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Crystal structure of GCN5 PCAF N-terminal domain reveals
atypical ubiquitin ligase structure
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General control nonderepressible 5 (GCN5, also known as
Kat2a) and p300/CBP-associated factor (PCAF, also known as
Kat2b) are two homologous acetyltransferases. Both proteins
share similar domain architecture consisting of a PCAF N-ter-
minal (PCAF_N) domain, acetyltransferase domain, and a bro-
modomain. PCAF also acts as a ubiquitin E3 ligase whose
activity is attributable to the PCAF_N domain, but its structural
aspects are largely unknown. Here, we demonstrated that GCN5
exhibited ubiquitination activity in a similar manner to PCAF
and its activity was supported by the ubiquitin-conjugating
enzyme UbcH5. Moreover, we determined the crystal structure
of the PCAF N domain at 1.8 A resolution and found that
PCAF_N domain folds into a helical structure with a character-
istic binuclear zinc region, which was not predicted from
sequence analyses. The zinc region is distinct from known E3
ligase structures, suggesting this region may form a new class of
E3 ligase. Our biochemical and structural study provides new
insight into not only the functional significance of GCN5 but
also into ubiquitin biology.

Post-translational modification of proteins regulates many
biological processes. Acetyltransferases transfer acetyl groups
to lysine residues on target proteins and are one of the major
types of post-translational enzymes. General control nondere-
pressible 5 (GCND5) is one of the best characterized histone ace-
tyltransferases that promote transcriptional activity (1, 2).
GCNG5 is the enzyme subunit of the SAGA (Spt-Ada-Gen5-ace-
tyltransferase) complex, whose architecture was visualized by
cryo-EM analyses (3, 4), and modifies multiple lysine residues
on histone H3 in vitro (5). Recently, it was reported that GCN5
is phosphorylated by protein kinase A in a manner dependent
on the transcriptional coregulator Cbp/p300-interacting trans-
activator 2 (CITED?2) (6), thereby increasing its acetyltransfer-
ase activity for histone and attenuating that for peroxisome
proliferator-activated receptor-y coactivator-lae (PGC-1la).
This suggests that GCN5 functions in multiple situations.
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Metazoans possess two GCN5 isoforms that arise from alter-
native splicing (7). The lower molecular weight isoform (iso-
form 2) is similar in size and function to yeast GCN5, consisting
of an acetyltransferase (AT) domain and a bromodomain at the
N and C termini, respectively (2, 8) (Fig. 14). The higher molec-
ular weight isoform (isoform 1) contains an N-terminal exten-
sion that has high similarity to the N-terminal domain of PCAF
(8), termed PCAF_N domain, which is conserved only among
vertebrate (Fig. 14) (9). According to the Pfam database (10),
there are 695 eukaryotic proteins harboring the PCAF_N do-
main, categorized into 18 architectures.

Ubiquitination is also a post-translational modification that
targets lysine residues. This modification regulates many cellular
processes, including cell division and immune responses, among
others. Ubiquitination is achieved by the sequential reaction of
ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3), which is responsible for the liga-
tion of ubiquitin onto a substrate in conjunction with the E2 (11).
The human genome encodes two Els, ~38 E2s, and more than
600 E3s (12-14). E3s plays a pivotal role in selecting substrates
and to date, three classes of E3 have been identified (15): RING
(really interesting new gene), HECT (homologous to E6AP C ter-
minus), and RBR (RING-between-RING).

It has been reported that in addition to acetyltransferase ac-
tivity, PCAF also harbors ubiquitination activity (16) and it has
been demonstrated that PCAF acts as an E3 ligase targeting
human Hdm2, human Glil, and human CIITA and promotes
self-ubiquitination (16—18). PCAF_N is identified as a domain
containing ubiquitin E3 ligase activity and the longer isoform of
GCNS5 possesses PCAF_N domain. However, whether GCN5
functions as an E3 enzyme remains to be determined.

Here, we demonstrated that GCN5 exhibits ubiquitination
activity in a similar manner to PCAF. We also performed a
structural based study focusing on PCAF_N domain to eluci-
date any functions of GCN5 as an E3 enzyme. Our findings pro-
vide new avenues for both the functional study of GCN5 as well
as that of ubiquitin biology.

