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Rtt109 is a yeast histone acetyltransferase (HAT) that asso-
ciates with histone chaperones Asfl and Vps75 to acetylate
H3K56, H3K9, and H3K27 and is important in DNA replication
and maintaining genomic integrity. Recently, mass spectrome-
try and structural studies of Rtt109 have shown that active site
residue Lys-290 is acetylated. However, the functional role of
this modification and how the acetyl group is added to Lys-290
was unclear. Here, we examined the mechanism of Lys-290
acetylation and found that Rtt109 catalyzes intramolecular
autoacetylation of Lys-290 ~200-times slower than H3 acetyla-
tion. Deacetylated Rtt109 was prepared by reacting with a sir-
tuin protein deacetylase, producing an enzyme with negligible
HAT activity. Autoacetylation of Rtt109 restored full HAT
activity, indicating that autoacetylation is necessary for HAT
activity and is a fully reversible process. To dissect the mecha-
nism of activation, biochemical, and kinetic analyses were per-
formed with Lys-290 variants of the Rtt109-Vps75 complex. We
found that autoacetylation of Lys-290 increases the binding
affinity for acetyl-CoA and enhances the rate of acetyl-transfer
onto histone substrates. This study represents the first detailed
investigation ofa HAT enzyme regulated by single-site intramo-
lecular autoacetylation.

Compaction of the eukaryotic genome is achieved by the
packaging of DNA into chromatin. The fundamental unit of
chromatin, the nucleosome, is composed of 147 base pairs of
DNA wrapped around an octamer of histones containing two
each of H2A, H2B, H3, and H4 (1). The covalent modification of
histones, such as phosphorylation, acetylation, and methylation
regulates DNA replication, repair, and transcription (2-6).
Histone acetyltransferases (HATs),” a particular class of modi-
fication enzymes, catalyze the transfer of the acetyl group from
acetyl-CoA onto the e-amine group of lysines on histone sub-
strates (7—9). There are three distinct HAT families that are
classified according to their primary sequence and structural
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homology. These include the GNAT (Gcn5-related N-acetyl-
transferase), MYST (MOZ, Ybf2/Sas3, Sas2, and Tip60) and
p300/CBP/Rtt109 families (7,9,10). Despite the divergence in
sequence homology among the families, these HAT enzymes
contain structurally similar core catalytic domains and utilize
direct lysine substrate attack mechanisms (sequential) to carry
out acetyl transfer (7,9-11).

Rtt109 (regulator of Tyl transposition gene product 109) is a
unique fungal-specific HAT enzyme (also named KAT11) that
shares little sequence homology with other HAT enzymes. First
identified to regulate the mobility of the Tyl transposon ele-
ment, Rtt109 HAT activities are important in a number of
nuclear processes including DNA replication and maintaining
genome integrity (12—17). Unique from other HAT enzymes,
Rtt109 requires association with histone chaperones to direct
substrate specificity and enhance catalysis (15, 18 —20). Histone
chaperones bind histones to prevent unfavorable histone:DNA
interactions and function in the assembly and disassembly of
nucleosomes (21, 22). Rtt109, with the histone chaperone Asf1l
(anti-silencing function 1), acetylates lysine 56 (Lys-56) on the
histone H3 core domain (12, 14, 15, 19). Asf1 is thought to form
atransient complex with Rtt109 and stimulate activity by prop-
erly presenting H3-H4 dimers for Lys-56 acetylation (23-27).
This mark occurs on newly synthesized H3 in Saccharomyces
cerevisiae and Schizosaccharomyces pombe during S-phase and
is required for the assembly of H3-H4 dimers onto DNA during
cell replication (12, 15, 28). H3K56 acetylation also promotes
histone assembly at sites of DNA damage and is enriched at the
promoters of transcriptionally active genes (14, 17, 29-32).
Distinct from the activities associated with Asfl, Rtt109 forms a
high affinity complex with the NAP1 family histone chaperone
Vps75 (Vacuolar protein sorting 75) (11, 18, 33-35). The
Rtt109-Vps75 complex acetylates H3K9 and H3K27, which are
overlapping functions with the HAT Genb (18, 20, 34, 36 -38).
Similar to H3K56 acetylation, the acetylation of H3K9 and
Lys-27 occurs on newly synthesized histones (18, 36). Impor-
tantly, Vps75 stimulates Rtt109 HAT activity by ~200-fold and
stabilizes the catalytically active conformation of Rtt109 (11,
18-20). Thus, distinct pathways exist for the regulation of
Rtt109 by two histone chaperones.

