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ABSTRACT: GAGA is a Drosophila transcription factor that shows a high degree of post-translational
modification. Here, we show that GAGA factor is acetylated in vivo. Lysine residues K325 and K373 on basic
regions BR1 and BR3 of the DNA binding domain, respectively, are shown to be acetylated by PCAF. While
BR1 is strictly required to stabilize DNA binding, BR3 is dispensable. However, acetylation of both lysine
residues, either alone or in combination, weakens the binding to DNA. Despite the high degree of conserva-
tion of K325 and K373 in flies, their mutation to glutamine does not affect DNA binding. Molecular dynamics
simulations, using acetylated K325 and a K325Q mutant of GAGA DNA binding domain in complex with
DNA, are fully consistent with these results and provide a thermodynamic explanation for this observation.
We propose that while K325 and K373 are not essential for DNA binding they have been largely conserved for
regulatory purposes, thus highlighting a key regulatory system for GAGA factor in flies.

The regulation of transcription is a crucial process in gene
expression. For this purpose, cells make use of diverse mecha-
nisms. Among these, post-translational modification (PTM)' has
been intensively studied in the chromatin research field. In par-
ticular, since the proposal of the provocative histone code
hypothesis (1), the PTM of histones has received much attention.
Consequently, extensive knowledge of histone modifications has
boosted interest in epigenetics. However, while some PTMs have
been described for transcription factors, much less is known
about their mapping and functions. A notable exception is p53,
for which many PTMs have been shown to serve different
functional roles (2, 3).

Transcription factors are phosphorylated, acetylated, glyco-
sylated, sumoylated, ubiquitinated, methylated, etc., in vivo, and
in some cases, these modifications have been correlated with
distinct functional states. While phosphorylation is the most
studied PTM to date, acetylation and methylation are currently
receiving much attention. In this respect, GAGA factor is
remarkably modified in vivo (4). GAGA is a Drosophila tran-
scription factor encoded in the single-copy gene Trithorax-like (5).
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GAGA factor is genetically classified in the Trithorax group of
genes, which, in contrast to the action of the Polycomb group,
maintain large regions of chromatin open to expression.

GAGA factor is remarkably complex, acting as a transcrip-
tional activator and repressor, and also in the insulator function,
chromatin remodeling, and position effect variegation, among
others (6—38). In addition to possibly being O-glycosylated (9),
GAGA factor can be phosphorylated in the proximity of the zinc
finger of its DNA binding domain. This phosphorylation weak-
ens its specific interaction with DNA (4). These experiments also
demonstrated the presence of additional modifications in GAGA
factor to explain the complex isoform protein pattern observed in
two-dimensional (2D) gel electrophoresis. Here, we show that
GAGA factor is also acetylated in vivo, and we analyze the
functional consequences of this modification.

MATERIALS AND METHODS

Recombinant Proteins, Mutants, and Peptides. GAGA3sq
and GAGADBD (residues 310—392) (10) were expressed as six-
His-tagged proteins using pET14b (Novagen). 6xHis-SirT2, in
the pET30c expression plasmid, was kindly provided by A.
Vaquero (/7). His-tagged fusion proteins were expressed in
Escherichia coli BL21-DE3, purified using a HisTrap column
(GE), and dialyzed against 100 mM KCI, 20% glycerol, 50 mM
Hepes (pH 7.8), 0.5 mM EDTA, 0.5 mM DTT, and 0.2 mM
PMSF. The HAT domain of human PCAF (residues 352—658)
(in pGEX-2TK) (12) was expressed in E. coli BL21-DE3, purified
on glutathione-Sepharose beads, and resuspended in acetylation
buffer. Flag-tagged proteins HDACI (in pcDNA3) and HDAC2
(in pME18S) were expressed in transiently transfected HeLa
cells as described previously (/3) and then extracted and
purified by immunoprecipitation using the M2 anti-Flag
antibody (Sigma).
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Mutants in the DNA binding domain introducing either a Lys-
325 — Gln change in the BR1 region (K325Q), a Lys-373 — GIn
change in the BR3 region (K373Q), or both changes (Double)
were prepared using the QuickChange II site-directed muta-
genesis kit (Stratagene) in pET 14b for later use in electrophoretic
mobility shift assays (EMSAs) and in ActSPPA-GAGAj5g
to generate the full-length mutants for transient transfection
experiments.