Results
GCNS5 has ubiquitin ligase activity

GCNG5 and PCAF are highly homologous with ~75% sequence
identity (Fig. 1A) and both share the same domain architecture
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Figure 1. Ubiquitin ligase activities of GCN5 and PCAF. A, domain architecture of GCN5 and PCAF. The identity between the different molecules is indicated
in % on the right of the horizontal lines, representing the pairwise comparisons. The value in parentheses indicates the amino acid sequence region employed
to calculate sequence identity. PCAF_N domain is colored in pink, and acetyltransferase domain (AT) and bromo domain (Bromo) are colored in green. The
numbers over the boxes indicate amino acid positions. B, E2 screening results for GST-mGCN5. Polyubiquitination chains were detected by Western blotting
analysis using an anti-ubiquitin (anti-Ub) antibody. The negative control (n.c.) means that there was no E2 enzyme in the reaction solution. The reaction time
was 1 h. G, ubiquitination assays of hPCAF, hGCN5, and mGCN5. The GST-tagged protein indicated by an asterisk were used as E3 enzymes. UbcH5b was used
as E2 enzyme. The experiments were performed in the presence (+) or absence (—) of E1, E2, and/or E3 samples. The condition of each reaction is described
on each lane. Results of both SDS-PAGE analysis (upper) and Western bot analysis using an anti-ubiquitin (anti-Ub) antibody (lower) were shown. The reaction

time is indicated on each lane.

(Fig. 1A, Fig. S1). This strongly suggested that GCN5 was able
to act as an E3 enzyme in a similar manner to that of PCAF.
E3 capacity for ubiquitination is utilized as a means of assess-
ing their potential to function with E2. Therefore, we eval-
uated whether GCN5 demonstrated autoubiquitination ac-
tivity. Full-length human PCAF (hPCAF), full-length mouse
PCAF (mPCAF), hGCN5 with 80 residues truncated at the N-
terminal (hGCNS5), and full-length mGCN5 (mGCN5) were
each expressed in Escherichia coli. As a previous study used
UbcH5b as an E2 enzyme in ubiquitination assays of PCAF
(16), we further examined several E2 enzymes with a variety
of identities ranging from 31 (UbcH2) to 97% (UbcH5c).
Eight E2s (UbcH1, UbcH2, UbcH5a, UbcH5b, UbcHb5c,
UbcH7, UbcHS, and UbcH10) were tested to assess ubiquiti-
nation activity, UbcH5a and UbcH5c were likely to work as
E2 enzymes for PCAF and GCNS5, probably because UbcH5a,
UbcH5b, and UbcH5c¢ are highly homologous proteins. Next,
we assessed ubiquitination activity using UbcH5b more pre-
cisely. Polyubiquitinated bands were increased as time passed
for both GCN5 and PCAF, whereas the bands of purified pro-
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teins were decreased, demonstrating that GCN5 as well as
PCAF exhibited E3 ligase activity (Fig. 1C). The result also
revealed that UbcH5b was an effective E2 for PCAF and
GCNS5 (Fig. 1C).

Structure of mGCN5 PCAF_N domain

Linares et al. (16) identified two regions critical for PCAF
autoubiquitination with amino acid (aa) residues 121-242
corresponding to the active ubiquitination domain of hPCAF
and residues 350-445 corresponding to a motif or residues
important for autoubiquitination. PCAF_N domain included
residues 121-242, but based on sequence analysis could not
be categorized with other known E3s. Although many crystal
structures of ATs and bromodomains have previously been
determined and are deposited in the Protein Data Bank (19,
20), no PCAF_N domain structure has been reported. We
crystallized mGCN5 (aa 67-378) and determined its crystal
structure at 1.8 A resolution. Residues 67-82 and 125-133
were disordered and unable to be modeled. Pfam database
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Figure 2. Crystal and solution structures of mGCN5 PCAF_N domain. A, crystal structure of mMGCN5 PCAF_N domain. There are two molecules in an asym-
metric unit. Two molecules are shown in ribbon diagram and colored in green or blue. B, result of SEC-MALS analysis. Rayleigh ratio (LS), differential refractive
index (dRl), and molecular mass (MW) are indicated with red, purple, and orange lines, respectively. C, SAXS dummy atom model. Crystal structure of PCAF_N is
superposed onto dummy atom model. Dummy atom model of PCAF_N is colored in pink and its crystal structure is drawn in ribbon diagram. D, scattering
curves and P(r) function. The experimental curve and theoretical curve derived from crystal structure are shown in red and blue lines, respectively. The calcu-

lated y*-value was indicated.

