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ABSTRACT: The BUZ/Znf-UBP domain is a protein module found in the cytoplasmic deacetylase HDAC6, E3
ubiquitin ligase BRAP2/IMP, and a subfamily of ubiquitin-specific proteases. Although several BUZ
domains have been shown to bind ubiquitin with high affinity by recognizing its C-terminal sequence
(RLRGG-COOH), it is currently unknown whether the interaction is sequence-specific or whether the BUZ
domains are capable of binding to proteins other than ubiquitin. In this work, the BUZ domains of HDAC6
and Ubp-M were subjected to screening against a one-bead-one-compound (OBOC) peptide library that
exhibited random peptide sequences with free C-termini. Sequence analysis of the selected binding peptides as
well as alanine scanning studies revealed that the BUZ domains require a C-terminal Gly-Gly motif for
binding. At the more N-terminal positions, the two BUZ domains have distinct sequence specificities,
allowing them to bind to different peptides and/or proteins. A database search of the human proteome on the
basis of the BUZ domain specificities identified 11 and 24 potential partner proteins for Ubp-M and HDAC6
BUZ domains, respectively. Peptides corresponding to the C-terminal sequences of four of the predicted
binding partners (FBXO11, histone H4, PTOV1, and FAT10) were synthesized and tested for binding to the
BUZ domains by fluorescence polarization. All four peptides bound to the HDAC6 BUZ domain with low
micromolar KD values and less tightly to the Ubp-M BUZ domain. Finally, in vitro pull-down assays showed
that the Ubp-M BUZ domain was capable of binding to the histone H3-histone H4 tetramer protein
complex. Our results suggest that BUZ domains are sequence-specific protein-binding modules, with each
BUZ domain potentially binding to a different subset of proteins.

The conjugation of ubiquitin, a highly conserved 76-amino
acid protein, to proteins is a key signaling event in cellular
processes such as the proteolysis of cellular proteins (1), cell
cycle control (2), and transcriptional regulation (3, 4). Several
proteins involved in these processes need to specifically recognize
ubiquitin to perform their function, such as deubiquitylating
enzymes (DUBs) (5, 6), certain trafficking proteins (7, 8), and
ubiquitin conjugating enzymes (9). To recognize ubiquitin, many
proteins utilize ubiquitin-binding domains, such as UBA, UIM,
MIU, DUIM, CUE, GAT, NZF, A20 ZnF, BUZ, UBZ,
Ubc, UEV, UBM, GLUE, Jab1/MPN, and PFU domains (10).
Most of these domains bind ubiquitin at a hydrophobic patch

surrounding Ile-44 of ubiquitin (11, 12). The BUZ1 domain,
however, has been found to interact with ubiquitin by binding to
its free C-terminus (13, 14).

The BUZ domain, which is also known as the Znf-UBP
(zinc finger ubiquitin-specific processing protease) domain, DAUP
(deacetylase/ubiquitin-specific protease) domain, or PAZ (poly-
ubiquitin-associated zinc finger) domain, consists of approxi-
mately 100 residues and has the general structure of being
organized around a central five-strand twisted β-sheet with a
nearby R-helix (13-15). BUZ domains require one to three zinc
ions to maintain their structural integrity (13, 14, 16). The BUZ
domain is present in at least 10 human ubiquitin-specific process-
ing proteases (USPs) (6), which are the largest class of deubi-
quitylating enzymes. It is also found in BRCA1-associated
protein 2 (BRAP2) (17), anE3 ubiquitin ligase, and in cytoplasm-
ic histone deacetylase 6 (HDAC6) (18, 19). Although the
precise roles of BUZdomains in these proteins are not completely
understood, it appears that one major function is to regulate the
activity of BUZ-containing proteins by binding to theC-terminus
of ubiquitin (6). In the case of BUZ-containing USPs, binding
of ubiquitin has been shown to increase their catalytic activ-
ity (14, 20, 21), while binding of ubiquitin by the BUZ domain of
HDAC6 may prevent HDAC6 from transporting polyubiquiti-
nated proteins to aggresomes (8, 13).

Recent biochemical and structural analysis of the isopeptidase
T (isoT) BUZdomain revealed a distinct ubiquitin bindingmode,
in which the C-terminal RGG motif of ubiquitin inserts into a
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deep pocket on the BUZ domain (14). The more N-terminal
residues, including Arg-72 and Leu-73, also make specific con-
tacts with the BUZdomain, likely contributing to both specificity
and overall affinity. In addition, in the case of isoT, Phe-224 form
the L2A loop of the BUZ domain interacts with a small
hydrophobic patch on the ubiquitin surface (formed by Leu-8
and Ile-36). Consistent with this observation, any modification
that disrupts the free C-terminal Gly-Gly motif abolished the
binding of the ubiquitin peptide to BUZ domains (13). Because
ubiquitin is the only currently known ligand of BUZ domains, it
is not clear whether the BUZ domains can bind to other peptides
and/or proteins. One approach to addressing this question is
to screen the BUZ domains against a combinatorial peptide
library (22). We have previously developed a methodology for
synthesizing and screening one-bead-one-compound (OBOC)
peptide libraries that display support-bound peptides with free
C-termini and used it to profile the sequence specificity of post-
synaptic density-95/discs large/zona occluden-1 (PDZ) domains (23).
Herein, we extended this approach to systematically profile the
sequence specificity of the BUZ domains of mutant ubiquitin
processing protease (Ubp-M, also known as USP16) and
HDAC6. Our results demonstrate that the BUZ domain is a
sequence-specific protein-binding module, with each domain
recognizing a specific subset of C-terminal sequences. This sug-
gests that the BUZ domains may bind to other cellular proteins
in addition to ubiquitin.