Synthetic peptides BRIBR2 (STPKAKRAKHPPGTEKPR-
SRSQS) and BR3 (LRHFAKPGVKKEKKSKSGN) were
obtained from Sigma Genosys as lyophilized powder and
were resuspended in 0.1% acetic acid to a final concentration
of 5 mg/mL.

Acetylation— Deacetylation Reactions. Proteins and pep-
tides were acetylated as described previously (/4), with either
nonradioactive acetyl-CoA or ['*CJacetyl-CoA [1.85 GBq/mmol
(NEN)] in 50 uL reaction mixtures containing 50 mM Tris-HCI
(pH 8), 150 mM KC1, 0.5% NP-40, S mM EDTA, 40 ng of HAT
enzyme, and 5 ug of chicken erythrocyte histones, 5 ug of
synthetic peptides, or 5 ug of recombinant GAGADBD. Reac-
tion mixtures were incubated at 30 °C for either 3 h or overnight.

Acetylated substrates and purified extracts from the Droso-
philaS2 cell line were deacetylated as described previously (15, 16).
NAD-dependent deacetylations were conducted in 25 uL reac-
tion mixtures containing 0.5 mM NAD, 50 mM sodium phos-
phate (pH 7.2), 0.5 mM DTT, 50 ng of SirT2, and 20 uL of
acetylation mixture or purified S2 extract (prepared as described
above and dialyzed against deacetylation buffer) as the substrate.
NAD-independent deacetylations were conducted in 25 uL
reaction mixtures including 20 uL of acetylated recombinant
GAGADBD and 50 ng of HDACI1 or HDAC2. In both cases,
reaction mixtures were incubated at 37 °C for increasing times.
Proteins were resolved on sodium dodecyl sulfate (SDS)—
polyacrylamide gels, transferred to nitocellulose membranes
(Optitran BA-S 85, Whatman), and exposed to Biomax MS film
(Kodak) at —80 °C for 24 h.

Two-Dimensional Gel Electrophoresis. Crude nuclear
extracts from wild-type Drosophila S2 cells were prepared as
described previously (4, /7). Extracts were fractionated through a
phosphocellulose P11 ion exchange column. Fractions enriched
with GAGA factor were pooled and precipitated with the 2D
Clean-up kit (GEH). They were then resuspended in 8§ M urea,
2% (w/v) Chaps, and 0.5% IPG buffer (pH 3—10) (GEH) and
processed as described previously (4). Isoelectrofocusing was
performed in an IPGphor Focusing System (GEH). Samples
were loaded into Immobiline DryStrip pH 3—10 (GEH) pre-
formed polyacrylamide strips (18 cm) and then hydrated for 6 h
at 20 °C and prerun at 50 V for 8 h. Electrophoresis was per-
formed for 2 h at 500 V, a gradient step of 6 h up to 1000 V,
another gradient step of 3 h up to 8000 V, and a final step at 8000
V for 4 h. Strips were then equilibrated as described previously (4),
and two-dimensional electrophoresis was performed on SDS—
8% polyacrylamide gels. Proteins separated on gels were ana-
lyzed by Western blotting using an anti-GAGA antiserum.

Protein or Peptide Digestion. Prior to digestion, proteins
were reduced with 10 mM dithiothreitol (DTT) and 50 mM Tris-
HCI (pH 8) for 1 h at 56 °C and then alkylated with 55 mM
iodoacetamide for 45 min in the dark. Proteins and synthetic
peptides were digested with either trypsin (sequencing grade
modified, Promega), V8 proteinase (endoproteinase Glu-C from
Staphylococcus aureus strain V8, Sigma), or Arg-C endoprotein-
ase (Sigma) following the manufacturer’s specifications. The
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resulting peptides were concentrated and desalted using a micro-
tip (ZipTipC18, Millipore). They were then washed with 0.1%
trifluoroacetic acid (TFA) and eluted in a 2 mg/mL o-cyano-4-
hydroxycinnamic acid matrix (Sigma) in 50% acetonitrile in
0.1% TFA on a MALDI plate and air-dried before analysis by
mass spectrometry (dried droplet method).

Acquisition of MALDI-MS and MS|MS Spectra. Spec-
tra were recorded in a MALDI-TOF/TOF 4700 Proteomics
Analyzer (Applied Biosystems) with a 355 nm PowerChip Nano-
Laser, operating at convenience, either in linear positive mode (for
intact proteins) or in reflector positive mode (for digested peptides;
voltage of 20 kV in source 1 and a laser intensity of ~5400).
Typically, 500 shots per spectrum were accumulated. MS/MS
spectra were recorded using collision-induced dissociation
(CID) with atmospheric air as the collision gas. An MS/MS
1 kV positive mode was used (voltage of 8 kV in source 1 and
15 kV in source 2).