defined mGCN5(81-331) as PCAF_N domain, but our crystal
structure revealed mGCN5(83-378) folds into a single do-
main. Therefore, this region can be redefined as PCAF_N.
There were two PCAF_N domain molecules in an asymmet-
ric unit (Fig. 24) that were essentially the same with a root
mean square deviation (r.m.s. deviation) of 0.3 A. To deter-
mine the solution structure and oligomerization state in solu-
tion for PCAF_N domain, we performed size exclusion chro-
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matography (SEC)-small angle X-ray scattering (SAXS)/
multiangle light scattering (MALS) analyses. The molecular
weight derived from SEC-MALS analysis was ~37,000, which
coincided with the theoretical molecular weight of 35,457.8
(Fig. 2B), demonstrating that mGCN5 PCAF_N domain
existed as a monomer in solution. Consistent with the SEC-
MALS analysis, SEC-SAXS solution structure fitted well with
the monomer crystal structure (Fig. 2, C and D).
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Figure 3. Crystal structure of mGCN5 PCAF_N domain. Overall structure of mGCN5 PCAF_N domain. The zinc region, connective region, and MSL3-like
region are colored in blue, yellow, and green, respectively. Two zinc ions are drawn using a sphere model and colored gray. Disorder regions are indicated by
the dotted line. B, close-up view of the interface between zinc and connective regions. Hydrogen bonds and electrostatic interactions are shown as dashed
lines. C, close up view of the interface between connective and MSL3-like regions. Hydrogen bonds are shown as dashed lines.

PCAF_N domain consists of three regions

The mGCN5 PCAF_N domain folds into a compact
structure comprising three regions. The N-terminal region
(aa 83-159) forms an unexpected binuclear zinc region
described below in detail (Fig. 3, Fig. S1). The second
region connects the N-terminal and C-terminal regions
with an antiparallel coiled-coil structure associated with a
helix (al) in the N-terminal region, forming a bundle
structure. This second region was termed a connective
region. The C-terminal region (aa 216-372) folds into an
a-helix—rich structure. Analysis using the Dali server (21)
revealed that this region shares structural homology to the
MORF4-related gene (MRG) domain of male-specific le-
thal 3 (MSL3; PDB code 2yOn) (22). The Ca atoms from
residues 219 to 367 of the MRG domain superposed well
onto those of the C-terminal region of the PCAF_N domain
(aa 216-372) with a Z-score of 8.4 and r.m.s. deviation of
3.3 A according to the Dali server (Fig. S2A); however, its
sequence identity is low, being ~22% (Fig. S2B). This C-
terminal region was termed a MSL3-like region. Three
regions are packed with hydrogen bonds and hydrophobic
interactions (Fig. 3, B and C). The zinc region interacts
with the connective region and has a contact area of 814
A, The MSL3-like region also interacts with the connec-
tive region and has a contact area of 711 A%

SASBMB

PCAF_N domain has an atypical zinc domain

Notably, two clear and strong electron densities in the N-ter-
minal region were observed between the a2 and o3 helices,
indicating that metal ions were bound. To identify the specific
metal ions, we performed the following experiments. First,
XAFS analysis was performed to evaluate whether the strong
electron densities were zinc ions. Weak but clear absorption
edges caused by zinc ions were detected from PCAF_N domain
crystal. Next, we collected two datasets with a higher energy
wavelength (1.28310 A) and lower energy wavelength (1.28410
A) relative to the K absorption edge of zinc (1.2837 A) and gen-
erated an anomalous Fourier map. Two strong densities were
clearly observed in the higher energy data set but the densities
were completely absent in the lower energy data set (Fig. 4A).
This indicated that the two densities were zinc ions and
revealed that the PCAF_N domain had a zinc region. This
structure was not predicted from the amino acid sequence.
Moreover, a Dali search using this domain identified no struc-
tures homologous to the well-known RING E3 ligase.