MATERIALS AND METHODS

Materials. Fmoc L-amino acids and coupling reagents for
peptide synthesis were purchased from Advanced ChemTech
(Louisville, KY) andNovaBiochem (La Jolla, CA). TentaGel resin
was purchased from Peptides International (Louisville, KY),
whileWang resin was fromAdvanced ChemTech. Streptavidin-
alkaline phosphatase (SA-AP) conjugate was purchased from
Prozyme (San Leandro, CA). Phenyl isothiocyanate (PITC) was
purchased in 1 mL sealed ampules from Sigma (St. Louis, MO).
5-Bromo-4-chloro-3-indolyl phosphate (BCIP) was from Sigma.
Boc-Glu(OFm)-OH was purchased from Chem-Impex Interna-
tional Inc. (Wood Dale, IL). Thrombin (from bovine plasma)
was purchased from Fisher Scientific (Pittsburgh, PA). DNA
plasmids for GST-Ubp-M BUZ (BUZ residues 10-143) and
GST-HDAC6 BUZ (residues 1059-1215) (both pGEX-2T
vectors) and (His)6-tagged Ubp-M BUZ (in pET-15b vector,
residues 22-143) have previously been described (13).
Purification and Labeling of BUZ Domains. Escherichia

coli Rosetta BL21(DE3) cells were transformed with either a
GST-HDAC6 BUZ, GST-Ubp-M BUZ, or (His)6-Ubp-M BUZ
plasmid and grown inLuria-Bertani medium (containing 500 μM
ZnSO4) at 37 �C until the OD600 reached 0.6. For the production
of GST-Ubp-M BUZ fusion protein, the cells were induced by
addition of 90 μM isopropyl β-D-thiogalactoside (IPTG) for
5 h at 30 �C. For (His)6-Ubp-M BUZ and GST-HDAC6 BUZ
proteins, the cells were induced with 200 μM IPTG for 15 h at
20 �C. The cells were collected by centrifugation at 5000 rpm for
20 min in a Sorvall RC-5C Plus rotor and lysed by sonication in
either 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, and
5 mM imidazole [for (His)6-Ubp-M BUZ] or 20 mM HEPES
(pH 7.4), 150 mMNaCl, and 1mM β-mercaptoethanol (for GST
fusion proteins) containing protease inhibitors phenylmethane-
sulfonyl fluoride (35 mg/L), trypsin inhibitor (20 mg/L), and
pepstatin (1 mg/L). The GST fusion proteins were purified on a

glutathione-agarose column according to the manufacturer’s
instructions. Free glutathione was removed by size exclusion
chromatography in 30 mMHEPES (pH 7.4) and 150 mMNaCl.
For library screening, the GST fusion proteins (g2 mg/mL) were
biotinylated by treatment with 2 equiv of (þ)-biotin N-hydroxy-
succinimide (NHS) ester (a 10 mg/mL biotin-NHS stock solu-
tion prepared in DMSO). The pH of the reaction solution
was adjusted to ∼8 by the addition of 1 M NaHCO3 (pH 8.4),
and the reaction was allowed to proceed for 1 h at 4 �C. Any
unreacted biotin-NHS was quenched by the addition of 1M Tris
buffer (pH 8.3) to a final concentration of 50 mM. Free biotin
was then removed by size exclusion chromatography in 30 mM
HEPES (pH 7.4) and 150 mM NaCl. The protein concentration
was determined by the Bradford method, using bovine serum
albumin as the standard. The proteins were flash-frozen in 33%
glycerol using dry ice and isopropyl alcohol and stored at-80 �C.
The (His)6-tagged Ubp-M BUZ domain was purified by metal
affinity chromatography (Ni-NTA column) and ion exchange
chromatography (Q-Sepharose). For fluorescence polarization
experiments, the proteins were exchanged into a buffer contain-
ing 20mM sodiumphosphate (pH 7.0) and 100mMNaCl by size
exclusion chromatography after affinity purification. For fluore-
scence polarization studies with the HDAC6 BUZ domain, the
GST tag was removed by treatment of the fusion protein still
bound to the glutathione resin with thrombin (GE Healthcare)
for 16 h at 4 �C. The GST-free protein was eluted from the resin
with a buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM
NaCl, and 2.5 mM CaCl2.
Synthesis of NR-Boc-Glu(δ-N-hydroxysuccinimidyl)-

O-CH2-CHdCH2. Boc-Glu(OFm)-OH (0.426 g, 1 mmol)
was dissolved in 1.4 mL of DCM, followed by the addition of
NaHCO3 (0.168 g, 2 mmol) and H2O (1.7 mL). Allyl bromide
(0.363 g, 3 mmol) was then added at 0 �C, followed by Aliquate-
336 (0.388 g, 0.96 mmol). The reaction mixture was stirred at
35 �C for 16 h. After that, the organic and aqueous phases were
separated, the aqueous fraction was extracted with DCM (2 �
1 mL), and the organic fractions were combined and dried over
MgSO4. The solvent was removed by evaporation under vacuum,
and the crude product was purified by silica gel column chroma-
tography (2:1 hexane:ethyl acetate ratio) to give a white solid
after being dried under vacuum overnight (0.37 g, 80%). The
product was dissolved in 10% (v/v) piperidine in DCM (16 mL)
and stirred for 2 h at room temperature. The solvent was removed
under reduced pressure. The product was dissolved in 10%
NaHCO3 and extracted with diethyl ether (20 mL). The aqueous
layer was then acidified to pH ∼4 with 1 M HCl. The desired
product was extracted with ethyl acetate (3 � 20 mL) and dried
over Na2SO4. After removal of the solvent under reduced
pressure, the product (0.174 g, 76.3%) was dissolved in 20 mL
of DCM containing 1.2 equiv (0.72 mmol, 0.083 g) of
N-hydroxysuccinimide, and the mixture was stirred vigorously
for 30 min at room temperature. Next, diisopropylcarbodiimide
(0.72 mmol, 0.091 g) was added to the mixture, and the solution
was stirred overnight at room temperature. The solvent was
removed under reduced pressure, and the reaction mixture was
extracted with ethyl acetate (3� 30 mL) and water (20 mL). The
organic portions were then combined, washed with brine
(40 mL), and dried with Na2SO4. The solvent was evaporated
under reduced pressure, and the product was purified by silica gel
column chromatography (1:2 hexane:ethyl acetate ratio) to give a
white solid (0.18 g, 78%): 1H NMR (250 MHz, CDCl3) δ 1.28
(s, 9H), 1.84-1.99 (m, 1H), 2.08-2.23 (m, 1H), 2.53-2.62
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(m, 2H), 2.68 (s, 4H), 4.15-4.29 (m, 1H), 4.49 (d, J = 5.7 Hz,
2H), 5.11 (dd, J = 1.2, 10.3 Hz, 2H), 5.22 (d, J = 1.4 Hz, 1H),
5.68-5.83 (m, 1H); HRESI-MS C17H24N2O8Naþ ([M þ Na]þ)
calcd 407.1425, found 407.1421.
Synthesis of the Peptide Library. The library was synthe-