EMSA Experiments. The *P-labeled d(CT-GA)s probe
was prepared as described previously (/8). One-half nanogram of
labeled DNA fragment per reaction mixture was incubated with
increasing amounts of GAGADBD, either acetylated or not, in
the presence of 2.5 ug of bovine serum albumin and 50 ng of
E. coli DNA, in 50 mM KCI, 15 mM Tris-HCI (pH 7.5), 0.1 mM
EGTA, 0.5 mM DTT, and 6% glycerol, for 30 min at room
temperature. After incubation, samples were loaded on a non-
denaturing 4.5% polyacrylamide gel in 0.5x TBE buffer. After
electrophoresis, gels were dried and exposed to autoradiographic
film or to a storage phosphor screen (Molecular Dynamics) and
quantified using ImageQuant version 5.2 (Molecular Dynamics).
Binding was estimated as 1 — [(DNAg/DNAT)/(DNAE, /DNAT )],
where DNAT is the total amount of DNA loaded in each lane,
DNAE is the amount of free DNA fragment in the same lane,
and DNAE/DNA7 is the binding ratio in the lane without
GAGADBD.

Transient Transfection Experiments. S2 cells were grown
and transfected following standard procedures. Luciferase and
p-galactosidase activities were then measured as described pre-
viously (19, 20). Results were normalized as the ratio of enzy-
matic activities and are the average of at least three independent
experiments performed in duplicate. Relative fold activation was
calculated with respect to the relative activity of control cells
transfected with the empty ActPPA expression vector (no GAGA
overexpression) for each experiment. Even-skipped stripe 2-pGL3
and Trithorax-like-pGL3 constructs were used to monitor the
activation and repression driven by GAGA factor, respectively,
and CMV-pGal was used for normalization as described
previously (19).

Molecular Dynamics Simulations. The calculations de-
scribed in this study were conducted using the parm99 force field
described by Cornell et al. (21), as implemented within the
AMBER 9 suite of programs (22). The coordinates of the GAGA
DNA binding domain (GAGADBD) in complex with DNA
were taken from its solution structure, as determined by NMR
spectroscopy, and deposited in the Protein Data Bank as entry
1YUI (23). The modified acetyllysine (acK325) residue was
assigned RESP (24) charges consistent with the selected force
field via the RED program, version III (25), using the multi-
conformation/multiorientation method (26). The geometrical
parameters of acK325 were prepared with the LEaP module
from AMBER version 9.0 (27). The nonbonded parameters
for Zn*" were taken from ref 28. The seven following starting
structures were prepared for the simulations: wild-type
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GAGADBD—-DNA, acK325 GAGADBD—DNA, and K325Q
GAGADBD—-DNA complexes, along with their four separate
isolated constituents. The LEaP module from AMBER version 9
was used to cap the GAGADBD peptides with NME and ACE
residues. LEaP was also used to attain electroneutrality via
addition of appropriate ions and to place each starting structure
into a truncated-octahedral periodic box of TIP3P water mole-
cules. The distance between the edges of the water boxes and the
closest atom of the solute was at least 12 A.

The particle mesh Ewald (PME) method (29) was used to treat
long-range electrostatic interactions, and bond lengths involving
bonds to hydrogen atoms were constrained using SHAKE (30).
The time step for MD simulations up to the equilibration was 2 fs,
then 1 fs during the production runs. A direct-space nonbonded
cutoff of 8 A was used. The energy of the systems was minimized
by 500 steps of steepest descent minimization followed by up
to 500 steps of conjugate gradient mmlmlzatlon Harmonic
restraints with force constants of 2 kcal mol™' A~ were applied
to all solute atoms during the minimization. These restraints were
maintained through a 50 ps canonical ensemble (NVT)-MD
simulation, during which the systems were heated from 0 to
300 K. The restraints were also kept for a subsequent 50 ps
isothermal isobaric ensemble (NPT)-MD, to adjust the solvent
density. Finally, after unrestrained simulation for an additional
2 ns at 300 K with a time constant of 1.0 ps for heat-bath coupling,
the following 20 ns was used to extract the snapshots for binding
free energy calculations and free energy decomposition.