The zinc region has a binuclear zinc-coordination structure
(Zn,CyssHis,). The two zinc ions coordinate with seven resi-
dues (Cys-107, Cys-113, Cys-115, Cys-142, Cys-145, His-147,
and His-151). The sulfur atom of Cys-145 is used to coordinate
both zinc ions (Fig. 4, B and 4D, Fig. S1). All the coordinating
residues of the zinc ions are conserved between GCN5 and

J. Biol. Chem. (2020) 295(43) 14630-14639 14633
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Figure 4. Zinc coordination in the zinc region and comparison of the zinc region and RING domain. A, structures around zinc-binding sites of mGCN5
PCAF_N domain. Anomalous Fourier maps (contoured at 30) colored green are shown using the diffraction data collected with high energy (left) and low
energy (right) X-rays. Coordination residues are drawn using a ball-and-stick model. Zinc ions are shown in the gray sphere. B, schematic diagram of zinc coordi-
nation. C, amino acid sequence alignment of zinc-coordinated residues in GCN5 and PCAF. The residues that coordinated with the zinc atom are indicated in
red. D, Ca-trace models and topological diagram of the zinc region of mGCN5 PCAF_N (blue) (left) and typical RING domain (sky blue) (right). C and H denote
the zinc-coordinating Cys and His, respectively. The zinc region sequence of mGCN5 PCAF_N domain, and the RING domain sequence are shown below. The

consensus sequence of the RING domain are shown in red.

PCAF (Fig. 4C). The zinc region of PCAF_N domain is unique
in its zinc coordination pattern and ternary structure compared
with the RING domain. The RING domains are typically char-
acterized with the RING motif bound to two ions of zinc using
a cross-brace arrangement (Fig. 4D). In this arrangement, the
first and third pairs of zinc ligands share Zn1 and the second
and fourth pairs of zinc ligands share Zn2. PCAF_N sequence
barely aligns with the RING domain due to the Cys/His spacing
and because the two domains coordinate with the zinc ions in a
different manner (Fig. 4D). The zinc region of PCAF_N domain
utilizes a cross-brace arrangement, but the ternary structure of
PCAF_N domain is distinct from that of the RING domain.
Thereby, sequence and structural similarity search programs
failed to detect the motif.

PCAF_N domain has ubiquitin ligase activity

PCAF(1-241) is reported to have ubiquitin ligase activity, but
this region insufficiently covers PCAF_N domain, lacking most
of MSL region, according to the crystal structure. We con-
ducted ubiquitin ligase assay using PCAF_N domain. PCAF_N
domain clearly exhibited ligase activity (Fig. 54). To further
evaluate whether or not the zinc region or the zinc coordina-
tion is required for E3 ligase activity, we tried to prepare the
zinc region alone or Ala mutant of mGCN?5 zinc-coordination
residues, but we failed to obtain the protein probably due to the
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instability. Alternatively, we prepared the deletion mutant lack-
ing the zinc region (GST-GCN5(dZn)). This mutant exhibited
no ligase activity (Fig. 5B).

Binding analysis used purified His-tagged mGCN5(67-378)
and His-tagged hUbcH5b (Fig. S3). His-tagged UbcH5b alone
was eluted around 17 ml. When the mixture of His-tagged
mGCN5(67-378) and His-tagged UbcH5b was applied, two
proteins were eluted at the same volume and His-tagged
UbcH5b was eluted earlier (Fig. S3), suggesting that both pro-
teins were bound.

Discussion

This is the first report to describe a ligase activity of PCAF_N
domain of GCN5 and the first crystal structure of PCAF_N do-
main among PCAF N family proteins. Unexpectedly, PCAF N
domain harbored a zinc region that adopted a cross-brace
motif, reminiscent of RING E3 ligase. RING E3s are highly
diverse in oligomerization state. Some RING domains are
active as monomers, whereas others are active as oligomers, or
multisubunit assembles. GCN5 is a multidomain protein and
each domain (PCAF_N, AT (20), and bromodomain (19)) is
solved as a monomer. Moreover, the PCAF_N domain, which
exists as a monomer in solution, exhibited ligase activity. Tak-
ing it into account, monomeric GCN5 could act as E3 ligase.
All E3 ligases harbor an E2-ubiquitin-binding domain. In E2-
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Figure 5. Ubiquitin ligase activities of mGCN5 PCAF_N domain and mGCN5 (dZn). GST-tagged protein indicated by asterisk was used as E3 enzymes.
UbcH5b was used as E2 enzyme. The experiments were performed in the presence (+) or absence (—) of E1, E2, and/or E3 samples. The condition of each reac-
tion is described on each lane. Results of both SDS-PAGE analysis (upper) and Western blot analysis by using an anti-ubiquitin (anti-Ub) antibody (lower) were
shown. A, ubiquitination assay of mMGCN5 (PCAF_N). The reaction time is indicated on each lane. B, ubiquitination assays of mGCNS5 (left) and mGCN5 (dZn)
(right). The volume of E3 enzyme in reaction solution is indicated on each lane. The reaction time was 2 h.