sized on 2.0 g of TentaGel S NH2 resin (90 μm, 0.28 mmol/g) via
modification of a previously reported procedure (23). The
BBLLM linker was synthesized using 4 equiv of Fmoc-amino
acids using HBTU, HOBt, and NMM as the coupling agents.
Each amino acid was coupled for 1 h, followed by exhaustive
washing of the resinwithDMFandDCM.Before the coupling of
the next amino acid, theN-terminal Fmoc groupwas removed by
treatment of the resin with 20% piperidine inDMF (5þ 15min),
followed by exhaustive washing of the resin with DMF, DCM,
and DMF again. To segregate the beads into outer and inner
layers, we soaked the resin (after removing the N-terminal Fmoc
group) in 75% DMF in water (5 min), 50% DMF in water
(5 min), or 25%DMF inwater (5 min) andwashed the resin with
water. The resulting resin was incubated in water overnight. The
following day, the water was drained and the resin was quickly
resuspended in 30mLof a 55:45 (v/v) DCM/diethyl ethermixture
containing 0.5 equiv of NR-Boc-Glu(δ-N-hydroxysuccinimidyl)-
O-CH2CHdCH2 (0.28 mmol) and incubated for 30 min on a
rotary shaker. The resin was washed with a 55:45 (v/v) DCM/
diethyl ether mixture (3 � 50 mL) and DMF (8 � 50 mL) and
treated with 4 equiv of Fmoc-Gly-OH with HBTU, HOBt, and
NMM (in 30 mL of DMF) for 1 h. Next, the NR-Boc group was
removed by treatment with a solution containing 90% trifluoro-
acetic acid (TFA), 2.5% triisopropylsilane, 2.5% ethanedithiol,
and 5%DCM for 30 min. The resin was drained and neutralized
with 10% triethylamine in DMF for 10 min. 4-Hydroxymethyl-
phenoxyacetic acid (HMPA, 2 equiv) was then coupled to the
surface layer of the beads using HBTU. The N-terminal Fmoc
group of the peptides in the inner layer was removed with
piperidine, and Fmoc-Arg(Pbf)-OH (0.7 equiv) was coupled to
the free N-terminus using HBTU, HOBt, and NMM (45 min).
Upon removal of the Fmoc protecting group, the resin was split
into 20 equal portions (100 mg each), and each was coupled to a
different Fmoc-amino acid (4 equiv). The addition of the first
random residue employed diisopropylcarbodiimide (4 equiv) and
4-dimethylaminopyridine (0.1 equiv) in DCM as the coupling
reagents (6 h), while the other random residues were coupled
using the standard HBTU, HOBt, and NMM chemistry (1 h).
Each coupling reaction was repeated once to ensure complete
reaction. To differentiate isobaric amino acids byMS sequencing,
5% (mol/mol) CD3CO2D was added to the coupling reaction
mixtures ofLeu andLyswhile 5%(mol/mol) CH3CD2CO2Dwas
added to the coupling reaction mixtures of Nle (24, 25). After
synthesis of the random region of the library, an Ala-Ala
dipeptide was added to the N-terminus of all peptides. The
resin was treated overnight with tetrakis(triphenylphosphine)-
palladium (1 equiv), triphenylphosphine (3 equiv), formic acid
(10 equiv), and diethylamine (10 equiv) in anhydrous THF. The
resin was washed with 1% diisopropylethylamine in DMF, 1%
sodium dimethyldithiocarbamate hydrate in DMF, DMF,
DCM, andDMF.TheFmoc groupwas removedwith piperidine,
and the resin was washedwithDMF, 1MHOBt inDMF,DMF,
and DCM. The surface peptides were cyclized via incubation of
the resin in a solution of PyBOP, HOBt, and NMM (5, 5, and
10 equiv, respectively) inDMF for 3 h. The resinwaswashedwith
DMF and DCM and treated with 50 mL of a modified Reagent
K (7.5% phenol, 5% water, 5% thioanisole, 2.5% ethanedithiol,

and 1% anisole in TFA) for 2 h. The resulting resin was washed
with TFA andDCM, dried under vacuum, and stored at-20 �C.
Library Screening. A typical screening reaction involved

10-50 mg of the peptide library in a MicroBio-Spin column
(0.8 mL, Bio-Rad). The resin was swelled inDCM for 10-15min,
thoroughly washed with DMF and water, and incubated in
1 mL of HBST-gelatin buffer [30 mM Hepes, 150 mM NaCl,
0.05% Tween 20, and 0.1% gelatin (pH 7.4)] for 4 h. Afterward,
the gelatin buffer was drained and the resin was resuspended
in 1 mL of HBST-gelatin buffer containing 1 μM biotinylated
BUZ domain protein and 1 mM tris(2-carboxyethyl)phosphine
(TCEP). The resin was incubated overnight at 4 �C with gentle
mixing. The protein solution was gently drained, and the resin
was resuspended in 1mLof SA-APbinding buffer [30mMTris-
HCl (pH 7.4), 250 mMNaCl, 10 mMMgCl2, 70 μMZnCl2, and
20 mM imidazole] containing 1 μg/mL SA-AP. The resin was
incubated for 10 min at 4 �C. The SA-AP buffer was drained,
and the resin was washed with the SA-AP binding buffer (2 �
1 mL) and SA-AP reaction buffer [30 mM Tris-HCl (pH 8.5),
100 mM NaCl, 5 mM MgCl2, 20 μM ZnCl2, 20 mM imidazole,
and 0.01%Tween 20] (2� 1 mL). The resin was then transferred
into a single well of a 12-well plate (BD Falcon) by using the
SA-AP reaction buffer (3 � 300 μL). After the addition of
100 μL of a BCIP solution (5 mg/mL in SA-AP reaction buffer),
the resin was incubated at room temperature on a rotary shaker
and monitored under a dissecting microscope for the develop-
ment of turquoise color on positive beads. Once the desired color
intensity was developed on the positive beads (typically∼1 h), the
staining reaction was quenched by the addition of 100 μL of 1M
HCl. The colored beads weremanually removed by using amicro-
pipet under a dissecting microscope. The peptides on the positive
beads were individually sequenced by partial Edman degradation
mass spectrometry (PED-MS) as previously described (24, 25).
Synthesis of Individual Peptides. Each peptide was synthe-