Recently solved structures demonstrated that Rtt109 is a
structural ortholog to the mammalian acetyltransferase
p300(39—-41). Notably, Rtt109 structures revealed electron
density consistent with an acetyl group attached to lysine 290, a
residue located near the proposed active site of Rtt109 (39 —41).
Mass spectrometric analyses showed Lys-290 is mostly acety-
lated in affinity purified TAP-tagged Rtt109 from yeast and
Rtt109 recombinantly expressed and purified from bacteria (39,
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41). Rtt109 Lys-290 mutants show decreased H3 acetylation in
vitro and loss of Rtt109-dependent functions in vivo (40, 41).
However, installation of a thiocarbamate analog of acetyl lysine
at position 290 exhibited only an ~4-fold increase in activity
above a catalytically impaired K290C mutant(42). Thus, the
functional role of Lys-290 acetylation remains unclear. Also,
the mechanism of Lys-290 acetylation has not been established.
Here, we performed a detailed biochemical investigation on
the mechanism of Rtt109 acetylation. We determined that
Rtt109 catalyzes intramolecular autoacetylation at Lys-290.
Additionally, we found that autoacetylation functions to stim-
ulate Rtt109 by increasing the binding affinity for acetyl-CoA
and enhancing the rate of acetyltransfer. This study represents
the first detailed biochemical investigation of a HAT enzyme
regulated by single-site intramolecular autoacetylation.

EXPERIMENTAL PROCEDURES

Chemical Reagents—Acetyl-CoA, DTT, NAD* were pur-
chased from Sigma-Aldrich. Tris-Cl, P81 cellulose discs, and
sodium chloride were available from Fisher. Most other
reagents were of the highest grade available and purchased
either from Fisher or Sigma-Aldrich. [**H]acetyl-CoA (50— 60
mCi/mmol) and [*H]acetyl-CoA (2-25 Ci/mmol) were ob-
tained from Moravek and acrylamide/bisacrylamide was pur-
chased from Bio-Rad. Site-directed mutagenesis kits from Agi-
lent technologies were utilized to introduce point mutations at
Lys-290 to Rtt109.

Protein Purification—Expression and purification of co-ex-
pressed recombinant His-Vps75-His-Rtt109 and His-Vps75
were performed as detailed in Berndsen et al. (18). In short,
His-Rtt109 and His-Rtt109-His-Vps75 were purified over a
nickel affinity column (GE, 5 ml), followed by purification over
an SP-column (GE, 5 ml). His-Vps75 and His-Hst2 were puri-
fied over a nickel affinity column. H3 protein from Xenopus
laevis were recombinantly purified as previously described in
Luger et al. (1). Concentrations of co-purified Rtt109-Vps75
complex were determined from densitometry of Rtt109,
according to previously described methods, as Vps75 was
always present in ~2-fold excess (11).

Preparation of Deacetylated Ritt109/Rtt109-Vps75—
Deacetylation of Rtt109 was carried out in 10-ml reactions con-
taining 50 mm Tris, pH 7.5, 1 mM DTT, 5 mm NAD™, 10 um
Hst2, and 10 um Rtt109 at 25 °C for 30 min. In some prepara-
tions, 20 um His-Vps75 was added to the reaction to stabilize
Rtt109 after the deacetylation reaction. It should be that noted
the presence Vps75 interfered with Hst2 deacetylation (data
not shown), which made it necessary to add Vps75 following
deacetylation. 10 ml of Sp-Column wash buffer (50 mm NaPO,,
pH 6.5, 1 mm BME) was subsequently added to the reaction.
This mixture was then run over an SP-column (5 ml) and pro-
teins eluted with a linear ionic gradient (0 —700 mm NaCl) over
20 column volumes. This purification method achieves purifi-
cation of deacetylated Rtt109 or deacetylated Rtt109-Vps75, as
Hst2 and NAD™ do not bind to the SP-column.

Autoacetylation of Rtt109 Assays—Rtt109 autoacetylation
assays were performed in reactions containing 50 mm Tris, pH
7.5, 1 mm DTT, ["*H]-acetyl-CoA or [*H]-acetyl-CoA, and
deacetylated Rtt109 or deacetylated Rt109-Vps75 enzyme com-
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plex at 25 °C. The reactions were analyzed by one of two meth-
ods. [**C]- or [*H]-acetylated products were quantified by filter
binding assay, as previously described (9, 11). Alternatively, 20
wl of [**C]-acetylated products were quenched with 10 ul of 5X
SDS gel loading buffer, resolved on SDS-PAGE gels, gels dried,
and the radioactivity visualized by phosphorimage analysis
(Molecular Dynamics, GE).

Histone Acetyltransferase Assays—Rtt109-Vps75 histone
acetyltransferase activity assays were performed in reactions
containing 50 mm Tris, pH 7.5, 1 mm DTT, acetyl-CoA, full-
length H3 or H3 peptide (amino acid sequence ARTKQTARK-
STGGKAPRKQL), and Rtt109-Vps75 complex at 25 °C. Reac-
tions were analyzed by a filter binding assay, as previously
described (11, 43). Concentrations of enzymes and substrates
are indicated in the figure legends.

