(1–223) SART3 (280–578) 0.989 � 0.003 0.12 � 0.01 �15.24 � 0.08 �19.5
USP4(1–229) SART3 (280–578) 0.958 � 0.004 2.79 � 0.10 �13.32 � 0.08 �19.2
SART3(280–578) USP4 (1–229) 0.979 � 0.027 2.48 � 0.25 �18.41 � 0.68 �36.1
SART3(280–578)a USP4 (1–229) 0.960 � 0.075 2.97 � 0.98 �16.14 � 1.86 �28.9
USP11(78–286) SART3 (280–578) NDb ND
USP15(1–223) (Q2)c SART3 (280–578) 1.800 � 0.112 28.01 � 6.18 1.95 � 0.21 27.4
USP15(1–133) SART3 (280–578) 0.933 � 0.010 1.42 � 0.14 �7.87 � 0.12 0.4
USP4(1–137) SART3 (280–578) 0.881 � 0.006 2.40 � 0.11 �15.49 � 0.14 �26.2
USP11(80–196) SART3 (280–578) ND ND
USP15(1–223) L24A SART3 (280–578) 1.180 � 0.005 0.33 � 0.03 �10.10 � 0.07 �4.2
USP15(1–223) W50A SART3 (280–578) 0.870 � 0.019 1.68 � 0.29 �9.36 � 0.28 �5.0
USP15(1–223) G121A SART3 (280–578) 0.887 � 0.173 16.34 � 5.53 �3.72 � 0.85 10.6
USP15(1–223) M122A SART3 (280–578) 0.868 � 0.003 0.32 � 0.02 �13.98 � 0.09 �17.1
USP15(1–223) M122K SART3 (280–578) 0.888 � 0.001 0.25 � 0.01 �15.85 � 0.03 �22.9
USP15(1–223) F123A SART3 (280–578) ND ND
USP15(1–223) V124A SART3 (280–578) 0.821 � 0.035 11.49 � 1.03 �12.74 � 0.73 �20.1
USP15(1–223) K125A SART3 (280–578) 0.962 � 0.003 0.07 � 0.01 �14.77 � 0.09 �16.8
USP15(1–223) H126A SART3 (280–578) 1.030 � 0.087 19.49 � 3.21 �5.83 � 0.66 2.0
SART3(280–578)a USP4 (1–229) F42D 0.855 � 0.217 9.35 � 3.76 �12.14 � 4.31 �17.7
USP4(1–229) L126K SART3 (280–578) 0.908 � 0.006 2.87 � 0.10 �13.41 � 0.11 �19.6

a Measurement was performed on Nano ITC (TA Instruments).
b ND means not detected.
c Q2 refers to the second peak from anion-exchange chromatography.
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FIGURE 4. Identifying key contributors to tight USP15/SART3 binding. A, ITC measurement and data fitting for mutant USPs and SART3. In the lower panels,
the USP4 proteins were placed in the sample cell at a lower concentration so that the monomeric form dominates. B, SEC-MALS analysis of the oligomeric states
of wild-type USP4 and the F42D mutant. C, SEC shows the F42D mutant of USP4(1–229) used for ITC exists dominantly as a monomer in solution, whereas the
Q2 species of the F42D mutant exists as both dimer and monomer.

FIGURE 5. Interaction details of the DU finger with DUSP domain. A, USP4 forms a head-to-tail dimer through the interaction of the DU finger of one
molecule with the DUSP domain of the other molecule. B, hydrophobic residues at the tip of the DU finger (cyan) dock into a hydrophobic pocket of the
DUSP domain of a second USP4 molecule (green). C, DUSP domain of USP15 (magenta) has a very shallow pocket. When the DU finger of USP4 (cyan) is
modeled onto the DUSP domain of USP15, the hydrophobic residues involved in interaction clash with the putative binding pocket of USP15.
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suggests the self-association of the wild-type USP4 in the solu-
tion is not the cause of the lower binding affinity with SART3
compared with USP15. We have also ruled out the possibility of
operational error by measuring the interaction of the wild-type
USP4 on two different ITC instruments and by switching the
samples in the syringe and the sample cell (Table 2). All mea-
surements indicate a consistent KD of around 2.7 �M between
the wild-type USP4(1–229) and SART3(280 –578). The weaker
binding of the wild-type USP4 with SART3 is further confirmed
by the smaller apparent molecular mass of the USP4-SART3
complex at 110 kDa compared with the USP15-SART3 com-
plex at 134 kDa on SEC (Fig. 2A).

Discussion

Comparison of SART3 with Other HAT Structures—Based on
sequence pattern, eight HAT repeats were annotated for
SART3 in the Uniprot database, and our structure-based anal-
ysis identified four additional repeats. It should be noted that
the sequences of HAT1 and HAT12 are less conserved com-
pared with other repeats. In our SART3 HAT-C structure,
there is also an extra helix after HAT12, predicted to be part of
a longer helix (about 50 amino acids) linking the HAT domain
to a bipartite NLS peptide. We excluded it from the HAT
repeats due to low sequence homology of this helix to other
repeats in the HAT domain. Lys-568 of SART3 in this extended
helix is ubiquitinated according to proteomics studies (30, 31),
which suggested this helix may be involved in regulating the

degradation of SART3 and is functionally distinct from other
repeats.