sized on 50 mg of Wang resin (0.8 mmol/g). The first amino acid
was coupled to the resin using diisopropylcarbodiimide as the
coupling reagent and dimethylaminopyridine as a catalyst. The
remaining amino acids were coupled using standard Fmoc/
HBTU chemistry. To generate fluorescently labeled peptides,
100 μL of an FITC solution (20 mg/mL FITC in anhydrous
DMSO) was added to ∼5 mg of the resin in a 0.5 mL micro-
centrifuge tube, along with 3.2% (v/v) diisopropylethylamine.
The resin was incubated with FITC at room temperature for 4 h
in the dark. The resin was then transferred into a 0.8mLBio-Rad
Micro-Spin column and washed with dichloromethane. Side
chain deprotection and peptide cleavage from the resin were
achieved by treatment with 1 mL of the modified reagent K for
2 h. The crude peptide was triturated three timeswith cold diethyl
ether and purified on a semipreparative HPLC column (C18

column). The identity of each peptidewas confirmed byMALDI-
TOF mass spectrometry. Peptide concentrations were deter-
mined by the absorbance of FITC at 495 nm.
Determination of Dissociation Constants by Fluores-

cence Polarization. The binding affinities of the BUZ domains
for individual peptides were determined by fluorescence polar-
ization at 25 �C on a SpectraMax M5Multi-Mode Microplate
Reader (Molecular Devices, Sunnyvale, CA). A fluorescently
labeled peptide was dissolved in ddH2O containing 1% (w/v)
bovine serum albumin and added to solutions containing in-
creasing concentrations of GST-HDAC6 BUZ or (His)6-Ubp-M
BUZ protein [in 20mM sodium phosphate (pH 7.0) and 100mM
NaCl] to give a final concentration of 90 nM peptide and 0.1%
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(w/v) bovine serum albumin. For binding studies with HDAC6
BUZ (no GST), the buffer contained 50 mM Tris-HCl (pH 8.0),
150 mMNaCl, and 2.5 mM CaCl2. Fluorescence anisotropy (A)
values were measured in triplicate, and the dissociation constant
(KD) was determined by nonlinear regression fitting of the
anisotropy data against the protein concentration using Kaleida-
Graph version 3.6 (Synergy Software, Reading, PA):

A ¼ ½Af þðAbQb=Qf -AfÞðf½LT� þ ½PT� þKD - ½ð½LT� þ ½PT�

þKDÞ2 - 4½LT�½PT��1=2g=ð2½LT�ÞÞ�=½1þðQb=Qf - 1Þðf½LT�
þ ½PT� þKD - ½ð½LT� þ ½PT� þKDÞ2 - 4½LT�½PT��1=2g=ð2½LT�ÞÞ�

where A is experimentally measured anisotropy, Af is the ani-
sotropy of the unbound peptide, Ab is the anisotropy of the
peptide-protein complex, Qf is the fluorescence intensity of the
free peptide,Qb is the fluorescence intensity of the bound peptide,
[LT] is the total concentration of the labeled peptide, and [PT] is
the total concentration of the protein.
GST Pull-Down Assay. DNA constructs encoding Xenopus

laevis histone proteins H3 and H4 were kindly provided by
K. Luger (Colorado State University, Fort Collins, CO). The
(H3þH4)2 tetrameric protein complex was overexpressed and
purified as described previously (26). A small column filled with
∼200 μL of glutathione-agarose (Sigma) was washed with PBS
buffer [25 mM sodium phosphate and 100 mM NaCl (pH 7)].
Either the GST-BUZ domain protein (4.0 nmol) or GST alone
(negative control) was loaded onto the column, which was
exhaustively washed with PBS until no GST-BUZ or GST
protein was detected in the flow-through fractions. An equal
amount of the (H3þH4)2 tetrameric complex (4.0 nmol) was
added to the column and incubated on ice for 10 min with rotary
mixing. The column was then washed with 10 mL of PBS

containing 100 mM NaCl and eluted with PBS containing
100 mM NaCl (3 � 200 μL), 300 mM NaCl (3 � 200 μL), and
700mMNaCl (3� 200 μL). All of the fractions were analyzed by
SDS-PAGE and visualized by Coomassie blue staining.

RESULTS

Synthesis and Screening of a Peptide Library with Free
C-Termini.Earlier studies have shown that the BUZdomains of
isoT and Ubp-M interact with ubiquitin by recognizing its
extreme C-terminal sequence (13, 14). A peptide corresponding
to the last five residues of ubiquitin bound to the Ubp-M BUZ
domain with a KD value of 15.9 μM, similar to the binding
affinity between the BUZ domain and full-length ubiquitin.
However, it is currently unknown whether BUZ domains are
capable of binding to other peptides and/or proteins. To answer
this question, we decided to systematically profile the sequence
specificity of BUZ domains by screening them against a combi-
natorial OBOC peptide library. Because the BUZ domains
require a free C-terminus for binding (13), we designed a peptide
library in the form of resin-MLLBBE0AAX5X4X3X2X1-CO2H
[where B is β-alanine, E0 is a modified glutamic acid, and X1-X5

are L-R-aminobutyrate (Abu or U, used as a Cys replacement),
L-norleucine (Nle or M, used as a Met replacement), or 18
proteinogenic amino acids except for Cys and Met], which
featured five random residues near the free C-terminus (Figure 1).
Because solid-phase peptide synthesis usually starts from the
C-terminus, the desired peptide library cannot be prepared by
conventional peptide synthesis chemistry. We have recently
developed a novel strategy for overcoming this technical diffi-
culty (23). In this strategy, each resin bead was topologically
segregated into two layers, with the surface layer displaying an
inverted peptide containing a free C-terminus, with the inner core
containing the same peptide sequence in the normal orientation