Energetic Analysis. The protein—DNA binding free energy
can be expressed as

AGbind = <Gcomplex> - <Gpr0tein> - <GDNA>

where the brackets denote averages over snapshots from inde-
pendent MD trajectories. The free energy, G, for each species can
be calculated by the following scheme using the MM-PBSA
method:

G = Eys+Go — TS
Egas = Eint + Eete + Evaw + Erot/trans
Eint = Evond + Eangle + Etorsion
Gyl = Gpg + Gpp

Gup = ySAS

In this decomposition of energies, Ly, is the gas-phase energy,
G 18 the solvation free energy, and T and S are the temperature
and the total solute entropy, respectively. Ej, is the internal
energy; Eyonds Langle> A0 Eigrsion are the bond, angle, and torsion
energies, respectively. Eyorans 1S the energy caused by six rota-
tional and translational degrees of freedom, which in the classical
limit amounts to 3RT. Eg. and E.q,, are the Coulomb and van der
Waals energies, respectively.

E,,s was calculated using the parm99 molecular mechanics
force field described by Cornell et al. (21). Gy, can be decom-
posed into polar and nonpolar contributions. Gpg is the polar
contribution of solvation calculated by solving the Poisson—
Boltzmann equation, which was calculated with the pbsa pro-
gram from AMBER version 9. The dielectric constants for solute
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FIGURE 1: GAGA factor is acetylated in vivo. Two-dimensional gel
electrophoresis of partially fractionated nuclear extracts from Droso-
phila S2 cells treated with SirT2 deacetylase in the absence and
presence of NAD™, as described in Materials and Methods (top
and bottom panels, respectively). GAGA factor spots are revealed by
Western blotting using specific antibodies. Arrows indicate spots
for GAGA5)9 and its presumably glycosylated form. The vertical
dashed line between the number 6 spots is introduced to facilitate
comparison.

and solvent were set at 1 and 80, respectively, and the ionic
strength was set at 150 mM. The nonpolar solvation contribution
(Grp) was estimated from the solvent accessible surface area
(SAS) (317) determined using a water probe radius of 1.4 A. The
surface tension constant g was set at 0.0072 kcal mol ™' A2
Vibrational, rotational, and translational entropy contrlbutlons
were estimated by classical statistical thermodynamics, using
normal-mode analysis. To obtain the normal modes, we mini-
mized each snapshot in the gas phase using the conjugate
gradient method with a distance-dependent dielectric constant
of 4r (where r is the interatomic distance), until the root-mean-
square deviation (rmsd) of the elements of the gradient vector
was less than 5—10 kcal mol ™" A™". All these calculations were
performed using the mm_pbsa.pl script in AMBER version 9.
The binding affinity was approximated from separate simula-
tions of each complex and of their protein and DNA constitu-
ents. Snapshots taken every 20 ps from the 20 ns of production-
phase simulation were evaluated for a total of 1500 structures per
analyzed complex.

RESULTS

GAGA Factor Is Acetylated in Vivo. GAGA factor is
heavily modified in vivo (4). Two-dimensional (2D) gel electro-
phoresis of nuclear extracts enriched in GAGA factor from
Drosophila S2 cells provided the first indication that, in addition
to being phosphorylated, GAGA59 was also acetylated in vivo.
The GAGA 59 isoform resolves in 2D gels into numerous spots
that are variable from sample to sample (possibly because of the
biochemical fractionation schemes followed to enrich samples
with GAGA factor). However, a pattern corresponding to two
bands with slightly different apparent molecular masses (arrows
in Figure 1), each containing several spots, was consistently
obtained. The upper band might correspond to the glycosylated
form because of its lower mobility, as reported previously (/7)
(not determined). In our extracts, the GAGA sg; isoform was not
visible in 2D gels because it was less abundant than the GAGA 59
isoform in S2 cells. When the same sample was split in two and
treated with SirT2 deacetylase in the absence and presence of
NAD™ (Figure 1, top and bottom panels, respectively), the 2D
gel pattern of GAGA spots shifted to the right (to more basic pl
values) after deacetylation, as expected. The two GAGA iso-
forms were only partially deacetylated by treatment of extracts
with purified recombinant SirT2 deacetylase, in vitro, prior to
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F1GURE 2: Recombinant GAGADBD is acetylated in vitro by HAT-PCAF and deacetylated by SirT2. (A) Kinetics of GAGADBD acetylation
by recombinant HAT-PCAF in vitro. Autoacetylation of HAT-PCAF is indicated and serves as an internal control. (B) HAT-PCAF-acetylated
GAGADBD is not deacetylated by HDACI (lanes 3—5) or by HDAC?2 (lanes 7—9). Lanes 1, 2, and 6 show acetylated core histones either
untreated or deacetylated by HDAC1 and HDAC2, respectively. (C) GAGADBD acetylated by HAT-PCAF is deacetylated by SirT2 much like
acetylated core histones (autoradiograph in the left panel, lanes 5—8 and 1—4, respectively). The right panel shows a Ponceau stain of the same

membrane.