RING structures, RINGs generally have a common mode of
interaction with E2: the two loop-like regions, which coordi-
nate zinc surround a shallow groove formed by a-helix. These
elements serve as a platform for interaction with E2. In
PCAF_N domain, two loops coordinating zinc forms a narrow
groove together with a-helices (a2 and a3), although its ternary
structure and coordination pattern of PCAF_N domain were
completely distinct from that of RING E3 ligases. However, the
binding surface remains unknown and further study is neces-
sary. Homologous to E6AP C terminus and RING-between-
RING E3 ligases among three classes of E3s contain a catalytic
cysteine that receives ubiquitin from E2-ubiquitin. GCN5
PCAF_N domain and PCAF have three conserved cysteines in
addition to the zinc coordinating cysteines, but they form a
hydrophobic core. Therefore, these residues are unlikely to
receive ubiquitin. The E2-ubiquitin—binding site and ubiquitin
translation mechanism, including chain specificity, remain to
be elucidated.

The C-terminal region of the PCAF_N domain is struc-
turally similar to the MRG domain in MSL3, which is
reported to enhance activity of the histone acetyltransfer-
ase MOF through interaction with MSL1 (22). Considering
the MRG domain is reported to interact with a diverse
group of proteins, PCAF_N domain is likely to engage
diverse protein targets as well, including CBP/p300, which
was reported previously (8). It is conceivable that function
of the RING E3 is to recruit both the E2 and the substrate
protein. MRG domain at the C termini would work as a sub-
strate-binding site.

To date, no GCN5 substrate has been identified; however,
three substrates for PCAF have been reported. Interestingly, the
dual enzymatic functions of ubiquitination and acetylation by
GCNS5 and PCAF target Lys residues as substrate. This addi-
tional function of GCN5 and PCAF conserved in vertebrates
may provide a specific signal in higher organisms. To address
these issues, further structural and functional studies are
required.

SASBMB

Experimental procedures

Preparation of GST-fused hPCAF, hGCN5, mGCN5, and
mGCN5 mutants

The gene of PCAF was provided by the RIKEN BRC through
the National BioResource Project of the MEXT/AMED, Japan.
For preparation of GST-fused proteins, all genes (hPCAF,
hGCN5, mGCN5, and mGCN5 mutant) were subcloned into
pGEX-6P-1 vector. The E. coli BL21 (DE3)-RIPL cells were
transformed with the vectors and were cultured at 37 °C with
LB medium to a suitable cell density (Aggo 0.4~0.5), and then
induced protein expression with isopropyl 1-thio-B-p-galacto-
pyranoside (final concentration 0.5 mm) overnight at 18°C.
Cells were harvested and lysed with the cell lysis buffer (50 mm
Tris-HCI, pH 8.0, 500 mm NaCl, 10% glycerol, 100 um zinc ace-
tate, 0.2 mg/ml of lysozyme, Protease Inhibitor mixture (EDTA
free) (Nachalai Tesque) for 20 min on ice, and then added Tri-
ton X-100 and DTT (final concentrations 0.2% and 1 mm,
respectively). After incubation on ice for 20 min, the lysate was
centrifuged at 20,000 X g for 20 min at 4 °C. The supernatant
was applied to GS4B resin (GE Healthcare) and purified with a
batch method by using elution buffer (50 mm Tris-HCI, pH 8.0,
500 mm NaCl, 10% glycerol, 100 um zinc acetate, 1 mm DTT,
100 mMm reduced GSH). The buffer of each sample was
exchanged with Amicon ultra (Merck Millipore) to the stock
buffer (50 mm Tris-HCI, pH 8.0, 500 mMm NaCl), and the sam-
ples were concentrated up to 10~30 of Ayg. The expression
and purification of all samples were confirmed by the mobility
change on SDS-PAGE by PreScission protease digestion.