FIGURE 1: Synthesis of a C-terminal one-bead-one-compound peptide library. Reagents and conditions: (a) standard Fmoc/HBTU chemistry,
(b) soak in water and then 0.5 equiv of NR-Boc-Glu(δ-N-hydroxysuccinimidyl)-O-CH2CHdCH2, (c) Fmoc-Gly-OH/HBTU, (d) TFA,
(e) HMPA/HBTU, (f) piperidine, (g) Fmoc-Arg(Pbf)-OH/HBTU, (h) Fmoc-AA/DIC, (i) Pd(PPh3)4, (j) piperidine, (k) PyBOP and HOBt,
(l) TFA. B, β-alanine, X, random residues.
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(which is attached to the support via its C-terminus) as an
encoding tag for later sequence analysis (Figure 1). The peptide
library was synthesized on TentaGel microbeads (90 μm,
0.28 mmol/g, 2.86 � 106 beads/g) by a modification of our
previously reportedmethod (23) and has a theoretical diversity of
205 or 3.2� 106. The librarywas screened against the biotinylated
GST-BUZ domain proteins as previously described for other
protein domains (27). Briefly, binding of a biotinylated BUZ
domain to a resin bead recruits SA-AP to the bead surface.
Subsequent incubation in the presence of 5-bromo-4-chloro-
3-indolyl phosphate results in the formation of turquoise color
on the positive beads (27). Note that during the library screening,
theBUZdomainswere too large todiffuse into thebeadsand therefore
have access only to the inverted peptides on the bead surfaces.
Sequence Specificity Profiles of Ubp-M and HDAC6

BUZ Domains. The BUZ domain of Ubp-M was chosen for
this study because it is a representative of a family of BUZ
domain-containing ubiquitin-specific processing (USP) pro-
teases (6). HDAC6, on the other hand, is one of only a few
BUZ domain-containing proteins that are not in the USP family.
For each BUZ domain, a total of ∼300 mg of the library
(∼850000 beads) was screened in several separate experiments.
Although the amount of resin used did not cover the entire
sequence space of the peptide library, we have previously
demonstrated that screening only a fraction of the library
(∼10% or more of its theoretical diversity) is sufficient for
defining the sequence specificity of a binding domain (28, 29).
For theUbp-MBUZdomain, library screening resulted in a total
of 128 hits, which can be divided into five different classes on
the basis of sequence similarity (Table 1). The class I peptides
(35 sequences) all contained a C-terminal Gly-Gly motif, similar
to the C-terminal sequence of ubiquitin (RLRGG-CO2H). It has
broader but still significant specificity at the more N-terminal
positions. For example, it strongly prefers a positively charged
residue (Arg or Lys) at the-2 position (relative to the C-terminal
residue, which is defined as position 0) (Figure 2). It tolerates a
wide variety of residues at the -3 and -4 positions, with some
preference for an aromatic hydrophobic residue at the -3 posi-
tion and a basic or hydrophobic residue at the -4 position. The
class II peptides (18 sequences) contained a consensus motif of
DG(F/Y), often but not always at the C-terminus. These se-
quences were apparently selected because of their ability to bind
to theGST tag (vide infra). The class III peptides (19 sequences) all
contained anHPQmotif, which has previously been identified as
a specific ligand of streptavidin (30). Apparently, beads contain-
ing the class III peptides directly bound and recruited SA-AP to
their surfaces. The class IV peptides (six sequences) contained an
HXH or HXXHmotif (where X represents any amino acid). We
have previously shown that they were false positives during
screening of inverted peptide libraries against GST-PDZ fusion
proteins and the origin of their selection is not yet clear (23).
Finally, a large number of peptides (50 total) with diverse
sequences were selected and were collectively categorized as class
V peptides. The origin of their selection is not yet clear, and we
have not previously observed this type of sequence during our
library screening against numerous other protein domains.
Interestingly, some of the selected sequences were highly similar
with each other (e.g., PSDHV and PSDYV, LRKMG and
RLRMG), suggesting that they were positively selected against
some component of the library screening system.

The HDAC6 BUZ domain also selected the same five classes
of peptides (Table 2). Again, the class I peptides (50 sequences) all

contained a C-terminal GG motif. Among the class I peptides,
HDAC6 has weaker selectivity for basic residues at the -2 posi-
tion than Ubp-M; although lysine was frequently selected, Arg
was not (Figure 2). On the other hand, hydrophobic residues Leu
andNlewere also selected at this position. At the-4 position, the
HDAC6 BUZ domain prefers an Arg, His, or Phe residue. The
four class II peptides all contained the DG(M/Y) motif and were
selected against theGST tag. Screening against theHDAC6BUZ

Table 1: Peptide Sequences Selected from the Peptide Library against the

Ubp-M BUZ Domaina

aM, norleucine; U, (S)-2-aminobutyric acid; X, amino acids whose
identity could not be unambiguously determined. bSequences selected for
resynthesis and binding analysis.

FIGURE 2: Sequence specificity of Ubp-M (a) and HDAC6 BUZ
domains (b).Displayed are the aminoacids identified at eachposition
from the C-terminus (position 0) to the -4 position (z axis). Occur-
rence on the y-axis represents the percentage of selected sequences
that contained a particular amino acid at a certain position.
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domain also led to the same false positive sequences containing
the HPQ (class III) and HXH (class IV) motifs as the Ubp-M
domain. Again, the HDAC6 BUZ domain selected a large
number of class V peptides (137 sequences), some of which are
highly homologous to each other (e.g., MYRHF and MSRHF,
QTVFL and QLVLL, YRRWQ and SRRWQ, SWRAR and
SLRAR).
Binding Affinity of Ubp-M and HDAC6 BUZ Domains

for Selected Peptides. To confirm the library screening results,
we individually synthesized six representative peptides selected
against the two BUZ domains and tested their binding affinities
for the BUZ domains by fluorescence polarization (Table 3
peptides 1-6). Peptides IAKGG and NALGG were class I
ligands selected against Ubp-M and HDAC6 BUZ domains,
respectively. Two class II peptides (LQDGF and FDGFM) were
chosen to contain the DGF motif at the C-terminus and an
internal position, respectively. Finally, one representative class V
peptide was selected for each BUZ domain (PSDHV for Ubp-M

and SLRAR for HDAC6). As a control, we also synthesized a
peptide corresponding to the C-terminal sequence of ubiquitin
(RLRGG). All of the peptides contained a free C-terminus and
an N-terminal FITC-β-Ala-β-Ala motif.

