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The Gcn5 histone acetyltransferase (HAT) subunit of the SAGA
transcriptional coactivator complex catalyzes acetylation of histone
H3 and H2B N-terminal tails, posttranslational modifications associ-
ated with gene activation. Binding of the SAGA subunit partner
Ada2 to Gen5 activates Gen5's intrinsically weak HAT activity on
histone proteins, but the mechanism for this activation by the
Ada2 SANT domain has remained elusive. We have employed Fab
antibody fragments as crystallization chaperones to determine crys-
tal structures of a yeast Ada2/Gcn5 complex. Our structural and
biochemical results indicate that the Ada2 SANT domain does not
activate Gen5's activity by directly affecting histone peptide binding
as previously proposed. Instead, the Ada2 SANT domain enhances
Gcn5 binding of the enzymatic cosubstrate acetyl-CoA. This finding
suggests a mechanism for regulating chromatin modification en-
zyme activity: controlling binding of the modification cosubstrate
instead of the histone substrate.

epigenetics | chromatin biology | histone modification |
X-ray crystallography

he acetylation of lysine residues in the histone protein com-

ponent of chromatin is an important means of regulating gene
expression (1-3). The acetyl mark recruits acetyl-lysine binding
modules such as the bromodomain found in many gene-regulatory
chromatin modification and remodeling enzymes (4, 5). Further-
more, acetylation can neutralize the positive charge of the lysine
side chain, leading to destabilization of the nucleosome complex
of histone proteins and DNA (2, 6, 7).

Gecn5 is one of the best characterized histone acetyltransferase
(HAT) enzymes. Like other members of the GenS-related N-
acetyltransferase family of HAT enzymes, GenS contains a 160-
residue catalytic domain necessary for histone acetylation (8). This
catalytic domain transfers the acetyl group from acetyl-CoA to the
recipient lysine residue on the histone peptide substrate (9). Ki-
netic studies of the Gen5S HAT domain have determined that the
catalytic mechanism employs an ordered Bi-Bi mechanism with
acetyl-CoA binding first, followed by histone peptide binding, and
that formation of this ternary complex is required for catalysis
(10). Crystallographic and NMR studies of the Gen5 HAT domain
from yeast, human, and Tetrahymena provide structural descrip-
tions for acetyl-CoA and histone peptide binding (11-16).

Gen5 is found in the cell as part of multisubunit gene-regulatory
complexes, including the SAGA and variant SAGA complexes
(17-21). Whereas Gen5 acetylates histone H3 weakly on its own
and is not able to acetylate histones packaged into nucleosomes,
the SAGA complex robustly acetylates nucleosomal histones (22).
We and others have previously shown that GenS forms a complex
with SAGA subunits Ada2 and Ada3, and that this Ada2/Ada3/
Gen5 complex is necessary and sufficient for SAGA’s physiologi-
cal HAT activity on nucleosomes (23, 24). We also showed that
Ada?2 activates GenS’s HAT activity on histone peptides, but Ada3
is required for nucleosomal HAT activity (24).

Deletion analysis of Gen5 and Ada2 have defined regions
required for their protein interaction and for HAT activity (23,
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25-27). Approximately 20 residues of Gcen5 immediately fol-
lowing the HAT domain are necessary for Ada2 to bind to GenS,
and consequently this region (GcenS residues 260-280) has been
defined as the Ada2 interaction domain (26, 27). The SANT
(Swi3, Ada2, N-Cor, and TFIIB) domain of Ada2 plays a critical
role in Ada2’s interaction with Gcen5, as well as histone and
nucleosomal HAT activity by the SAGA complex (27-29). It has
been suggested that the SANT domain in Ada2 and other
chromatin enzymes functions as a histone tail-binding module to
present histone tails for efficient catalysis (28). The SANT do-
main’s structural similarity to the helix-turn-helix DNA-binding
domain of Myb transcription factor also suggests the possibility
that the Ada2 SANT domain could influence nucleosomal HAT
activity by binding nucleosomal DNA (27).

The mechanistic basis for how the Ada2 SANT domain in-
creases Gen5’s catalytic activity has been hampered by the lack of
structural information for how Ada2 interacts with GenS. We
present here crystal structures of the Ada2/GenS complex. The
structures show how the SANT and ZZ domains of Ada2 in-
teract with N- and C-terminal extensions to the Gen5 HAT do-
main. The Ada2 SANT domain does not appear to act as a
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Fig. 1. Structural and functional domains of Gen5 and Ada2. The Gen5
residues observed in Ada2/Gcen5 crystal form 1 (residues 72-312) are shown
in saturated colors, and the residues outside this region are shown in faded
colors. A similar convention is used to highlight the Ada2 residues observed
in Ada2/Gen5 crystal form 1 (residues 1-120).

histone tail-binding module, as it is positioned away from the Gen5
peptide-binding pocket. Instead, our studies indicate that the Ada2
SANT activates GenS’s HAT activity by enhancing binding of the
acetyl-CoA cosubstrate.