electrophoresis. In fact, changes were more evident for the upper
band. These gels suggested that more than one acetylation occurs
because several spots changed distribution after deacetylation.
Alternatively, a single acetylation might occur simultaneously
with other PTMs that affect net pl (like phosphorylation).
Attempts to further characterize the acetylation of GAGA factor
by direct MS analysis of highly purified GAGA factor from S2
cells were not conclusive. Therefore, a more indirect approach
was followed. Because of the nuclear localization and the high
degree of conservation presented by this transcription factor, we
used the well-known acetylase PCAF to acetylate recombinant
GAGA factor in vitro. In fact, PCAF is the major histone H3 K9
and K 14 acetyltransferase in flies (32). Initial experiments showed
that GAGA was efficiently acetylated by HAT-PCAF in vitro,
and while a minor signal was observed in the X domain, most of
the signal was present in the region between residues 310 and 390,
which encompass the DNA binding domain (results not shown).
Acetylation was highly efficient and reached a plateau after 2 h
(Figure 2A). In contrast, deacetylation was much more ineffi-
cient, and neither HDACI nor HDAC2 removed acetylation
from GAGADBD. As a control, both enzymatic preparations
were shown to efficiently remove acetylation from core histones
similarly modified by HAT-PCAF (Figure 2B). Finally, recom-
binant SirT2 deacetylase efficiently removed acetylation from
AcGAGADBD as well as from acetylated core histones in an
overnight reaction (~16 h) (Figure 2C; the right panel shows a
Ponceau staining of the membrane shown in the left panel to
show similar protein loadings).

GAGA Factor Is Acetylated Mainly at the DN A Binding
Domain. In addition to the unmodified peak, MALDI-TOF
analysis of the acetylated form of GAGADBD revealed the pres-
ence of two main peaks (in Figure 3, compare panels A and B).
These peaks, with mass increases of ~42 and ~84 Da, were
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FiGure 3: HAT-PCAF can acetylate GAGADBD at least at two
different sites. MS spectra of nonacetylated (A) and acetylated (B)
GAGADBD. Asterisks indicate unmodified (one), monoacetylated
(two), and diacetylated (three) GAGADBD.

compatible with mono- and diacetylated forms, respectively. The
spectra of the acetylated form also showed other minor peaks,
which, in one case, might be compatible with the presence of a
triacetylated form of GAGADBD. Because of the extremely low
abundance of this potential tertiary acetylation site, it was not
further studied.

Because GAGADBD is rich in lysine residues, routine trypsin
digestion did not produce convenient peptides for further map-
ping of the modification by MS/MS. Therefore, an experimental
approach using V8 protease digestion was set up to better define
the residues modified. V8 protease cleaved GAGADBD at the
acidic residues (mainly aspartates) present in this domain and,
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FiGURE 4: Basic region 1 of GAGADBD is acetylated by HAT-PCAF. Mass spectra of nonacetylated (labeled with an asterisk) (A) and
acetylated BR1BR2 (labeled with two asterisks) (B). (C) Mass spectrum of acetylated BR1BR2 digested with trypsin (see Materials and Methods).
Arrows indicate several pairs of acetylated/nonacetylated peptides. The spectrum is split in two halves for the sake of convenience.