Mass Spectrometry—T o identify the site and extent of Rtt109
autoacetylation, LC MS/MS (liquid chromatography mass
spectrometry) was used essentially as described (18, 44). Briefly,
Rtt109 or deacetylated Rtt109-Vps75 complex were resolved by
SDS-PAGE, stained with Coomassie Brilliant Blue, and bands
extracted. Gel bands were chemically acetylated with deuter-
ated acetic anhydride (Acros, 99.5% atom purity) and deuter-
ated acetic acid (Acros, 98.5% atom purity) for 6 h at 25°C
followed by in-gel trypsin digestion at 37 °C for 18 h. Extracted
peptides were purified using OMIX C18 tips (Varian), dried by
a speed vacuum concentrator and re-suspended in 0.1% (v/v)
formic acid for analysis. LC-MS/MS conditions were as previ-
ously outlined (18) and were processed using Thermo Bioworks
software. Search parameters contained X, versus Charge
state (1 = 1.90, 2 = 2.70, 3 = 3.50), a peptide probability of 0.01
and a mass accuracy tolerance of = 0.5 amu for peptides. The
percent Rtt109 autoacetylation was obtained by dividing the
frequency of non-deuterated acetylation by the total acetylated
species for a given peptide.

Thermal Denaturation Assays—Thermal denaturation
assays were performed to determine the melting temperature
(T,,) of various Rtt109 proteins. Purified proteins were diluted
to 5-10 uM in buffer (50 mm Tris pH 7.5 at 25 °C, 50 mm NaCl)
containing 15x Sypro Orange (Invitrogen, delivered at 5000X).
35 ul of the thermal denaturation mixture were aliquoted into
PCR strip tubes and placed into a Bio-Rad CFX96 Real-Time
System C1000 thermal cycler. The temperature of the thermo-
cycler was increased over a range of 10-95 °C atarate of 0.5 °C/
min and fluorescence monitored with the FRET channels. At
least three trials were performed for each Rtt109 variant. The
measured fluorescence was normalized so that minimum fluo-
rescence was set to 0 and maximum fluorescence set 1. The data
were then fit to a modified Equation 1 as previously utilized by
Ericsson et al. (45) to obtain the T,

1
’Z(W)

where [ is the normalized fluorescence value at temperature T
and C is a slope factor.

Intrinsic Protein Fluorescence—Prior to fluorescence mea-
surements, 675-ul reactions containing 50 mm Tris (pH 7.5), 50
mM NaCl, 0.5 um Rtt109-Vps75, and acetyl-CoA (varied con-

(Eq. 1)

JOURNAL OF BIOLOGICAL CHEMISTRY 24695



Regulation of Rtt109 by Autoacetylation

O 8 e

Deacetylated
Rtt109
0.5 1.0 1.5 2.0

Rtt109
Kg 05 1.0 1.5 2.0

y10+1
100 1846 a-acetyl> 7
lysine :

90 4

% 70 y+1
7
2 840.4
>3
2 60
f, 50 C Deacetylated RV~ K290QRV
2 . mn O 1 2 4 8 0 1 2 4 8
© 40 Ys
° 987.5 Y.
(= 80 Va" 1587.8
513.3 -
20 y5+1 y11+1 y + y14
+1 12
10 628.3 Yo 1310.7 1424.8 1686'%, +1
{ 74314 5 Rtt109%
Y SSUROOYPOUS Ot PN | PRSI T N | S NS 7 £ Vps75->
400 600 800 1000 1200 1400 1600 1800
m/z

FIGURE 1. Autoacetylation of Rtt109. A, Rtt109 is acetylated at Lys-290, LC MS/MS analysis of Rtt109 recombinantly expressed and purified from E. coli. A
representative chromatogram depicts acetylation at Lys-290, with singly charged y-series ions labeled (inset: theoretical b and y fragmentions). Acetylated and
deuterated peptides were quantified from an average of three independent purifications. B, deacetylation of Rtt109 by Hst2. Acetyl-lysine immunoblots (top)
and SDS-PAGE Coomassie-stained gels (bottom) of Rtt109 and Rtt109 deacetylated by Hst2. Asterisk denotes Rtt109 doublet due to partial C-terminal trunca-
tion during the purification. Slightly truncated Rtt109 and full-length Rtt109 are equally acetylated and equally catalytically active (data not shown). C, Rtt109
catalyzes autoacetylation. Deacetylated RV (2 um) and “2°°@RV (2 um) were incubated with ['“C]-acetyl-CoA (50 um) and 20 ul of reactions were resolved on
SDS-PAGE gels. Top, [“Cl-acetylated Rtt109 autoradiograph image. Bottom, SDS-PAGE Coomassie-stained gel of the autoacetylation reaction. Asterisk denotes

Hst2.

centrations) were equilibrated at 25 °C for 30 min. 650 ul of the
reactions were excited at 295 nM (3 nM slit width) and the emis-
sion spectra recorded from 325-385 nm (3 nwm slit width) in a
quartz cuvette (Starna Cells, product no. NC9907274, 5 X 5 X
45 mm) on a Fluoromax-3 fluorimeter. The fraction of acetyl-
CoA bound Rtt109-Vps75 was determined by Equation 2,

F observed )

Fminimum

. Funbound -
Fraction Bound = (Eq.2)

Funbound -

where F is the fluorescence of Rtt109-Vps75 in the

unbound
absence of acetyl-CoA, F,,,,... is the observed fluorescence,
and F, is the lowest fluorescence observed at 340 nm. The

minimum

fraction bound was multiplied by the Rtt109-Vps75 concentra-
tion to determine the concentration of acetyl-CoA bound
Rtt109-Vps75 and plotted against the acetyl-CoA concentra-
tion. The data were fitted to Equation 3 to yield the dissociation
constant (K, of acetyl-CoA to Rtt109-Vps75 complex,

[AcCoA-RV] =

[RV,] + Ky + [AcCoA] —

J([RV:] + Ky + [AcCoAT) — 4[RV;][AcCoA] “c
2

(Eq.3)

where [AcCoA-RV] is the concentration of acetyl-CoA-bound
Rtt109-Vps75, [RVy] is the total concentration of Rtt109-
Vps75, [AcCoA] is the concentration of acetyl-CoA, and C is
the y axis maximum.