Results

Crystallization and Structure Determination of Ada2/Gcn5 Complexes.
We had previously determined through deletion analysis that
Gen5(67-328) was sufficient to form a complex with Ada2(1-120)
with robust HAT activity (30). This region of Gen5 includes N-
and C-terminal extensions to the HAT catalytic domain (residues
99-259) and the previously determined Ada2-interacting domain
(residues 260-280; Fig. 1). Ada2(1-120) includes the SANT do-
main known to enhance GenS’s catalytic activity as well as the ZZ
zinc-binding domain.

Crystallization trials of Ada2(1-120)/Gen5(67-328) produced
single 200 x 200 x 200-pm crystals, but these crystals diffracted
X-rays only to 8 A (30). Postcrystallization dehydration beneficial
for other macromolecular crystals did not improve the diffraction.
Crystals with similar morphology and diffraction properties were
also grown by using Ada2(1-120)/Gcen5(67-317) (31), truncated
slightly on the Gen5 C-terminal end. However, efforts to grow
crystals with improved diffraction properties by (i) manipulating
the precise N or C termini of yeast Ada2 and Gen5, (i) employing
other species of Ada2 and GenS5, (iii) engineering surface entropy
mutations, or (iv) employing fusion proteins with rigid linkers were
unsuccessful (30, 31).

Abs, especially mAbs, have been employed as crystallization
chaperones to grow crystals of intractable macromolecules such as
membrane proteins (32-34). Instead of preparing monoclonal an-
tibodies, we used phage display to screen in vitro for synthetic Abs
(sABs), which are functionally and structurally similar to Fabs (35).
Biochemical screening against the Ada2(1-120)/Gen5(67-317) com-
plex produced 17 sABs, 12 of which bound to the Ada2(1-120)/
Gcen5(67-317) complex in size-exclusion chromatography binding
experiments. Ada2(1-120)/Gen5(67-317)/sAB complexes correspond-
ing to 9 of the 12 sABs were purified by size exclusion and subjected
to crystallization experiments. Three such complexes produced crys-
tals, two of which (referred to as Ada2/Gen5 crystal forms 1 and 2)
diffracted X-rays to 2.7 A and 2.0 A, respectively.

We determined the crystal structures of Ada2/GenS crystal forms
1 and 2 by molecular replacement, using as search models the
NMR structure of a SANT domain [Protein Data Bank (PDB) ID
code 2ELK], the crystal structure of yeast Gen5 HAT domain
(PDB ID code 1YGH) (11), and the crystal structure of an sAB
molecule used to crystallize a protein targeting complex (PDB ID
code 4XTR) (36). The crystallographic asymmetric unit for the
Ada2/GcenS5 crystal form 1 contains one copy each of Ada2, GenS,
and the sAB (Fig. 24), whereas the asymmetric unit for Ada2/Gcen5
crystal form 2 contains two copies of each (SI Appendix, Fig. S1). As
expected, the CDRs of the sABs form the antigen (Ada2/Gcen5)
binding site (Fig. 2). Interestingly, the two different SABs in crystal
forms 1 and 2 interact with similar regions of the Ada2/Gcen5
complex, with the sAB in crystal form 1 making more extensive
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interactions with Ada2 and GcenS, whereas the sAB in crystal form 2
contacts GenS predominantly (Fig. 2). The sABs are responsible for
the critical crystal contacts for crystal forms 1 and 2 (SI Appendix,
Fig. S2), highlighting the integral role of the sABs in producing
these crystals.