under our experimental conditions, generated only two peptides
that contained lysine residues. Gel electrophoresis and auto-
radiography showed that these peptides were acetylated, and
this observation was confirmed by MALDI-TOF analysis (not
shown). However, after MS/MS fragmentation, the small amount
and length of these peptides did not allow unambiguous assign-
ment of the residues modified. Nevertheless, these results restricted
the acetylation sites to two regions: one encompassing basic
regions | and 2 (BRI and BR2, respectively) and the other
comprising basic region 3 (BR3). Two peptides containing all
the lysine residues of these regions were synthesized and
assayed for acetylation as described above. The peptide
encompassing BR1 and BR2 was efficiently acetylated in
vitro (Figure 4). A clear acetylation was observed, as shown
by an increase in the molecular mass of ~42 Da (compare
nonacetylated and acetylated MALDI-TOF spectra in panels
A and B, respectively). However, although a second acetyla-
tion was also detectable at this point, we could not analyze it
further because of its very low abundance (not shown).
Limited trypsin digestion of the acetylated BR1BR2 peptide
revealed the presence of several pairs of peaks presumably
corresponding to the unmodified and monoacetylated ver-
sions of the same peptides, as they differed by ~42 Da
(Figure 4C, arrows). This point was confirmed for two peaks
by MS/MS fragmentation (see Table 1). Figure 5 shows the
fragmentation spectra obtained for one of these pairs of
peptides. The presence of a peak at ~126.10 Da (an immo-
nium ion of an acetylated lysine residue) in panel C, absent in
panel B, indicated that a lysine residue was acetylated.
Moreover, the molecular mass of all the peptides obtained
fitted only when we assumed that the most N-terminal lysine
of each of these peptides was acetylated (as shown in panel B).
From these results, we conclude that lysine 325 is the only
residue in the BRIBR2 peptide acetylated by PCAF. In
agreement, all peptide pairs showing a mass increase of 42
Da included lysine 325 (see Table 1). We have no evidence of
acetylation of any of the other lysine residues in this peptide.

On the basis of the observation that GAGADBD was
diacetylated by PCAF (Figure 3), we similarly analyzed the BR3
peptide, containing region BR3. This peptide was monoacety-
lated [compare unmodified and modified spectra (panels A and B
of Figure 6, respectively)]. Limited trypsin digestion of the
acetylated BR3 peptide produced a series of pairs of peptides
showing an increase of ~42 Da attributable to a single acetylation
(Figure 6C, denoted by arrows). MS/MS fragmentation of one of
these pairs (corresponding to 1280.8 and 1322.9 Da) resulted in
several fragments whose molecular masses were consistent when
assuming an acetylation at the lysine residue before the last one
(Figure 7). Acetylated peptides containing this residue and the
presence of an immonium ion peak of acetylated lysine at 126.12
Da support this assignment. In addition, none of these fragments
were present in the spectrum for unmodified BR3 (compare
panels A and B of Figure 7). In this case, two peptides were
mapped and found to contain an acetylated lysine, after limited
trypsin digestion or V8 digestion followed by MS/MS fragmen-
tation, and gave consistent results. We then conclude that lysine
373 is a second acetylation site for PCAF in GAGADBD. We
have no evidence of the acetylation of any of the other lysine
residues in this peptide (see Table 2).

Functional Consequences of GAGADBD Acetylation.
K325 and K373 are in basic regions BR1 and BR3, respectively,
which were previously shown to help stabilize GAGADBD
specific interaction with DNA. Thus, using an EMSA, we assayed
the potential regulatory role that acetylation of these residues plays
in the affinity of GAGA for DNA. Acetylated GAGADBD
presented a significantly lower affinity for its cognate DNA than
unmodified GAGADBD (Figure 8A). This result is possibly an
underestimate of the true effect because we know that acetylation
in vitro is not complete and results in a mixture of monoacetylated
and, to a lesser extent, diacetylated GAGADBD, while a sig-
nificant part of GAGADBD was unmodified (see Figure 3). To
further study this contribution, K325 and K373 were mutated to
glutamines, either individually or in combination, with the aim of
mimicking a constitutive acetylated lysine residue and obtaining a
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Table 1