Acetyl-lysine Western Blotting Analysis—Rtt109 protein
samples were resolved on SDS-PAGE gels and transferred to
PVDF membranes. The membranes were blocked overnight in

24696 JOURNAL OF BIOLOGICAL CHEMISTRY

5% (v/v) BSA-PBST (phosphate-buffered saline Tween-20;
0.05% Tween-20v/v) at 4 °C, followed by 1 h of incubation with
2.5% (v/v) BSA-PBST containing a 1:5,000 dilution of an anti-
acetyl lysine antibody (Cell Signaling, Product no. 9441L) at
25 °C. The membranes were washed three times for 5 min in
PBST and incubated 1 h with 2.5% (v/v) BSA-PBST containing
a 1:5,000 dilution of a horseradish peroxidase (HRP)-conju-
gated goat anti-rabbit (Santa Cruz Biotechnology, Product no.
SC-2054) at 25 °C. Detection was performed using SuperSignal
West Pico Substrate (Pierce) and exposed to film (Kodak) or
analyzed by the QuantImage documentation system (GE).

RESULTS

Rtt109 Catalyzes Autoacetylation at Lys-290—Recently, sev-
eral crystal structures and mass spectrometric studies have
detected nearly stoichiometric acetylation at Lys-290 from
Rtt109 recombinantly expressed from Escherichia coli and
purified from yeast (39 —-41). However, there is no direct evi-
dence of autoacetyltransferase activity for Rtt109. Whereas this
acetylation may be self-catalyzed, it was also possible that the
protein acetyltransferase (Pat) in E. coli or other yeast HATs
were responsible for the observed Lys-290 acetylation. Because
Rtt109 recombinantly purified from E. coli was acetylated 92 =
8% at Lys-290 (Fig. 1), generating deacetylated Rtt109 was nec-
essary to determine whether Rtt109 is capable of autoacetyla-
tion. The NAD*-dependent deacetylase Hst2 removed >99%
of the acetyl groups from Rtt109 (Fig. 1B and supplemental Fig.
S1). Because Rtt109 alone is relatively unstable, Vps75 was
added after the deacetylation reaction to improve the stability
of the enzyme. This allowed for purification of sufficient quan-
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tities of deacetylated Rtt109-Vps75 (RV) required to measure
autoacetyltransferase activity in various assays.

To determine if Rtt109 is capable of autoacetylation at Lys-
290, deacetylated RV and a K290Q RV mutant (“**°RV) were
incubated with radiolabeled acetyl-CoA and the acetyl transfer
reaction monitored. Time points of the reaction were resolved
on SDS-PAGE gels followed by autoradiography analysis.
Whereas deacetylated RV demonstrated time-dependent auto-
acetylation, negligible acetyl transfer was observed with
K290QRV (Fig. 1C). There is a small amount (<10%) of acetyla-
tion that occurs on another site(s) after extended time periods
(Fig. 1C). This likely reflects non-enzymatic acetylation from
excess acetyl-CoA and long reaction times. We did not observe
other acetylation sites when a mass spectrometric analysis was
performed using Rtt109 purified from E. coli. Furthermore, no
acetylation occurred on Vps75. Thus, Rtt109 catalyzes auto-
acetylation, and Lys-290 is the primary site of modification.

Autoacetylation of Rtt109 at Lys-290 Occurs by an Intramo-
lecular Mechanism—W e next determined whether Rtt109 uti-
lizes an intermolecular or intramolecular mechanism of auto-
acetylation. In an intramolecular mechanism, autoacetylation
occurs within a single enzyme molecule and should yield a first-
order rate of acetylation with respect to Rtt109 concentration.
An intermolecular reaction requires an additional enzyme mol-
ecule to catalyze autoacetylation and should exhibit a second
order reaction rate or higher. To determine the mechanism of
acetylation, the initial rate of autoacetylation was measured as a
function of deacetylated RV concentration (1.25-10 um) at a
fixed, concentration of acetyl-CoA (50 um). The logarithmic
plot of the initial rate of autoacetylation versus the deacetylated
RV concentration resulted in a slope of 1.02 = 0.05, consistent
with a first-order reaction (Fig. 24). These data provide support
for an intramolecular mechanism of acetylation. Additionally
the data yielded an apparent k_,, of 0.0020 = 0.0001 s~ ', which
approximates to one enzyme turnover every 8 min.