Interactions Between Ada2 and Gen5. The crystal structures of yeast
Ada2/Gen5 crystal forms 1 and 2 show an elongated three-lobed
complex with dimensions 80 x 50 x 40 A (Fig. 3). The three lobes
correspond to the torso, shoulders, and head of the complex. The
complex’s GenS HAT domain (Gen5S residues 99-259), which
constitutes the torso lobe, is very similar in structure to the yeast
Gen5 HAT domain on its own (rmsd = 0.51 A for all atoms), with
only localized differences in the flexible histone peptide binding
loop, the CoA binding loop, and the N-terminal region (S Ap-
pendix, Fig. S34). The N- and C-terminal extensions to the GenS
HAT domain interact with the Ada2 ZZ and SANT domains
predominantly through hydrophobic contacts to form the shoulder
and head lobes. The shoulder lobe is composed of an a-helix cor-
responding to Gen5 residues 260-280 (immediately C-terminal to
the HAT domain) flanked by the Ada2 SANT domain on one side
and a P-hairpin from the GenS N-terminal extension to the HAT
domain (“B-hairpin brace,” residues 72-98) on the other side. This
GenS a-helix corresponds to the same region identified as the Ada2
interaction region in biochemical deletion experiments (26). The
head lobe is comprised of the Gen5 extended chain residues 283—
312, which cradle the Ada2 ZZ domain (the two zinc atoms in the
ZZ domain can be thought of as eyes in the head region; Fig. 3).
The extensive and multivalent interaction between Ada2 and Gen5
provides a structural explanation for why partial deletion of the
Ada2 ZZ domain or the SANT domain did not prevent formation
of the Ada2/Gen5 complex or the SAGA complex (27, 28).

Conformational Flexibility Within Ada2/Gen5 Complex. Although the
overall structure of the Ada2/Gen5 complex is similar in crystal
forms 1 and 2, there are notable conformational differences away
from the Gen5S HAT domain in the two crystal forms. The torso
lobes (GenS HAT domain) and the shoulder lobes (which con-
tain Ada2 SANT domain) of crystal forms 1 and 2 align very well
(rmsd = 0.44 A for all atoms), but the head lobes (which contain
the Ada2 ZZ domain) are rotated by 16° in the two crystal forms
(81 Appendix, Fig. S44). The head lobes of crystal forms 1 and 2
themselves are very similar (rmsd = 0.47 A for all atoms), and
the differences between crystal forms 1 and 2 are mostly isolated

A crystal form 1 B crystal form 2
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Fig. 2. Ada2/Gen5 crystal forms 1 and 2 structures. (A) Crystal form 1 with
Ada2, Gen5, the sAB, and zinc ions shown in red, yellow, blue, and lavender,
respectively. The sAB regions randomized in the selection process are shown
in purple. Internal disordered regions of 10 residues or less are shown in
dashes. (B) Crystal form 2 with the same coloring conventions as for A.
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Fig. 3. Comparison of Ada2/Gen5 crystal forms 1 and 2. (A) Crystal form 1
with Gen5 shown in yellow and Ada2 in red. (B) Crystal form 2 with Gen5 in
orange and Adaz2 in purple.

to rigid body rotation of the head lobes (SI Appendix, Fig. S4B).
Crystal form 1’s head lobe is rotated toward the torso lobe com-
pared with crystal form 2’s head lobe. The shoulder lobe is rigidly
positioned next to the torso lobe because of the tight packing of the
Ada2 SANT domain in the shoulder lobe against the GenS HAT
domain that constitutes the torso lobe. In contrast, there are rel-
atively few interactions binding the head lobe to the shoulder do-
main. These observations suggest that the head lobe of the Ada2/
GenS complex is flexibly linked to the shoulder and torso lobes in
solution. The different Ada2/Gen5 complex conformations were
stabilized in crystal forms 1 and 2 by the SAB molecules, which
mediate the critical crystal contacts. We speculate that this con-
formational flexibility within the Ada2/Gcen5 complex contributed
to the relatively poor internal order of our original Ada2/Gcen5
crystals grown in the absence of the sAB crystallization chaperones.

Mechanism of HAT Activation by Ada2. The Ada2/Gcn5/sAB complex
crystals were grown in the absence of substrate histone peptides or
CoA. However, given the strong structural similarity between the
yeast and Tetrahymena Gen5 HAT domains and the absence of
significant conformational changes between the HAT domain in
Gen5 vs. Ada2/GenS5, we could model by simple superposition the
substrate peptide and CoA binding based on the Tetrahymena
crystal structures containing an 11- or 19-residue H3 peptide and
CoA (13, 15) (Fig. 4). The Gen5 HAT domain binds the histone
peptide substrate in a pocket that is positioned away from the
Ada2 SANT domain. If the Ada2 SANT domain and the GenS
Ada2 interaction helix make up the shoulder of the Ada2/Gcen5
complex, the histone peptide substrate-binding pocket is located in
the lower torso of the complex. No direct contacts between the