As expected, both class I peptides exhibited strong binding to
the BUZ domains. Peptide IAKGG, which was selected against
Ubp-M, bound to both BUZ domains with similar affinities
(KD∼ 10 μM) (Table 3 and Figure S1 of the Supporting Informa-
tion). Peptide NALGG, on the other hand, bound to its cognate
BUZ domain (from HDAC6) with an affinity much higher than
that of the Ubp-M domain (KD values of 0.79 and 33 μM for
HDAC6 and Ubp-M BUZ domains, respectively). This is in
excellent agreement with the screening results, which showed that
the HDAC6 BUZ domain has a stronger preference for aliphatic
hydrophobic residues (Leu, Nle, and Ile) at the-2 position than
the Ubp-M domain (Figure 2). As a comparison, the ubiquitin
C-terminal peptide hadKD values of 2.2 and 0.34 μM forUbp-M
and HDAC6 BUZ domains, respectively. It was previously
reported that the Ubp-M BUZ domain binds the full-length
ubiquitin with a KD value of 6.5 μM (13). Thus, the binding
affinities of the selected peptides (IAKGG and NALGG) for the
Ubp-M BUZ domain were similar to those of known binding
partners of this BUZ domain. To ascertain that the BUZ domain
was responsible for the observed binding, we also conducted the
binding study with the isolated HDAC6 BUZ domain (without
the GST tag) and obtained a slightly higher affinity for peptide
NALGG (KD = 0.23 μM). This discrepancy is likely caused by
GST dimerization (KD = 0.33 μM) (31), because the GST dimer
produces a stronger polarization signal than a monomer and
therefore artificially increases the magnitude of the signal at high
protein concentrations. Unfortunately, production of GST-free
HDAC6 protein was problematic, and only small amounts of the
protein could be produced at a time. Consequently, most of the

Table 2: Peptide Sequences Selected from the Peptide Library against the

HDAC6 BUZ Domaina

aM, norleucine; U, (S)-2-aminobutyric acid; X, amino acids whose
identity could not be unambiguously determined. bSequences selected for
resynthesis and binding analysis.

Table 3: Binding Affinities of Peptide Ligands for Ubp-M and HDAC6

BUZ Domains

KD (μM)

entry

peptide

sequencea
peptide

source Ubp-M BUZb HDAC6 BUZc

1 IAKGG library 12( 3 8.8 ( 1.1

2 NALGG library 33( 7 0.79 ( 0.12

0.23 ( 0.02

(non-GST)g

3 LQDGF library >150 4.0 ( 1.3

NAf (non-GST)g

4 FDGFM library >150 10.8 ( 2.5

5 PSDHV library >140 NDe

6 SLRAR library NDe NAf

7 RLRGG ubiquitin 2.2( 0.4 0.34 ( 0.02

8 RLRGA NAf NAf

9 RLRAG 62( 11 NAf

10 RLAGG 16( 4 0.90 ( 0.10

11 RARGG 2.0( 0.3 0.47 ( 0.02

12 ALRGG 2.3( 0.4 2.5 ( 0.4

13 STLGG FBXO11 16( 4 3.7 ( 0.5

14 YGFGG histone H4 13( 3 6.2 ( 0.6

15 RGMGG PTOV1 17( 3 1.3 ( 0.2

16 YUIGGd FAT10 12( 2 1.3 ( 0.1

aEach peptide was labeled at the N-terminus with FITC via a β-Ala-
β-Ala linker and contained a free C-terminus. bThe Ubp-M BUZ domain
contained an N-terminal six-histidine tag. cThe GST-BUZ fusion protein
was used in the binding studies unless otherwise noted. dU, (S)-2-amino-
butyric acid. eNot determined. fNo significant binding affinity. gThe iso-
lated BUZ domain (non-GST fusion) was used.
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binding studies involving the HDAC6 domain were conducted
with the GST fusion protein. A KD value of 60 nM was reported
for the interaction between the HDAC6 BUZ domain and the
full-length ubiquitin (16). To determine whether the class I
peptides bind to the same site as the full-length ubiquitin, the
fluorescence polarization experiment was conducted in the pre-
sence of increasing concentrations of ubiquitin. Addition of
ubiquitin decreased the anisotropy value in a concentration-
dependent manner and completely abolished the binding of
peptide FITC-BBRGMGG to the HDAC6 BUZ domain at
g7 μMubiquitin (Figure S2 of the Supporting Information). We
thus conclude that the selected class I peptides bind to the
ubiquitin-binding site of the BUZ domains.

Class II peptides LQDGF and FDGFM bound to the GST-
HDAC6 BUZ domain with KD values of 4.0 and 10.8 μM,
respectively. However, neither peptide exhibited significant bind-
ing to the Ubp-M BUZ domain (KD > 150 μM), which con-
tained a six-histidine tag but not the GST tag.When the GST tag
was removed by partial proteolysis, the isolated HDAC6 BUZ
domain had no detectable binding to the peptides (Figure S3
of the Supporting Information). This suggests that the pep-
tides might be binding to the GST tag. To test this notion, we
performed the binding studies with a GST-Abl2 SH2 domain
fusion protein and found that the LQDGF peptide bound to
the GST-SH2 protein with a KD value of 4.6 μM, essentially
the same as the binding affinity of the LQDGF peptide for
the GST-BUZ domain. Moreover, the binding of the pep-
tide to the GST-SH2 protein was inhibited by glutathione,
with an IC50 of ∼200 μM. Therefore, we conclude that the
class II peptides were selected from the peptide library
because of their ability to bind to the GST portion of
the GST-BUZ domain proteins. Class V peptide PSDHV
exhibited very weak binding to the Ubp-M BUZ domain
(KD>140 μM), while class V peptide SLRAR exhibited no
binding toward HDAC6 BUZ (Figure S1 of the Supporting
Information).
Determination of Critical Positions for Binding by