Protein preparation of hUbcH5b and hUb

The genes of hUbcH5b were provided by the RIKEN BRC
through the National BioResource Project of the MEXT/
AMED, Japan. For preparing His-UbcH5b, the UbcH5b gene
was subcloned into pET44a vector. Expressed protein harbors
Hise and PreScission protease recognition sequences at the N-
terminal. Protein expression was performed by the same proce-
dure as described above. Harvested cells were sonicated with a

J. Biol. Chem. (2020) 295(43) 14630-14639 14635
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sonication buffer (50 mm Tris-HCI, 500 mm NaCl, 1 mm DTT,
pH 8.0). The proteins were bound to Ni-NTA resin (Qiagen)
and eluted by elution buffer (50 mm Tris-HCI, 500 mm NaCl,
500 mm imidazole, 1 mm DTT, pH 8.0) with batch method.
His-hUbcHS5b proteins used for the binding experiment were
purified with Superdex 200 Increase (10/300) (GE Healthcare)
gel filtration chromatography before the binding experiment.
The N-terminal His tag of hUbcH5b was cleaved with PreScis-
sion protease. Then the proteins were purified with Superdex
200 Increase (10/300) gel filtration chromatography. The mo-
bile phase of gelfiltration chromatography contained 25 mm
Tris-HCI, 50 mm NaCl, 1 mm DTT, pH 7.5.

The expression vector of human ubiquitin (hUb) was pro-
vided by Prof. Shuya Fukai. Protein expression and purification
were performed by the same procedure reported previously
(23). Prior to ubiquitination assay, the hUb proteins were puri-
fied with Superdex 200pg gel filtration chromatography. The
mobile phase of gel filtration chromatography contained 10
mM Tris-HCI, 50 mm NaCl, 5 mm 2-mercaptoethanol (pH 7.2).

Preparation of mGCN5(67-378) for structure analysis

The mGCN5(67-378) gene was subcloned into pET44a vec-
tor. Protein expression was performed by the same procedure
as described above. LB medium containing 10 uM zinc acetate
was used. Expressed mGCN5(67-378) harbors Hisg and Pre-
Scission protease recognition sequences at the N-terminal.
Harvested cells were sonicated with sonication buffer (50 mm
Tris-HCl, 500 mm NaCl, 1 mm DTT, pH 8.0). The proteins
were bound to Ni-NTA resin (Qiagen) and eluted by elution
buffer (50 mm Tris-HCI, 500 mMm NaCl, 500 mMm imidazole, 1
mm DTT, pH 8.0) with the batch method. After the first affinity
chromatography purification, the proteins were purified using
HisTrap (GE Healthcare) with a gradient method using the
same purification buffers used in Ni-NTA purification. Then,
His-tagged mGCN5(67-378) was purified using Superdex
200pg (GE Healthcare) size exclusion chromatography with the
buffer (20 mm Tris-HCI, 200 mm NaCl, 1 mm DTT, pH 7.0).

Ubiquitination assay

The FLAG-hUBE1 was purchased from Sigma-Aldrich. For
E2 screening, purchased E2 proteins (Ubiquitinylation kit,
Enzo Life Sciences) and purchased hUb (R&D Systems, Inc.)
were used. Home-made hUbcH5b and hUb were used for other
ubiquitination assays. GST-fused hPCAF, hGCN5, mGCNS5,
and mGCN5 mutants were used as E3 and substrate. The
amount of each protein was confirmed with SDS-PAGE.

For E2 screening experiment, the ubiquitination reaction
was performed for 1 h at 37 °C. The reaction solution contained
25 mM Tris-Cl (pH 7.5), 50 mM NaCl, 1 mm DTT, 2.5 mm ATP,
2.5 mm MgCl,, 0.07 um FLAG-hUBE]L, 3~6 um E2 enzymes, 5
M (estimated) E3, and 58 um hUb.