10012 | www.pnas.org/cgi/doi/10.1073/pnas.1805343115

modeled 19-residue H3 peptide and the Ada2 SANT or ZZ do-
mains are possible. [The closest contact between the modeled H3
peptide and the Ada2 SANT domain is 16.8 A. This and other
analysis (detailed later) was made with the use of Ada2/GenS
crystal form 1 because of fewer unstructured loops in this crystal
form despite the lower resolution, but the structural conclusions
are consistent with both crystal forms.] It is therefore difficult to
account for Ada2’s activation of GenS’s HAT activity, especially
given that we did not observe significant conformational changes
within the Gen5S HAT domain in the Ada2/GenS complex.
Histone acetylation by Gen5 requires two substrates: the histone
peptide and acetyl-CoA. GenS forms a ternary complex with its
two substrates before catalysis, with acetyl-CoA binding first, fol-
lowed by the histone peptide (10). Like the modeled histone
peptide, the modeled CoA does not directly contact Ada2 in our
structure: the closest contact is between the 3" phosphate group of
CoA and the SANT domain at approximately 6 A. Although the
electron density for the GenS Lys223 side chain is weak (SI Ap-
pendix, Figs. S5 and S6), this modeled CoA 3’ phosphate group
appears to hydrogen-bond with the terminal amino group of Gen5
Lys223 from the HAT domain and to make additional electrostatic
interactions with the guanidinium group of GenS Arg89 from the
B-hairpin brace N-terminal extension to the HAT domain (Fig. 4).
The GenS Lys223 side chain that contacts the modeled CoA 3’
phosphate group lies on the same surface that interacts with the
Ada2 SANT domain. In fact, the Ada2 SANT domain forms a

A torso shoulder head
¢~ SANT Ada2
H3 = o7 Y interaction
peptide AT >

(modeled) \ »

H3
peptide S5
(modeled) 4

CoA (modeled)

Fig. 4. Ribbon and space-filling representations of the Ada2/Gcn5 complex
with modeled H3 peptide substrate (green) and CoA (white or purple)
cosubstrate from PDB ID code 1PU9. (4) Cartoon representation of the Ada2/
Gen5 complex showing Gen5 Lys223 and Arg89 side chains interacting with
the modeled CoA cosubstrate. The Ada2 SANT and ZZ domains are posi-
tioned too far away to directly interact with the H3 peptide substrate or the
CoA cosubstrate. Ada2 Asp87 and Gcn5 Lys222 side chains are also shown.
(B) Space-filling representation of the Ada2/Gcn5 complex highlights the
wall created by the Ada2 SANT domain to constrain the Lys223 side chain
and promote interaction with the CoA cosubstrate.
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wall that constrains the position of the GenS Lys223 side chain
(Fig. 4B). The main chain oxygen of Leu80 in the Ada2 SANT
domain makes very close contact with the Ca atom of GenS
Lys223 (3.1 A), whereas the main chain oxygen of Thr79 is near
(4.4 A) the apparent position of the epsilon carbon of the Lys223
side chain. It is worth noting that only main-chain atoms of Ada2
contact Gen5 Lys223 and that no amino acid side chain from the
Ada2 SANT domain appears to interact with GenS Lys223.
These structural observations suggest that Ada2 activates Gen5’s
HAT activity because the Ada2 SANT domain constrains the
Gcen5 Lys223 side chain to adopt a conformation appropriate for
interacting with CoA through the CoA phosphate group.

To test this hypothesis, we prepared point mutations in GenS
and Ada2 and examined the HAT activity against an H3 peptide
(Table 1). Compared with GenS alone, the Ada2/GenS complex
had more than 100-fold higher catalytic efficiency (kc./Km) in
10 pM acetyl-CoA, resulting from a 26-fold increase in the catalytic
rate constant and a fourfold decrease in the Michaelis constant (SI
Appendix, Fig. ST). Removing the GenS Lys223 side chain dra-
matically reduced the catalytic efficiency of the Ada2/Gcen5 com-
plex (~18-fold reduced vs. WT complex) by affecting the k.,; and
the Ki,. In fact, the K, of the Ada2/Gcn5(K223A) mutation was
greater than that of GenS on its own. Mutation of Arg89 had a
smaller effect: the k../Ky, of the Ada2/GenS(R89A) complex was
only 2.7-fold lower than that of the WT Ada2/Gcen5 complex.
Mutating Ada2 D87A had a statistically insignificant effect, con-
sistent with the incidental contact between Ada2 Asp87 and Gend
Lys222, compared with the much more extensive interactions be-
tween the Ada2 SANT domain and the Gen5S HAT domain and
the GenS Ada2 interaction helix (Fig. 4). Removing both K223 and
R89 side chains in the Ada2/GenS complex eliminated the Ada2-
mediated enhancement of GenS5’s HAT activity, with a similar &,/
K, to that of Gen5 alone. At much higher concentrations of acetyl-
CoA [10x higher than the Ky (as detailed later) or 600 pM when
the K4 could not be determined], only Ada2/Gcen5 complexes with
mutations in K223 or R89 showed significantly increased k¢./Km,
which was attributable mostly to decreases in K, (Table 1 and SI
Appendix, Fig. S8). The partial compensation of increased acetyl-
CoA concentrations for the removal of K223 and R89 is consistent
with the proposed roles of these side chains in recruiting acetyl-
CoA. We also find that the HAT activity of the Ada2/Gen5 com-
plex was not altered significantly when assayed in the presence of
the sAB used to crystallize the Ada2/Gcen5 complex in crystal form
1, indicating that the antibody does not affect the catalytic activity
of Ada2/GcenS. This agrees with our structural finding that the SAB
binds Ada2 and Gen5 away from the H3 peptide and acetyl-CoA
binding sites in GenS.