Alanine Scanning. To determine whether all or which of the
positions are critical for binding to a BUZ domain, we performed
an “alanine scan” of the ubiquitin C-terminal peptide (RLRGG),
during which each of the five C-terminal residues of the peptide
was replaced with an alanine. For both BUZ domains, the
C-terminal dipeptide GG is critical for binding; substitution of
Ala for the terminal Gly completely abolished binding, while
mutation of the Gly at position -1 either abolished binding
(HDAC6) or greatly reduced the binding affinity (∼30-fold for
Ubp-M) (Table 3). Interestingly, the two BUZ domains display
differential sensitivities to Ala substitution at the more N-term-
inal positions. At the -2 position, while mutation of the Arg
to Ala decreased the affinity for the Ubp-M BUZ domain by
∼8-fold, it had a weaker effect on the HDAC6 BUZ domain
(2.6-fold). This is consistent with the library screening results,
which showed a clear preference for Arg at this position by Ubp-M
but not HDAC6 (Figure 2). The opposite trend was observed at
the-4 position, where Argf Ala mutation reduced the affinity
for the HDAC6 BUZ domain by 7.4-fold but had a minimal
effect on the Ubp-M domain, again in agreement with the
specificity profile obtained from library screening. Replacement
of the Leu at the-3 position with Ala had no effect on the Ubp-
M BUZ domain and resulted in a minor reduction in affinity for
the HDAC6 domain (1.5-fold). Thus, we conclude that for Ubp-
M and HDAC6 BUZ domains and likely many other BUZ

domains, the C-terminal GGmotif is the most critical element of
the specificity determinant. This is consistent with the structure of
the ubiquitin C-terminus bound to the BUZ domain of USP5
(isoT), wheremolecularmodeling predicted a steric clash between
the Ala-76 side chain of a G76A mutant ubiquitin and tyrosine
residues in the binding pocket of the USP5 BUZ domain (14).
Our results suggest that BUZ domains make additional contacts
with the more N-terminal residues, for enhanced affinity and
specificity. It appears that different BUZ domains may contact
different positions in a peptide (e.g.,-2 position vs -4 position)
as well as recognize different amino acid residues at the same
position (e.g., Arg vs Leu at the -2 position).
Database Search for Potential Interacting Partners of

Ubp-M andHDAC6 BUZDomains.We searched an Expasy
proteomics server database (http://ca.expasy.org/) for human
proteins that contain a diglycine motif at the C-terminus. The
search was conducted by entering the motif XXXGG> (the
greater than sign limits the search to C-terminal GG sequences,
and X represents any amino acid) into the search site. Only
proteins that are known to exist either at the transcript level or at
the protein level are included. The search resulted in 73 human
proteins with a C-terminal GG motif. On the basis of the
sequence specificity determined above, we predict 11 of the
proteins as potential targets of the Ubp-M BUZ domain and
24 proteins as potential partners of the HDAC6 BUZ domain,
one of which is ubiquitin (Table 4).
In Vitro Interaction between Ubp-M and HDAC6 BUZ

Domains and Protein C-Termini. We next synthesized four
peptides corresponding to the C-terminal sequences of four of
the predicted BUZ-binding partners, F-box only protein 11
(FBXO11, STLGG), histone H4 (YGFGG), prostate tumor-
overexpressed gene 1 protein (PTOV1, RGMGG), and FAT10
(or ubiquitin D, YCIGG) (Table 3). FBXO11 contains an F-box
motif, which potentially links it to the protein ubiquitination
pathway (32). HistoneH4was chosen because it has already been
established that Ubp-M interacts with another histone protein,
histone H2A (33). PTOV1 is a protein overexpressed in prostate
cancer (34). It has previously been reported that HDAC6
interacts with FAT10 and both the catalytic and BUZ domains
of HDAC6 contribute to the binding interaction (35). It was
not clear, however, whether the BUZ domain recognizes the
C-terminal sequence of FAT10. All four peptides bound to the
HDAC6 BUZ domain with KD values in the low micromolar
range (1.3-6.2 μM) (Figure S4 of the Supp). We therefore
propose that binding to the C-terminus of FAT10 by the BUZ
domain is a key mechanism for the observed HDAC6-FAT10
interaction. The four peptides also bound to the Ubp-M BUZ
domain, although the binding affinities were somewhat lower
than those of the HDAC6 domain (KD = 12-17 μM). To test
whether the Ubp-M BUZ domain is capable of binding to intact
proteins (other than ubiquitin), we performed in vitro GST pull-
down assays using heterotetramer (H3þH4)2 of recombi-
nant Xenopus laevis histone proteins H3 and H4 and the
GST-Ubp-M BUZ domain. As shown in Figure 3, the
(H3þH4)2 heterotetramer bound to the GST-BUZ domain
but not to GST alone. The bound histone protein required
0.7 M NaCl to elute, indicating that the interaction was
relatively strong. Taking all the data together, we conclude
that the BUZ domains are sequence-specific protein-binding
modules that recognize the free C-termini of cellular pro-
teins, with each interacting with a specific subset of partner
proteins (including ubiquitin).
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DISCUSSION

In this work, we have systematically profiled the sequence
specificities of Ubp-M and HDAC6 BUZ domains. Several
conclusions have emerged from our studies. First, the BUZ
domain is a sequence-specific protein-binding module that
recognizes the free C-termini of proteins. Second, different
BUZ domains apparently have distinct specificity profiles, with
each domain recognizing a different subset of peptide sequences,

although overlapping specificities are possible. For the two BUZ

domains examined in this work, a Gly-Gly motif at the extreme
C-terminus is required for binding. This specificity is unique

among all of the protein-binding modules that have been

biochemically and/or structurally characterized and is endowed
by having a deep, narrowpocket on the BUZdomain surface that

is sufficiently large to fit only the small Gly residues (14). At
positionsN-terminal to theGly-Glymotif, the twoBUZdomains

Table 4: Potential Ubp-M/HDAC6 BUZ Domain Binding Partners

C-terminal sequence ID number proteins

STLGGa P98198-2 probable phospholipid-transporting ATPase ID, isoform 2

Q86XK2-4 isoform 4 of F-box only protein 11

O60942-4 isoform 4 of mRNA-capping enzyme

LERGGb Q9HC96-6 calpain-10, isoform F

LEKGGb Q9NX63 coiled coil-helix-coiled coil-helix domain-containing protein 3, mitochondrial

RVSGGa O14578-2 isoform 2 of Citron Rho-interacting kinase

QRLGGa Q9GZP9 Derlin-2

KSFGGa Q6P158-2 isoform 2 of putative ATP-dependent RNA helicase DHX57

LYKGGb Q8TBM8 DnaJ homologue subfamily B member 14

LYKGGb Q8TBM8-2 isoform 2 of DnaJ homologue subfamily B member 14

LRRGGb Q9H819 DnaJ homologue subfamily C member 18

YGFGGa,b P62805 histone H4

HPKGGa,b P49641-2 isoform short of R-mannosidase 2x

ILIGGa Q9NZB8-3 isoform 3 of molybdenum cofactor biosynthesis protein 1

Q9NZB8-5 isoform MOCS1A of molybdenum cofactor biosynthesis protein 1

Q9NZB8-6 isoform 2 of molybdenum cofactor biosynthesis protein 1

RGCGGa Q71RS6 sodium/potassium/calcium exchanger 5

RWVGGa Q9H1B4-5 isoform E of nuclear RNA export factor 5

NTLGGa Q8NGS3 olfactory receptor 1J1

YYKGGb Q9P2J9 pyruvate dehydrogenase [acetyl-transferring]-phosphatase 2, mitochondrial