We searched the Dali server (32) for structural homologs of
SART3. Top hits included mouse and fungi cleavage stimula-
tion factor 77 (CstF-77 PDB codes 2OOE, 2OND, and 2UYL)
and RNA14 (PDB codes 3EBA, 4EBH, and 4E85), which is a
yeast homolog of CstF-77. Both proteins are part of the mRNA
3�-end processing machinery in different organisms. The
sequence identity of these proteins to the HAT domain of
SART3 is low at 16 –20%. Structural analysis revealed that both
CstF-77 (22) and RNA14 (33) contain 11–12 HAT repeats and
also form two subdomains, HAT-N and HAT-C. CstF-77 and
RNA14 both form homodimers through the concave surface of
the HAT-C subdomain in a tail-to-tail mode similar to SART3,
but they differ in the relative orientation of the HAT-N and
HAT-C subdomains of each monomer (Figs. 1E and 6) and the
opening angle between the two pleated arcs of the HAT-C sub-
domains of the dimer (Figs. 1F and 6).

Functional Implications of the DUSP-UBL and SART3
Interaction—USP15, USP11, and USP4 compose a small set of
highly networked USPs that are evolutionarily related, struc-
turally similar, and functionally overlapping (3). The differing
abilities of these USPs to bind SART3 also have variable down-
stream functional consequences for each of these proteins.
USP11 does not bind to SART3 due to the lack of key residues in
the DU finger between the DUSP and UBL domains (Fig. 2E)
and is transported to the nucleus through a different mecha-

FIGURE 6. Comparison of different HAT structures. Two regions of the HAT domain quaternary structures are dissimilar among HAT proteins with known
structural models, indicated with red rectangles in the SART3 structure. The first region (a) is the interface between the HAT-N subdomain and the HAT-C
subdomain. The relative orientation of the two subdomains is divergent in different structures. The second region (b) is the main dimerization interface. The
opening angle of the two monomers varies significantly.
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nism (34). SART3 binds to both USP4 and USP15 and shuttles
the two USPs from cytosol to nucleus (4, 5). However, USP4/
SART3 controls ubiquitination of the spliceosome proteins
(4), whereas USP15 is the preferred DUB for free ubiquiti-
nated histone H2B (5). Our ITC measurements also suggest
USP15 binds to SART3 at least 20-fold stronger than USP4,
suggesting other factors, such as post-translational modifi-
cation, may be involved in the selective recruitment of USP4
to the spliceosome.

The buried surface area of the USP15/SART3 is relatively
small in reference to the low sub-micromolar binding affinity
observed. Our mutagenesis data confirmed Trp-50 of the
USP15 DUSP domain contributes significantly to the binding
with SART3. It should be noted that in more than half of the
USP15 structures deposited in the PDB, the conformation of
the Trp-50 is already primed for interaction with SART3,
whereas the corresponding Trp-54 in USP4 is 
10 Å away from
such a position (Fig. 3B). A further inspection of the structures
revealed the hydrogen bonds formed by the side chain of Lys-52
with the main chain of Gly-46, and the side chains of Gln-54
with Lys-43, which are adjacent to Trp-50, fix the loop in a
conformation preferable for interaction with SART3 (Figs. 2D
and 3B). Such interactions are not observed in the USP4 struc-
ture. Although the UBL domain of USP15 does not interact
with SART3 directly, our deletion mutation data suggest the
UBL domain contributes to the interaction significantly, with
no entropy contribution to the interaction when the UBL is
removed (see 	S of USP15(1–133) with SART3, Table 2). It is
noteworthy that the conformation of the UBL domain is so
flexible that most residues of the UBL domain could not be
observed in the electron density map of the complex. We
believe enthalpy-entropy compensation (35, 36) plays a major
role in the tight binding of USP15 with SART3.

Domain Swapping and Hinge Residues—Several previous
studies (18, 27–29) have analyzed the structures and dimeriza-
tion of the DUSP-UBL domain of USP4, USP11, and USP15 in
detail and identified residues on the DU finger and the DUSP
domain to be the main cause of different oligomerization mech-
anisms of the USPs. USP4 exists as a dimer in the solution and
in the crystal lattice. In contrast, USP15 could crystallize as a
monomer (PDB codes 4A3O and 3T9L), as a domain-swapped
dimer (18, 28), or a tetramer composed of a dimer of a domain-
swapped dimer (PDB code 3PPA). Surprisingly, USP11 could
also exist as a monomer and a domain-swapped dimer (29) even
though its DU finger lacks the three residues key for SART3
binding. During purification, we observed two separate peaks
during anion exchange, corresponding to different oligomeric
states of USP15, which suggest the interconversion between
monomer and oligomer is kinetically unfavorable. However,
the kinetic barrier can be overcome by the binding of SART3, as
shown by a KD of 28 �M between the oligomeric forms of USP15
with SART3 (USP15(1–233) Q2 in Table 2) or by raising the
temperature of the solution (28). The DU finger of USP15 also
serves as the hinge loop for domain swapping (18, 28). We
observed that the G121A mutation breaks down the kinetic
barrier of the conversion between the monomeric and dimeric
forms of USP15 (Fig. 2B), suggesting Gly-121 is a key hinge
residue for the domain swapping of USP15.

Note on the Complex Structure of SART3/USP4 —When we
were preparing our manuscript, Park et al. (37) reported the
structures of the HAT domain of SART3 in the apo-form and in
complex with the DUSP-UBL domain of USP4. The overall
structures of SART3 and its complex with USP4 are similar to
our results. However, we have different assignments of �A- and
�B-helices for HAT repeats 6 –12, and our assignment seems to
give better sequence alignment and a more concise sequence
pattern, whereas such a repeat-wise analysis was not done by
Park et al. (37). We also confirmed that USP15 has a bivalent
binding mode with SART3, where the Trp-50 (equivalent to
Trp-54 in USP4) is important, the contribution of which was
not analyzed in the USP4/SART3 structure. Park et al. (37) also
did not explore in detail the difference of the binding affinities
of USP4 or USP15 with SART3, whereas our data suggest that
enthalpy-entropy compensation plays a major role.
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