In other ubiqutination assays, reaction solutions contained
25 mm Tris-HCI (pH 7.5), 50 mm NaCl, 1 mm DTT,10 mm ATP,
10 mm MgCl,, 0.1 um FLAG-hUBE1, 65 um hUBCHS5b as E2,
and 140 pm hUb. An amount of E3 was estimated with absorb-
ance at 280 nm or SDS-PAGE. The reaction solution contained
8~0.1 uM (estimated) E3 proteins. An ubiquitination reaction
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was performed for 0~2 h at 37 °C, the reaction was terminated
by adding nonreduced SDS-PAGE sample loading buffer into
the reaction solution, and then the solution was applied to
SDS-PAGE. To detect the polybiquitination chain in Western
blotting analysis, ubiquitin antibody (P4D1) (Ub(P4D1) mouse
number sc-8017 Santa Cruz) was used as 1st antibody. Horse-
radish peroxidase-conjugated anti-mouse IgG was used as sec-
ond antibody.

Protein crystallization

mGCN5(67-378) was used for crystallization. Prior to crys-
tallization, the N-terminal His tag was cleaved with PreScission
protease, and then the protein was purified with size exclusion
chromatography. The protein solution was exchanged to the
crystallization solution (20 mm Tris-HCI, pH 8.0, 200 mm NaCl,
1 mMm DTT) and concentrated to 10 mg/ml with Amicon Ultra
30k (Merck Millipore). The crystals were grown by vapor diffu-
sion method with the reservoir solution (100 mm imidazole/
MES, pH 6.5, 20% PEGMME 500, 10% PEG 20,000, 20 mM so-
dium formate, 20 mm ammonium acetate, 20 mMm sodium ci-
trate tribasic dehydrate, 20 mm sodium potassium tartrate tet-
rahydrate, 20 mm sodium oxamate) at 20 "C. Heavy atom
derivatives were prepared with the solution in which 1 mm eth-
ylmercurithiosalicylate was added to the reservoir solution. Af-
ter soaking for 1 h, they were transferred to the harvesting solu-
tion with the same composition as the reservoir solution.

Data collection and structure determination

The diffraction data set for the native crystal was collected
on beamline BL-1A at PF (Tsukuba, Japan) and for the deriva-
tive on beamline NE3A at PF-AR (Tsukuba, Japan). Collected
data were integrated, merged, and scaled with XDS (24). Phase
determination was performed by a SAD method with the pro-
gram SHARP/autoSHARP (25). After several cycles of rebuild-
ing with Coot (26) and refinement with REFMAC (27), the
model structure was well converged at 1.8 A resolution. XAFS
analysis and data collection to evaluate the existence of zinc
atoms were performed at beamline BL44XU at SPring-8
(Hyogo, Japan). Geometry of the final structure was checked
with the program PROCHECK (28). Coordinates and the struc-
ture factor had been deposited in the Protein Data Bank (PDB
code 7BY1). Measurement summary and statistics of crystallo-
graphic data are summarized in Table 1.

Size exclusion chromatography/multiple angle light
scattering analysis (SEC-MALS)

SEC-MALS was performed to determine the molecular
weight. Superdex 200 Increase 10/300 column was used. The
crystallization solution was used as mobile phase. 50 ul of 5
mg/ml (141 pm) of mGCN5(67-378) protein solution was
injected to a Superdex 200 Increase column. The flow rate was
0.5 ml/min. Light scattering and differential refractive index
were measured using a multi angle light scattering DAWN
HELEOS 1II detector (Wyatt Technology), a 2414 Refractive
Index Detector (Waters) respectively.
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Table 1
Crystallographic statistics of mGCN5(67-378)
Native Ethylmercurithiosalicylate Low energy High energy
Data collection
Beamline PF BL-1A PF-AR NE3A SPring-8 BL44XU SPring-8 BL44XU
Wavelength (A) 1.1000 1.0000 1.2841 1.2831
Space group P2, P2, P2, P2,
Cell dimensions
a,b,c(A) 43.1,148.9,59.0 58.2,149.5, 85.4 43.0,149.2,58.9 43.0,149.0 59.0
° . 101 101 101 101
Resolution (A) 50.0-1.80 (1.84-1.80)" 50.0-3.00 (3.18-3.00) 2.20 (2.32-2.20) 2.00 (2.11-2.00)
Rpim” O Rineas 4.6 (47.4)° 11.0 (32.4)° 20.8 (103.5)d 21.0 (109.7)d
<Ia()> 14.7 (2.2) 9.2 (3.6) 6.14 (1.44) 5.05 (1.18)
Completeness (%) 100.0 (100.0) 98.6 (99.7) 99.8 (99.6) 99.8 (99.4)
Refinement
Resolution (A) 50.0-1.80 50.0-2.19 50.0-1.99
No. reflections 63,909 280,189 374,300
Rovort (%)d 196 20.1 19.9
Riee (%)° 23.1 25.1 24.3
No. atoms
Protein 4,658 4,648 4,646
Water 415 306 296
B-factors (A%)
Protein 29.2 29.6 33.0
Water 38.5 34 39.3
R.m.s deviations
Bond lengths (A) 0.018 0.015 0.016
Bond angles (°) 1.762 1.583 1.656
Ramachandran plots
Favored 563(99.8%) 562 (100%) 560(99.6%)
Allowed 1(0.2%) 0 (0%) 2(0.4%)
Outlier 0 (0.0%) 0 (0%) 0 (0%)