peptide mass position in BRIBR2 peptide (GAGA protein) sequence acetylation®

787.34¢ 1-7 (317-323) STPKAKR -

1018.38¢ 10—18 (326—334) HPPGTEKPR -
1217.48"¢ 8—18 (324-334) AKHPPGTEKPR -
1259.48%¢ 8—18 (324—334) AKHPPGTEKPR +
1373.56"¢ 7—-18 (323—-334) RAKHPPGTEKPR -
1415.56" 7—18 (323—334) RAKHPPGTEKPR +
1460.58¢ 8—20 (324-336) AKHPPGTEKPRSR -
1502.58¢ 8—20 (324-336) AKHPPGTEKPRSR +
1572.66¢ 5—18 (321-334) AKRAKHPPGTEKPR -
1616.66“ 7-20 (323—336) RAKHPPGTEKPRSR -
1658.66"7 7-20 (323—-336) RAKHPPGTEKPRSR
1762.66“¢ 8—23(324-339) AKHPPGTEKPRSRSQS -
1804.66“¢ 8—23(324-339) AKHPPGTEKPRSRSQS +
1857.75%¢ 5-20 (321-336) AKRAKHPPGTEKPRSR +
1918.74¢ 7-23(323-339) RAKHPPGTEKPRSRSQS -
1960.75¢ 7-23(323—339) RAKHPPGTEKPRSRSQS +
1985.83¢ 1-18 (317—334) STPKAKRAKHPPGTEKPR -
2027.84¢ 1—-18 (317—334) STPKAKRAKHPPGTEKPR +
2117.84¢ 5-23(321-339) AKRAKHPPGTEKPRSRSQS -
2228.94¢ 1-20 (317-336) STPKAKRAKHPPGTEKPRSR -
2270.94¢ 1-20 (317-336) STPKAKRAKHPPGTEKPRSR +

“Trypsin-digested peptide positions analyzed by MALDI-TOF. “Trypsin-digested peptide positions analyzed by MALDI-TOF MS/MS. “Arg-C-digested

peptide positions analyzed by MALDI-TOF MS/MS (spectra not shown). “Arg-C-digested peptide positions analyzed by MALDI-TOF (spectra not
shown). “Peptides with a mass increase (42 Da), consistent with the presence of an acetyl group, are marked with a plus. When acetylation was confirmed by
MS/MS fragmentation, the precise lysine residue is shown in bold. All peptides that were subjected to MS/MS fragmentation showed K325 as the acetylated
residue. All peptides with a 42 Da mass increase contained K325.
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F1GURE 5: Identification of the acetylation site on BRIBR2. MS/MS spectra of the 1218/1259 pair of peptides corresponding to the nonacetylated
(B) and acetylated (A and C) forms [(A) general view and (B and C) detailed view]. Peptide fragmentation generated a series of pair ions that
unequivocally assign acetylation to Lys-325. Ions that have lost ammonia (—17 Da) are marked with an asterisk. Boxed sequences show the
peptides analyzed and summarize the b and y ions detected. Immonium ions are labeled with the one-letter code for the corresponding amino acid.
Internal fragmentation amino-acylium ions are shown by their sequences. Some internal fragments are not shown for the sake of clarity. acK
denotes the acetylated lysine immonium ion (m1/z 126.1).

reproduce the strong inhibition of Mdm2-mediated ubiquitination
elicited by the acetylation of those lysine residues (34). However, in
our experiments, glutamine mutants did not reproduce the effect

homogeneous sample, as previously described for other systems
(33—35). Glutamine effectively mimics acetylated lysine in vivo,
as exemplified by multiple Lys — GIln mutations that in p53
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FIGURE 6: Basic region 3 is acetylated by HAT-PCAF at Lys373. Mass spectra of nonacetylated (labeled with anasterisk) (A) and of acetylated
BR3 (labeled with two asterisks) (B). (C) Mass spectrum of acetylated BR3 digested with trypsin (see Materials and Methods). Arrows indicate
several pairs of acetylated/nonacetylated peptides. The spectrum is split in two halves for the sake of convenience.
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FiGURE 7: Identification of the acetylation site on BR3. MS/MS
spectra of the —/— pair of peptides corresponding to the nonacety-
lated (A) and acetylated (B) forms. Peptide fragmentation generated
a series of breaks that unequivocally assign acetylation to Lys-373.
Boxed sequences show the peptides analyzed and summarize the b
and y ions detected. Some internal fragments are not shown for the
sake of clarity. acK denotes the acetylated lysine immonium ion (n1/z
126.1).

of the acetylated lysine residues because relative affinities for the
cognate DNA were not significantly different, perhaps with the

Table 2
position in
peptide BR3 peptide
mass (GAGA protein) sequence acetylation?