Rtt109 forms a high affinity complex with Vps75 such that in
the RV complex, Lys-290 may not be readily accessible to other
Rtt109 molecules (11,20). Therefore, we considered that Vps75
was preventing the intermolecular interaction of Rtt109 mole-
cules. Furthermore, it was also possible that only initially acety-
lated Rtt109 is sufficiently active to catalyze intermolecular
acetylation, which the previous experiment did not resolve
because only deacetylated RV was present. To address these
possibilities, rates of autoacetylation were measured in reac-
tions containing catalytic quantities of acetylated-Rtt109 (0 or
0.25 um), deacetylated Rtt109 (2 pum) and acetyl-CoA. It is
important to note Vps75 was absent in this assay. The rates of
autoacetylation were similar whether catalytic quantities of
acetylated Rtt109 were present (0.0051 = 0.0009 um ™ 's™ ') or
absent (0.0053 = 0.0007 um s~ ') (Fig. 2B). Therefore, the pres-
ence of acetylated Rtt109 did not increase the rates of auto-
acetylation, as expected for an acetylated Rtt109 enzyme that
has enhanced catalytic power and able to acetylate other Rtt109
molecules. The apparent k_,, of autoacetylation of deacetylated
Rtt109 without Vps75 (0.0026 = 0.0006 s ') were similar to
deacetylated RV (0.0020 =+ 0.0001 s~ '), indicating Vps75 does
not influence Rtt109 autoacetylation activity. Together, these
data provide evidence toward an intramolecular mechanism of
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FIGURE 2. Intramolecular mechanism of autoacetylation and the stimula-
tory role in histone acetylation. A, intramolecular mechanism of autoacety-
lation. Log-log plot of the initial rate versus the deacetylated RV concentra-
tion. Solid line denotes linear regression curve fit of the data. At least three
trials were performed at each deacetylated RV concentration with error bars
representing one standard deviation unit. Also shown is the theoretical curve
fit (dashed lines) for a second order (slope = 2) reaction for comparison.
B, initial rate analysis of autoacetylation in the presence or absence of Rtt109
(already acetylated), deacetylated Rtt109 and acetyl-CoA (50 um). Experi-
ments were performed three times with error bars representing standard
error. C, autoacetylation stimulates HAT activity. The initial rate of histone
acetylation from 0-60 s for acetylated RV, deacetylated RV and re-acetylated
(reactivated) RV. Assays contained 50 nm RV, 10 um H3, and 50 um acetyl-CoA.
Experiments were performed three times with error bars representing stand-
ard error. N/D*, no detectable rate of acetylation above background (no
enzyme).

autoacetylation where the presence of the histone chaperone
Vps75 has no apparent effect on the rate and mechanism.
Autoacetylation of Rtt109-Vps75 Stimulates Histone Acetyl-
transferase Activity—Crystal structures of Rtt109 revealed that
acetylated Lys-290 resides near the proposed active site of
Rtt109 (39 —41). Moreover, previous studies reported that sub-
stituting Lys-290 to alanine results in decreased acetylation of
Lys-56 on H3, while in vivo analyses demonstrated that muta-
tion of this residue results in the loss of Rtt109-dependent func-
tions. However, a recent study in which a thiocarbamate analog
of acetyl lysine was installed at position 290 showed only
~4-fold activity increase above a catalytically impaired K290C
mutant (42). Thus, the role of acetylated Lys-290 in histone
acetylation remained unclear. To investigate if Lys-290 auto-
acetylation regulates Rtt109 HAT activity, we compared the
rates of histone H3 acetylation with acetylated and deacetylated
RV (Fig. 2C). The initial rate of histone acetylation calculated
from the first 60 s of the reaction was 0.36 * 0.01 s~ ! for RV,
while HAT activity of the deacetylated enzyme was undetect-
able above background radioactivity (Fig. 2C). Although an
exact number was not calculable, the rate of histone acetylation
by deacetylated RV was estimated to be < 0.04s~'. Beyond 60s,
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TABLE 1
Summary of steady-state kinetic constants for Rtt109-Vps75
Rtt109 +Vps75  Substrate K, Keat keat! K,y
M st M ls71
Wild type® Acetyl-CoA 03 +01 1.1*001x10"" 39*05x10°
(Acetylated) H3 peptide 112 +11 1.1+0.01X10"' 9.8+ 09 X 10?
K290Q Acetyl-CoA 5=1 82*06X10°* 1.6=*03X10*
H3peptide 90+20 1.1+01x10"% 1.2+03x10!
K290R Acetyl-CoA 4+ 1 1L1*01x107° 27*07 % 10?
H3 peptide 50 *+ 9 71+04X10*  14*03X10"
D288N? Acetyl-CoA 4.9+09 28*02X10° 6=1X10*
H3peptide 55*11 21+0.1x10"% 38+08Xx 10!

“ Standard errors are reported. All values are averages from at least three inde-
pendent experiments.
’ Data published previously are shown for comparison (11).

we observed an expected exponential increase in histone acety-
lation, reflecting Rtt109 autoacetylation and subsequent activa-
tion of HAT activity (data not shown).