“The numbers in parentheses represent statistics in the highest resolution shell.

hRP_i_m_ =S S<Ih)> — I(h)|/ (n-1)"*3°3 | <I(h)>, where <I(h)> is the mean intensity of symmetry-equivalent reflections.

Runeas = 2 (n/n-1)""*>"|<I(h)> — I(h);|/3"5 ;| <I(h)>, where <I(h)> is the mean intensity of symmetry-equivalent reflections.

“Ryvork = S| |Fo| = |F.[/>_|F,|, where F, and F, are the observed and calculated structure factors for data used for refinement, respectively.
“Rivee = 2| |Fol — |Fe|/>_|Fo| for 5% of the data not used at any stage of structural refinement.

SEC-SAXS data measurement and analysis

SEC-SAXS data for mGCN5(67-378) were collected on
beamline BL-10C at PF. A Superdex 200 Increase 10/300 col-
umn was used. The crystallization solution was used as mo-
bile buffer. 150 ul of 5 mg/ml (141 um) of mGCN5(67-378)
protein solution was injected to a Superdex 200 Increase col-
umn. The flow rate was changed from 0.5 to 0.05 ml/min
when the protein elution was started. The elution profile was
evaluated using UV-visual installed at the irradiation posi-
tion. Background data were collected at a position before the
sample was eluted. 10 images were collected and its average
data were uses as background data. Scattering data process-
ing and R, calculation were performed with program package
SAngler (29). The measurement details of collected data are
summarized in Table 1.

For solution structural determination by SEC-SAXS, only
one diffraction data at elution top peak was used. The radius
of gyration (R,) was derived by the Guinier approximation
by using the program PRIMUS (30) and the pair distance
distribution functions (P(r) function) using the program
GNOM (31). To evaluate measurement conditions, the
agreement of R, values calculated by Guinier approximation
and P(r) function was confirmed. The P(r) functions were
also used for determining the maximum dimension of the
macromolecules (D,,.,) and used for estimation of the shape
of them. The dummy atom model was calculated using the
program DAMMIN (32). After 30 times calculation, inde-
pendent 30 dummy atom models were generated. All mod-
els were averaged and selected using program DAMAVER
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(33), and then second model calculation using DAMMIN
was performed with damstart model derived from DAMA-
VER as the starting model. Regenerated 30 models were
selected and averaged with the same procedure and the cal-
culated damstart model was used for final dammin calcula-
tion. After the 2nd selection, the model structure was well
converged and all models were selected for averaging. To
gain a final model structure, one last DAMMIN calculation
was performed using the damstart model derived from 2nd
round averaging using DAMAVER. The final model was fit-
ted well against the monomer crystal structure. Superposi-
tion was performed with the program SUPCOMB (33).
Comparison of the experimental scattering curve with a the-
oretical curve derived from the crystal structure was per-
formed by using program CRYSOL (34). Detailed structural
parameters are summarized in Table S1.

Binding assay

The binding assay was performed with Superdex 200
Increase 10/300 at 4°C. The mobile phase contained 25 mm
Tris-HCI, 50 mm NaCl, 1 mm DTT (pH 7.5). 500 ul of 150 um
His-tagged mGCN5(67-378), 500 ul of 150 wm His-tagged
hUbcH5b or 500 ul of the mixture of which the final concentra-
tion was same was injected onto the column. The flow rate was
0.5 ml/min and elution was collected (1.0 ml/tube).

Data availability

Coordinates and the structure factor had been in the Protein
Data Bank (PDB code 7BY1) .
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