We further assessed the role of Gen5(K223A) by examining its
effect in the GenS5 protein or in the Ada2/Gen5 complex. We find
that Gen5(K223A) has a smaller effect, particularly on the K,

for histone H3 in saturating or near-saturating concentrations of
acetyl-CoA. Compared with GenS alone, the K, of histone H3
for Ada2/GenS5 is increased 7.2 fold, whereas the equivalent K,
for Ada2/Gen5(K223A) is increased only 2.8 fold (Table 1). This
is consistent with a Gen5 K223-dependent role for Ada2 in
Ada2/GenS’s HAT activity.

The HAT activity results suggest that the GenS Lys223 side
chain plays a major role by interacting with acetyl-CoA. To in-
vestigate this directly, we measured acetyl-CoA binding by iso-
thermal calorimetry (Table 1 and SI Appendix, Fig. S9). We find
that Gen5 binds acetyl-CoA with a Ky of 7.8 pM, similar to the
8.5-uM Ky measured by equilibrium dialysis for the yeast GenS
catalytic domain (37). The Ada2/Gcen5 complex binds acetyl-CoA
with a K4 of 2.3 uM, or 3.4-fold more tightly. Strikingly, the
Ada2/Gen5(K223A) and the Ada2/GenS(R89A,K223A) complexes
fail to bind acetyl-CoA, whereas the Ada2/Gen5(R89A) complex
binds 15.7x less tightly than the WT Ada2/GcenS complex. The Ada2
(D87A)/GenS5 complex binds acetyl-CoA with a similar affinity as
the WT complex, consistent with the insignificant effect of this
mutation on the HAT activity. These acetyl-CoA binding studies
indicate that yeast GenS Lys223 plays a critical role in binding acetyl-
CoA and that Ada2 enhances acetyl-CoA binding by GenS even
though Ada2 does not appear to interact directly with acetyl-CoA.

We also used calorimetry to investigate whether Ada2 affects
binding of Gen5’s binding of its H3 peptide substrate. We find
that GenS and Ada2/Gen5 bind the H3 peptide with similar af-
finities, suggesting that Ada2 does not activate GenS by pro-
moting histone peptide binding (SI Appendix, Fig. S10 and Table
S2). Similar results were obtained in the presence of CoA.

Discussion

The crystal structures of the Ada2/GenS complex provide insights
into how the GenS catalytic HAT domain, together with N- and C-
terminal extensions, binds to the Ada2 ZZ and SANT domains.
Extensive contacts mediate the interactions between the two pro-
teins, suggesting that they cooperatively assemble to form their stable
structure, as it is likely that many of the structural elements in the
complex would be unfolded on their own. For example, the p-hairpin
brace and Ada2 interaction helix of GenS are stabilized by their
intramolecular interactions and the intermolecular interaction of
GcenS’s Ada2 interaction helix with the Ada2 SANT domain. GenS
residues 283-312 form an extended chain platform to bind to the
Ada2 Z7 domain, and are likely disordered in the absence of Ada2.

The structures suggest a mechanism for how Ada2 increases
Gen5’s HAT activity. Several studies have documented that the
Ada2 SANT domain is required for the activation of Gen5’s HAT
activity in the Ada2/Gen5 subcomplex or the full SAGA complex
(27-29). A kinetic analysis of the Ada2/Gcen5 complex showed that
deleting the Ada2 SANT domain reduced H3 peptide substrate
binding and catalysis, but apparently not acetyl-CoA binding (28).