RGMGGa Q86YD1 prostate tumor-overexpressed gene 1 protein

Q86YD1-2 isoform 2 of prostate tumor-overexpressed gene 1 protein

Q86YD1-3 isoform 3 of prostate tumor-overexpressed gene 1 protein

GKKGGb P10155-2 isoform short of 60 kDa SS-A/Ro ribonucleoprotein

RLLGGa Q9BZJ4 solute carrier family 25 member 39

Q9BZJ4-2 isoform 2 of solute carrier family 25 member 39

IIVGGa P60059 protein transport protein Sec61 subunit γ
RGSGGa Q58EX2-4 isoform 4 of protein sidekick-2

TPRGGb Q9Y675 SNRPN upstream reading frame protein

YCIGGa O15205 FAT10 (ubiquitin D)

RMLGGa P35544 ubiquitin-like protein FUBI

RLRGGa,b P62988 ubiquitin

aPotential binding partners of HDAC6 BUZ. bPotential binding partners of the Ubp-M BUZ domain.

FIGURE 3: GST pull-down assay showing the interaction between the Ubp-M BUZ domain and the histone (H3þH4)2 tetramer. GST-BUZ
(or GST) protein and the (H3þH4)2 tetramer were sequentially loaded onto the column as input. The column was washed with 10 mL of PBS
containing 0.1MNaCl and then elutedwith 3� 200 μLofPBS containing 0.1MNaCl (fractions 1-3), 3� 200 μLof PBS containing 0.3MNaCl
(fractions 1-3), and 3 � 200 μL of PBS containing 0.7 M NaCl (fractions 1-3). Each fraction was analyzed by SDS-PAGE and stained with
Coomassie blue. (a) Elution profile of the column loaded with GST-BUZ protein. (b) Elution profile of the column loaded with GST alone. M,
molecular mass markers.
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exhibit different specificities. For example, while the Ubp-M
BUZ domain strongly prefers a basic residue at the -2 position
but has broad specificity at the -3 and -4 positions, the BUZ
domain of HDAC6 prefers a basic residue at the-4 position and
tolerates a variety of amino acids at the-2 and-3 positions. The
ability of the BUZ domains to bind with high affinity to peptide
sequences that are different from the ubiquitin C-terminus
suggests that they may bind to other cellular proteins in vivo,
in addition to ubiquitin. A database search identified 10 and 23
other human proteins as potential binding partners of Ubp-M
and HDAC6 BUZ domains, respectively (Table 4). Peptides
corresponding to the C-terminal sequences of four of these
potential targets that were selected for further testing all bound
to the two BUZ domains with low micromolar KD values.
Furthermore, one of the four proteins (FAT10) has previously
been reported to bind toHDAC6 via its BUZ domain (35), while
our current work has demonstrated that histoneH4 also binds to
the GST-Ubp-M BUZ domain in an in vitro pull-down assay
(Figure 3). We propose that many of the other predicted inter-
actions in Table 4 may be physiologically relevant. In addition,
proteolytic cleavage may generate protein fragments that bear
C-terminal Gly-Gly motifs, which may bind to the BUZ domains.
In this regard, several BUZ domains, including those of Ubp8p,
USP20, USP22, and USP33, have been shown or are expected to
be incapable of binding to ubiquitin (6, 15, 36). We suggest that
they may function by binding to non-ubiquitin proteins. Finally,
the BUZ domain of HDAC6 generally has a higher affinity for
peptide ligands than theUbp-Mdomain (Table 3). It is likely that
BUZ domains interact with their physiological targets with a
wide range of affinities to perform proper functions.

Screening of the inverted peptide library also resulted in a large
number of other peptide sequences (classes II-V in Tables 1 and
2). We have shown that the class II peptides with the DG(F/Y)
consensus motif bind to the active site of GST with KD values of
∼4 μM. To the best of our knowledge, this represents a novel
class of high-affinity peptide ligands for GST (37). Because GST
fusion proteins are widely used in numerous applications, the
new peptide ligands may provide useful tools for research and
development purposes. For example, because DG(F/Y) peptides
do not contain free thiol or amine functionalities (unlike free
glutathione), DG(F/Y) peptides could be used to elute GST
fusion proteins from glutathione columns and the eluted protein
could be directly labeled with amine or thiol reactive reagents
without the need for dialysis and/or size exclusion chromatog-
raphy. They may also be used to immobilize GST fusion proteins
onto solid surfaces to generate protein chips with a uniform
orientation (38). The class III and IV ligands have previously
been shown to be caused by either direct binding to SA-AP
(used in library screening) or nonspecific binding of unknown
origin. The origin of the class V peptides is currently unknown.
Although the two peptides we have tested failed to bind to the
BUZ domains, we cannot rule out the possibility that some of the
peptidesmay be bona fide ligands of the BUZ domains. It should
be pointed out that among the numerous protein domains that
have been subjected to peptide library screening in this labora-
tory, the two BUZ domains were unusual in that screening led to
so many noncognate peptides. The underlying reason for their
appearance is yet unclear. However, our ability to generate
individual peptide sequences and therefore the ability to classify
the selected peptides into different families speak highly for
the advantage of the OBOC method over other library methods
(e.g., oriented peptide libraries or SPOT libraries) (39-41).

In conclusion, we have demonstrated the BUZdomains to be a
family of sequence-specific protein-binding domains and deter-
mined the sequence specificity profiles for two BUZ domains.
Our results suggest that the BUZ domains may bind to cellular
proteins other than ubiquitin and the specificity data should be
useful for the identification of these protein targets.

SUPPORTING INFORMATION AVAILABLE

Additional experimental details and fluorescence anisotropy
data. This material is available free of charge via the Internet at
http://pubs.acs.org.
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