The indiscernible activity of deacetylated RV may have
resulted from irreversible inactivation or denaturation of the
enzyme during the preparation of deacetylated RV. To test this
possibility, we evaluated the ability of deacetylated RV to be
re-activated by autoacetylation. Deacetylated RV was allowed
sufficient time (16 min, or ~2 enzyme turnovers) to attain com-
plete acetylation in the presence of acetyl-CoA, subsequently
purified over cation exchange chromatography to remove
excess acetyl-CoA and then assayed for HAT activity. Strik-
ingly, re-acetylation recovered full activity, as the rate of histone
acetylation (0.36 = 0.02 s~ ') of re-acetylated RV was indistin-
guishable from RV (0.36 = 0.01 s~ ') that had never been
deacetylated (Fig. 2C). These results indicate that autoacetyla-
tion is a reversible process that functions to regulate Rtt109
HAT activity.

Autoacetylation Enhances Catalysis and Increases Acetyl-
CoA Binding—To gain insight into the mechanism by which
autoacetylation increases Rtt109 HAT activity, kinetic HAT
analyses of various RV constructs were performed. Steady-state
analysis of deacetylated RV was not possible because the kinet-
ics are convoluted by the time-dependent autoacetylation and
activation of histone acetylation. Accordingly, the analyses
were performed with ¥*°QRV and ***°®RV. There are several
examples in which mutation of a lysine to glutamine may func-
tion as an acetyl lysine mimetic while mutation to arginine may
represent a constitutively unacetylated lysine (23, 46, 47). Con-
trary to these assumptions, our kinetic analyses of histone
acetylation showed both ¥?°QRV and **?°*RV exhibited an
~100-fold decrease in k., (~0.001 s~ ') compared with RV (0.1
s~ 1) (Table 1). Thus, the acetyl-group at lysine 290 is indispen-
sable for catalyzing efficient acetyl-transfer onto histone sub-
strates and substitution with a glutamine does not mimic an
acetyl-lysine.

We questioned if the catalytic stimulation observed with Lys-
290 acetylation was caused by increased protein stability. To
determine the effect Lys-290 mutation on protein stability,
thermal denaturation assays with RV, K290QRV, and X?°°RRvV
were performed. The melting temperatures of RV (7, = 50 =
1), ¥¥OQRV (T, = 49 * 1), and ***°FRV (T, = 49 + 2) were
similar, suggesting no significant differences in thermal stabil-
ity between the enzyme complexes (Fig. 3A and supplemental
Fig. S2). Potentially, the presence of Vps75 stabilized Rtt109
such that a measureable thermal shift was masked. To investi-
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FIGURE 3. Thermal denaturation of various Rtt109 constructs and acetyl-
CoA autoacetylation saturation curve of deacetylated RV. A, thermal
denaturation assays of RV (black), “*°@RV (dark gray), and ¥2°°R RV (light gray).
A graph with representative experiments is shown. T, = 50 = 1 forRV, T,, =
49 + 1 for ?°°9RY, and T,, = 49 =+ 2 for *?°°RRV. B, thermal denaturation
assays of Rtt109 (black) and deacetylated Rtt109 (light gray). T, = 33 = 1 for
Rtt109 and T,,, = 33 = 1 for deacetylated Rtt109. A graph with representative
experiments is shown. Error is standard error from at least three independent
trials. SDS-PAGE gels of proteins used in thermal melts are in the supplemen-
tal data. C, acetyl-CoA saturation curve of the autoacetylation reaction with
deacetylated RV (2.5 um). The apparent K,,, = 9 = 2 um. Experiments were
performed five times with error bars representing one standard deviation
unit.

gate this possibility and to gain insight into the stability of
deacetylated enzyme, the melting temperatures of Rtt109 and
deacetylated Rtt109 were measured in the absence of Vps75. As
expected, because Vps75 is known to stabilize Rtt109 (11,
18 -20, 34), there was a downward shift in 7, in the absence of
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Vps75 (Fig. 3). However, the melting temperatures of Rtt109
(T, = 33 £ 1) and deacetylated Rtt109 (7,, = 33 = 1) were
indistinguishable, indicating acetylation does not stabilize
Rtt109 (Fig. 3B and supplemental Fig. S2). These data suggest
catalytic stimulation with Lys-290 acetylation is unlikely attrib-
uted to enhanced protein stability.

To determine if acetylated Lys-290 contributes to substrate
binding, acetyl-CoA and H3 peptide saturation curves were
performed with >RV and **°°RRV. These steady-state
kinetic analyses revealed =2-fold change in the H3 peptide K,
values of the mutants compared with RV (Table 1), suggesting
that Lys-290 is not critical for H3 substrate binding. However,
compared with RV, an ~10-fold increase in K, for acetyl-CoA
was observed with ¥**°QRV and ¥?°°RRV (Table 1). These
kinetic results suggest acetylated Lys-290 is important for
acetyl-CoA binding. If this were the case, we would predict that
deacetylated RV would display a substantially perturbed K,
value for the autoacetylation reaction. Indeed, there was an
~30-fold K,,, difference for autoacetylation (apparent K, = 9 =
2 uM) compared with the histone acetylation reaction (K, =
0.3 £ 0.1 um) (Fig. 3C and Table 1). Together, these kinetic
analyses strongly suggest acetylated Lys-290 functions in
acetyl-CoA binding.