Table 1. HAT activity and AcCoA isothermal calorimetry binding data for Gcn5(67-317) and Ada2(1-120)/Gen5(67-317) variants

Samples Catalysis in 10 pM AcCoA Catalysis at higher AcCoA concentrations AcCoA binding
kcat/KM: kcat/KM:

Ada2 Gcn5 sAB [AcCoA], uM Keat 57 Kme tM M7's™" [AcCoA], pM Keats 57" Km, ptM M7's7"  AcCoA Ky, pM

- + - 10 0.048 + 0.003 749 + 112 65 100 0.102 + 0.014 1,348 + 400 75 78+3

- K223A — — — — — 600 0.047 + 0.003 802 + 123 59 ND

+ + - 10 1.28 £ 0.12 189 + 62 6,790 24 1.27 £ 0.076 187 + 38 6,780 23+0.2

+ K223A - 10 0.414 + 0.029 1110 + 175 372 600 0.430 + 0.048 291 + 103 1,480 NA

+ R89A - 10 0.917 + 0.085 364 + 97 2,520 400 0.724 + 0.078 187 + 78 3,870 36.2 £ 5.5

+ R89A,K223A - 10 0.096 + 0.006 1930 + 212 50 600 0.209 + 0.023 771 + 182 271 NA

D87A + - 10 1.06 + 0.11 191 + 76 5,570 30 1.15 + 0.14 213 £ 97 5,420 2.7 £0.6

+ + + 10 1.34 £ 0.096 156 + 41 8,570 30 1.51 +0.16 156 + 59 9,670 ND

Columns 4-7 show catalysis results in 10 pM AcCoA, columns 8-11 show catalysis results in near-saturating conditions of AcCoA, and column 12 shows
AcCoA binding data. conc, concentration; NA, not applicable (because no binding detected); ND, not determined.
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This finding led to the hypothesis that the Ada2 SANT domain
functions as a histone tail-binding/presentation module. Our studies
suggest a different mechanism. We find that the Ada2 SANT is far
removed from the GenS peptide binding pocket and also too far to
make direct contact with CoA. However, it does contact GcnS
Lys223, which itself appears to directly interact with CoA through the
CoA 3’ phosphate group. The SANT domain creates a physical
barrier that constrains the conformational flexibility of the Lys223 side
chain and could help direct the side chain for productive interaction
with the 3’ phosphate group of acetyl-CoA. As binding of acetyl-CoA
by GenS is the necessary first step in the catalytic mechanism before
binding a histone peptide (10), enhancing acetyl-CoA binding will
increase GenS’s HAT activity. The Ada2 SANT domain thus func-
tions to complete the CoA binding pocket on Gen5. The Gen5
N-terminal extension of an a-helix plus the $-hairpin brace also con-
tributes toward this acetyl-CoA binding pocket, with Arg89 residue
apparently interacting with the same 3’ phosphate group of acetyl-
CoA (Fig. 4). In hindsight, it is not surprising that Ada2 can influence
Gen5’s HAT activity by modulating interactions with acetyl-CoA, as
acetyl-CoA is a cosubstrate in the histone acetylation reaction.

Our results define what has been a nebulous role of Lys223 in
Gend’s HAT activity. Partially pure recombinant GenS5(K223A)
displayed reduced HAT activity in vitro and a more modest effect
of the mutant on transcriptional activity in yeast (38). It should be
noted that the steady-state transcriptional assay used in this study
masks SAGA complex’s now recognized role in generating newly
synthesized mRNA transcripts (39). A triple GenS(F221A,K222A,
K223A) mutant was found to be strongly defective for growth and
in vivo transcriptional activity (40), but a specific effect of K223A
cannot be determined from this result because subsequent crystal
structures show that F221 is part of the hydrophobic core of the
Gen5 HAT domain. Another study found that GenS (K223A,
T227A,K228A,E229A) and Gen5(K223A,T227A,K242A) surface
mutations severely affected HAT activity in vitro and displayed
partial growth defects (27). In crystal structures of Tetrahymena
Gen5 HAT domain bound to H3 peptide CoA, the equivalent ly-
sine points its side chain away from the CoA phosphate group (13).
Interestingly, the only structure of the yeast GenS HAT domain
crystallized without CoA or substrate peptide shows Lys223 in a
similar conformation to what we observed in Ada2/Gen5 (11).

The critical role of yeast GenS Lys223 in binding acetyl-CoA is
likely to be preserved in Gen5 orthologs, as this lysine residue is
strictly conserved from yeast to plants to mammals (SI Appendix,
Fig. S11). In contrast, the minor role of yeast Gen5 Arg89 in
binding acetyl-CoA among GcenS orthologs is more difficult to
predict. Although the sequence alignment in SI Appendix, Fig. S11
suggests that GenS Arg89 is not conserved among species, an ar-
ginine amino acid two residues before this position in many spe-
cies could possibly function to bind acetyl-CoA.