Because Michaelis constants reflect binding affinity but are
not direct measurements, the dissociation constants of acetyl-
CoA with the Lys-290 RV variants were determined by intrinsic
protein fluorescence. Intrinsic protein fluorescence has been
previously utilized to measure coenzyme A dissociation con-
stants to RV(39). Because binding of acetyl-CoA to deacety-
lated RV would result in autoacetylation and product turnover,
the Lys-290 mutants were used for the binding experiments.
Acetyl-CoA binding measurements yielded a K, value of 2.7 *
0.3 uM for RV (Fig. 4 and supplemental Fig. S3), which is in good
agreement with the previously determined K, value of 4.4 = 2.5
M when acetonyl-CoA was the ligand (39). Acetyl-CoA bind-
ing measurements with >RV yielded a K, value of 34 = 5
uMm and with “?°°FRV yielded a K, value of 95 + 13 um (Fig. 4
and supplemental Fig. S3). The order-of-magnitude decrease in
acetyl-CoA binding affinities of the Lys-290 mutants compared
with RV provides further support for the importance of acety-
lated Lys-290 in binding acetyl-CoA. Together, these studies
suggest that Lys-290 acetylation stimulates histone acetylation
by increasing the binding affinity of Rtt109 for acetyl-CoA and
enhancing catalytic transfer of acetyl group onto histone
substrates.

DISCUSSION

In this study, we first sought to determine if Rtt109 catalyzes
autoacetylation. Rtt109 was largely acetylated after purification
from E. coli or yeast, which was an obstacle for measuring auto-
acetylation. Thus, we generated deacetylated Rtt109 and estab-
lished that Rtt109 catalyzes intramolecular autoacetylation at
Lys-290. Additionally, we found autoacetylation functions to
stimulate HAT activity by increasing acetyl-CoA binding affin-
ity and by enhancing the rate of acetyl group transfer. More-
over, HAT activity was fully reconstituted upon re-acetylation
of deacetylated Rtt109, indicating this process is completely
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FIGURE 4. Acetyl-CoA binding curves with RV, ¥?°°?Rv, and ¥2°°fRv,
Intrinsic protein fluorescence measurements with RV constructs. Fluores-
cence values at 340 nm were utilized to determine Kg. K, values are 2.7 = 0.3
for RV, 34 = 5 um for ¥29°?RV and 95 + 13 um for “*°°FRV. A, representative
emission spectra of the fluorescence reduction of RV due to acetyl-CoA bind-
ing. 0 uM (filled circle), 0.44 um (x-shape), 0.89 um (filled diamond), 1.78 um
(open square), 3.56 um (closed square), 7.11 um (cross-shape), 14.22 um (open
diamond), 28.44 um (closed triangle), and 56.90 um (open circle) of acetyl-CoA
was titrated into RV. Acetyl-CoA binding curves with RV (B) *°°?RV (C), and
K290RRV/(D). At least four independent trials with each RV construct were per-
formed with error bars representing one standard deviation unit.

reversible and implicates autoacetylation as a regulatory
mechanism.

Rtt109 and p300 Utilize Distinct Mechanisms of Autoacety-
lation and HAT Activation—Whereas both Rtt109 and the
mammalian structural ortholog p300 catalyze autoacetylation,
the mechanisms are strikingly distinct (48, 49). Consistent with
an intramolecular mechanism, Rtt109 displayed first-order
kinetics of autoacetylation. In contrast, p300 uses intermolec-
ular acetylation, as demonstrated by a ~fourth order reaction
rate of autoacetylation (48). The p300 enzyme undergoes rapid
multi-site acetylation (~10 sites in 2 min), in which several
acetylation sites on an autoinhibitory loop are catalytically
important for histone acetylation (48, 49). Unlike p300, auto-
acetylation of Rtt109 occurs at the single critical site Lys-290,
which is sufficient to stimulate Rtt109 HAT activity.

Acetylated Rtt109 Is Not a Catalytic Intermediate during His-
tone Acetylation—There are several lines of evidence that sug-
gest acetylated Lys-290 does not represent a covalent enzyme
intermediate (ping-pong mechanism) along the catalytic path-
way of histone acetylation. Previously, we determined the rate-
limiting step (k.,) in histone acetylation reflects the chemical
attack of the substrate lysine on bound acetyl-CoA (11). Of
significance, the turnover rate for autoacetylation (0.002 s ') is
50-fold slower compared with the k_,, of RV using histone H3
peptide as substrate (0.1~ ')(Table 1). Thus, the rate of Lys-290
acetylation is not a kinetically competent rate to support the
catalysis of histone acetyl transfer. Furthermore, a detailed
steady-state kinetic analysis with acetylated RV provided strong
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support for a direct attack (sequential) mechanism of histone
acetylation (11). Additionally, all other structurally and kineti-
cally characterized HAT enzymes contain similar core catalytic
domains and utilize direct attack mechanisms of catalysis, sug-
gesting conservation of these features for Rtt109 (reviewed in
Ref. 9).