The Ada2/Gen5 complexes in the two different crystal forms
highlights a general conformational flexibility, in particular that of
the head lobe containing the Ada2 ZZ domain, which is tethered
to the Ada2 SANT domain-containing shoulder lobe via relatively
mobile connections. The functional significance of this conforma-
tional flexibility within the Ada2/GcenS complex is uncertain. This is
because Ada2/GcenS is only part of the Ada3/Ada2/Gen5 HAT
module, itself part of the full SAGA complex. It is possible that the
conformational flexibility between the head and shoulder lobes is
an artifact of the isolated and truncated Ada2/GcnS subcomplex
investigated here and that binding of Ada3 or remaining regions of
Ada2 or Gen5 will fix the orientation between the head and
shoulder domains. It is also possible that the conformational flex-
ibility between the head and shoulder domains could play a func-
tional role within the SAGA complex for nucleosomal acetylation.

Our determination of the crystal structure of the Ada2/GcenS
complex relied on the use of synthetic antibodies as crystallization
chaperones, an approach that is gaining increasing attention because
of its demonstrated successes in crystallizing recalcitrant protein
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systems. In this regard, an important recent advance has been the use
of phage display to generate sABs. It has proven to produce a much
larger variety of binders, much faster and cheaper than traditional
monoclonal approaches. Importantly, the methodology allows for
selection conditions that can be designed to produce sABs with
desired characteristics; for instance, sABs that bind to a particular
surface epitope or conformational state of the target protein.
Notably, the Ada2/GcenS biopanning conditions were highly biased
toward selecting sABs that recognized the assembled complex, not
the individual protein components. This stabilizes the macromo-
lecular assemblage during crystallization into the form that is most
biologically relevant. We speculate that our crystals of the Ada2/
Gen5 grown in the absence of sABs were limited to 8-A diffraction
because of the flexible link between the head and shoulder lobes
observed in the two crystal forms. Examination of the crystal
packing in Ada2/Gen5 crystal forms 1 and 2 shows how the re-
spective synthetic antibodies build the crystal through antibody/
antibody interactions (SI Appendix, Fig. S2), and the resulting
packing stabilizes the otherwise flexible Ada2/GenS complex.

In summary, our structural and biochemical studies reveal
mechanistic insights for how an accessory or partner protein can
influence the enzymatic activity of a HAT: by affecting binding of
the acetyl-CoA substrate instead of the histone substrate. We
suspect that similar mechanisms will be employed by other his-
tone modification enzymes.

Materials and Methods

Protein Expression and Purification. Ada2 residues 1-120 [N-terminally tagged
with hexahistidine and maltose binding protein (MBP)] and Gcn5 residues
67-317 were coexpressed by using the pST44 polycistronic expression vector
(41, 42). Site-directed mutations were introduced by using QuikChange-
based procedures (43) employing Q5 DNA polymerase (New England
Biolabs). Protein expression in BL21(DE3)pLysS host strains were induced
with 0.2 mM IPTG at 18 °C.

Ada2/Gen5 complexes were purified from cell lysates by cobalt metal affinity
chromatography (Talon resin; Clontech), followed by TEV protease cleavage to
remove the HISMBP tag and SourceS cation-exchange chromatography (GE
Healthcare). As Gen5(67-317) proved difficult to purify on its own, we first
purified the Ada2/Gen5 complex and then used mildly denaturing conditions
(3 M urea) to dissociate the complex and to isolate Gen5(67-317) by SourceS
chromatography. The SourceS Gen5(67-317) pool was then further purified by
Superdex 200 Increase 10/300 size-exclusion chromatography (GE Healthcare).

sAB Selection, Characterization, Expression, and Purification. The generation and
screening of complex-specific sABs has been described previously (44). Two N-
terminally Avi-His-TEV-tag modified Ada2/Gcn5 complexes were prepared
whereby the affinity tag was placed on Ada2 or Gen5. Both proteins were
expressed, biotinylated in vivo, purified, and tested for biotinylation efficiency.
Three rounds of phage display selection were performed by using 100 nM
(round 1), 50 nM (round 2), and 10 nM (round 3) biotinylated protein targets
and each time eluted with TEV protease (Thermo). After successful selection,
the specificity of candidate sABs was assayed against both Avi-tagged com-
plexes by using a single point competitive ELISA (44). Clones that exhibited
strong and specific binding to both antigens were sequenced. We obtained
more than 30 sequence-unique sABs, and 17 were nominated for further
biochemical characterization. All sABs were characterized for their ability to
stabilize Ada2/Gcn5 complex by gel filtration in 20 mM Hepes, 100 mM Nacl,
10 mM B-mercaptoethanol, pH 7.5, buffer on a Superdex 200 Increase 10/300
column (GE Healthcare). Only sABs that formed the most homogenous com-
plex were systematically tested in crystallization trials.

sAB clones were expressed and purified by using dual-column chroma-
tography using Protein A affinity (HiTrap MabSelect SuRe, 5 mL), immediately
followed by ion exchange (Resource S, 1 mL) as previously described (44).
Samples were dialyzed against 20 mM Hepes, 100 mM NaCl, pH 7.5, con-
centrated to more than 10 mg/mL and frozen in 100-uL aliquots.

yGen5/yAda2/sAB Crystallization and Structure Determination. Gcn5/Ada2
complex was incubated with 1.2 molar excess of sAB and purified by Superdex
200 Increase 10/300 size-exclusion chromatography in 20 mM Hepes, pH 7.5,
100 mM NacCl, 10 mm 2-mercaptoethanol. Pooled fractions were concen-
trated to approximately 10 mg/mL and used for microbatch under oil crys-
tallization trials (45). Crystal form 1 containing 65H10_1 synthetic antibodies
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was grown in 10 mM Tris-Cl, pH 8.5, 200 mM Li,SO,4, and 25% wt/vol
PEG3350, whereas crystal form 2 containing 63E9_24 synthetic antibodies
was grown in 100 mM succinic acid, pH 7.0, and 15% wt/vol PEG3350.
Before flash-cooling in liquid nitrogen, crystal form 1 crystals were soaked in
the crystallization solution supplemented with 20% vol/vol glycerol in 5%
glycerol steps, whereas crystal form 2 crystals were soaked in their crystalli-
zation solution supplemented with 25% wt/vol PEG3350 in 5% PEG3350 steps.
X-ray diffraction data were collected at Advanced Photon Source NE-CAT
beamline 24-ID-C (0.9792 A; 100K). The diffraction data were processed by us-
ing XDS (46) and SCALA (47) software packages. Molecular replacement using
PHASER (48) employed rigid body search models from the HAT domain of yGen5
(PDB ID code 1YGH), a SANT domain homolog (PDB ID code 2ELK), and the sAB
from the Get3-sAB complex (PDB ID code 4XTR). Structure refinement was per-
formed with the programs REFMAC (49) and PHENIX (50) together with manual
model building in COOT (51). Crystallographic data statistics are summarized in
SI Appendix, Table S1. All molecular graphics were prepared with PyMOL (52).

HAT Assay. HAT activity was measured by using a pyruvate dehydrogenase
enzyme-coupled assay (53) with substrate H3 peptide residues 1-20 (ARTKQ-
TARKSTGGKAPRKQL). Each reaction contained 1x TBA (50 mM Tris, 50 mM
Bis-Tris, 100 mM sodium acetate, pH 7.5), 5 mM MgCl,, 1 mM DTT, 0.2 mM
thiamine pyrophosphate, 0.2 mM NAD+, 2.5 mM pyruvate, 0.04 U pyruvate
dehydrogenase, and 0.25 uM Ada2/Gecn5 or Gen5 enzyme. Specified concen-
trations of acetyl-CoA were included, with the highest concentration of 600 uM
chosen because we observed inhibition at greater than this concentration. The
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reaction mixture was incubated at room temperature for 5 min before the
reaction was initiated by adding the enzyme. The reaction was monitored in
real time at 340 nm in a Varian Cary 50 Bio spectrophotometer.

Isothermal Titration Calorimetry. Calorimetric experiments were conducted at
25 °C with a MicroCal auto-iTC200 instrument (Malvern). The protein samples
were dialyzed against the buffer containing 20 mM Hepes (pH 7.5), 100 mM
NacCl, and 2 mM B-mercaptoethanol. The exothermic heat of the reaction for
acetyl-CoA binding was measured by 25 sequential 1.5-pL injections of 100 pM
acetyl-CoA into 200 pL of 10 uM Gen5 or Ada2/Gen5 complex, spaced at in-
tervals of 180 s. To further saturate Ada2/Gcn5(R89A), 200 1M acetyl-CoA was
titrated into 10 pM of this mutant complex. Histone H3 binding was measured
with similar injections of 800 uM H3(1-20) peptide into 200 uL of 80 pM Gen5
or Ada2/Gen5 complex with or without 80 pM CoA present. The data were
analyzed by using the Origin 7 software package (Microcal).
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