The Acetyl Group at Lys-290 Is Critical for Stimulating
Rit109 HAT Activity—We found that mutation of Lys-290 to
either glutamine or arginine resulted in histone acetylation
rates that were equally inefficient (100-fold loss in k_,,). Con-
sistent with a critical function for acetylated Lys-290, only fully
acetylated Rtt109-Vps75 exhibited robust histone acetyltrans-
ferase activity. Thus, the function of acetyl-lysine cannot be
substituted with glutamine, a residue that conserves the neutral
charge of the acetyl group. This is consistent with the observa-
tion that installation of a thiocarbamate analog of acetyl lysine
at Lys-290 did not fully recover HAT activity (42). Moreover,
introduction of alanine, arginine, glutamine, or tryptophan at
residue Lys-290 into rt£109A yeast cells did not rescue the DNA
damage sensitivity phenotype (40). Thus, in vivo and in vitro
studies provide evidence for the critical requirement of acety-
lated Lys-290 for catalysis and cellular Rtt109-dependent
functions.

We observed no significant thermal stability differences
between Rtt109 and deacetylated Rtt109, therefore, it is
unlikely that large conformational changes account for the
increased HAT activity with autoacetylation. Instead, we sug-
gest Lys-290 acetylation induces a local structural change of the
active site that results in improved binding of acetyl-CoA and
enhanced transfer of the acetyl group on the substrate lysine
during chemical catalysis.

Structures of Rtt109 show the carboxylate group of con-
served amino acid Asp-288 is hydrogen bonded to the amine
group of the acetylated Lys-290 (39 —41). Noting this interest-
ing interaction, we had previously performed a kinetic analysis
with the P?*¥™RV mutant(11). Strikingly, P***"RV demon-
strated similar kinetic parameters as “***2 RV and “**°*RV, in
which there were large acetyl-CoA K, defects and decreased
k.o values (Table 1) (11). Together, these studies suggest that
Lys-290 and Asp-288 work together to increase Rtt109 HAT
activity. Potentially, Asp-288 may properly orient acetylated
Lys-290, which promotes optimal positioning of acetyl-CoA for
histone lysine attack.

Biological Implications of Rtt109 Autoacetylation—Com-
pared with histone acetylation by activated RV, the K|, for
acetyl-CoA is ~30-fold higher during Rtt109 autoacetylation.
This relatively high K, value would be expected to sensitize
Rtt109 activation to alterations in the availability of acetyl-CoA,
especially at low concentrations. Several studies have shown
the bulk of Rtt109 expression and activity is generally limited to
yeast G1/S-phase (14, 17, 31, 50). Interestingly, acetyl-CoA lev-
els are low during cell cycle replication (51, 52). Together, these
observations suggest Rtt109 activation is regulated by the
cellular acetyl-CoA concentration. Further studies will be
required to determine how the metabolic status and fluctuating
cellular acetyl-CoA levels influence Rtt109 autoacetylation and
cell cycle replication.
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In this study, we found Hst2 deacetylates Rtt109, producing
intact Rtt109 enzymes that can undergo autoacetylation and
activation. Although in vitro characterization has not been pos-
sible, Hst3 and Hst4 are likely the candidate deacetylases in
vivo, as yeast cells deleted of Hst3 and Hst4 genes have
increased H3 Lys-56 acetylation (30, 31, 53-55). Potentially, in
addition to deacetylating H3 Lys-56 following S-phase, Hst3
and Hst4 may deacetylate and inactivate Rtt109, thereby low-
ering the overall Lys-56 acetylation levels. Deacetylation of
Rtt109 by Hst2 is an intermolecular interaction, therefore, it is
also possible that other HAT enzymes could acetylate and acti-
vate Rtt109. One potential candidate enzyme is Gen5, which
shares overlapping specificity with Rtt109 (e.g H3 Lys-9 and H3
Lys-27) (37).

Importance of Autoacetylation in Regulating HAT Enzymes—
This study represents the first detailed investigation of a HAT
enzyme regulated by a single-site, intramolecular autoacetyla-
tion. There is increasing evidence that autoacetylation might be
a common mechanism for regulating HAT activity, as Tip60,
MOF, Esal, and PCAF enzymes were also identified as acety-
lated proteins (48, 49, 56-58). Although acetylation of the
enzymes generally stimulates HAT activity, the mechanisms of
activation and regulation appear to diverge for each HAT
enzyme. As discussed, p300 undergoes intermolecular auto-
acetylation, which controls substrate entry in the active
site(48). Acetylation of Tip60 is proposed to lead to the disso-
ciation of its oligomer status, which permits access to histone
substrates (57). PCAF is suggested to be capable of both intra-
molecular and intermolecular acetylation, which influences its
translocation to the nucleus and HAT activity(56). However,
detailed analyses of these enzymes are limited and will require
further investigation to determine the mechanisms of auto-
acetylation. Collectively, these studies suggest an emerging
theme in which autoacetylation and subsequent activation by
distinct mechanisms regulate HAT enzymes.
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