925.61  3—10(366—373) HFAKPGVK +
1011.60  3—11 (366—374) HFAKPGVKK -
1053.63“  3—11(366—374) HFAKPGVKK +
1152.79  1-10 (364—373) LRHFAKPGVK -
1194.73  1-10(364—373) LRHFAKPGVK +
1280.90 1-11(364—374) LRHFAKPGVKK -
1322.91%  1-11 (364—374) LRHFAKPGVKK +
1396.96“ 3—14 (366—377) HFAKPGVKKEKK -
1409.83¢  1—-12(364—375) LRHFAKPGVKKE -
1438.98“ 3—14 (366—377) HFAKPGVKKEKK +
1451.83¢  1-12(364—375) LRHFAKPGVKKE +
1538.06° 1-13(364—-376) LRHFAKPGVKKEK -
1580.07 1-13 (364—376) LRHFAKPGVKKEK +
1612.10  3—16 (366—379) HFAKPGVKKEKKSK -
1666.16“  1—14 (364—377) LRHFAKPGVKKEKK -
1708.17¢  1-14 (364—377) LRHFAKPGVKKEKK +
1881.30“ 1—16(364—379) LRHFAKPGVKKEKKSK -
192331 1-16 (364—379) LRHFAKPGVKKEKKSK +

“Trypsin-digested peptide positions analyzed by MALDI-TOF. *Tryp-
sin-digested peptide positions analyzed by MALDI-TOF MS/MS. V8-
digested peptide positions analyzed by MALDI-TOF MS/MS (spectra not
shown). “Peptides with a mass increase (42 Da), consistent with the
presence of an acetyl group, are marked with a plus. When acetylation
was confirmed by MS/MS fragmentation, the precise lysine is shown in
bold. All peptides that were subjected to MS/MS fragmentation show K373
as the acetylated residue. All peptides with a 42 Da mass increase contained
K373.

exception of the double mutant (Figure 8B). These point mutations
were then used to assay the individual contribution of each of these
two lysine residues to the acetylation of GAGADBD by PCAF,
and their relative contributions to DNA affinity. When residues
K325 and K373 were simultaneously mutated to nonacetylable
glutamine residues, PCAF was largely unable to acetylate this
GAGADBD mutant protein (Figure 8C, lane 4 in the left panel),
thereby confirming our MS results. Also, K325 was the residue
preferentially acetylated because in the K373Q mutant acetylation
was comparable to that found in wild-type GAGADBD, while the
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FIGURE 8: Acetylation of the BR1 and BR3 regions reduces GAGADBD DNA binding affinity. (A) Comparative plot of EMSA results obtained
with nonacetylated (—) and acetylated (---) GAGADBD. (B) Comparative plot of EMSAs obtained with nonacetylated wild-type GAGADBD
(black line) and mutants K325Q (blue line), K373Q (green line), and K325Q/K373Q (red line). (C) Comparative acetylation of wild-type
GAGADBD and its mutants. Autoacetylated HAT/PCAF products are indicated with a bracket. The left panel shows the autoradiograph and
the right panel Ponceau staining. (D) Comparative plots of EMSAs obtained with nonacetylated (—) and acetylated (---) GAGADBD for the
K325Q, K373Q, and K325Q/K373Q mutants from left to right, respectively. (E) Transient transfection assays using increasing amounts of wild-
type GAGADBD (gray bars) and mutants K325Q (blue bars), K373Q (green bars), and K325Q/K373Q (red bars). The left panel shows activation
of even-skipped stripe 2 promoter; the right panel shows repression of Trithorax-like promoter. In all panels, mean results are shown and error
bars depict the standard deviation of at least three independent assays.

mutant showed a much weaker acetylation (Figure 8C, left panel).
The capacity of the acetylated and nonacetylated versions of these
three mutant proteins to bind DNA was analyzed by an EMSA.
Acetylation of the double point mutant had no effect (Figure 8D), a
finding that is in agreement with its almost undetectable acetylation
levels, as observed above (Figure 8C). In contrast, acetylation of
the K373Q mutant had the largest effect on DNA affinity. These
results suggest that individual acetylation of K325 has a consider-
able effect on DNA affinity. Furthermore, acetylation of the
K325Q mutant also had a significant effect on DNA affinity,
although it was less notable. We propose this slighter effect is the
result of the lower acetylation efficiency of K373 by PCAF as
shown above (Figure 8C). The observation that with larger protein
amounts the reduction in affinity was not detected may reflect the
partial acetylation of these mutant proteins (see spectra in Figures 3,
4, and 6).

Given that mutation of K325 and K373 to glutamines in
GAGADBD constructs did not result in any significant change in

DNA affinity, we analyzed the effect of these mutations on
transcription, in the context of the full-length GAGA factor.
Using a transient transfection assay, we found that these muta-
tions did not show any defect in the activation of the even-
skipped stripe 2 promoter, a well-known GAGA responding
promoter (36), either individually or in combination with respect
to wild-type GAGA factor (Figure 8E, left panel). Similarly,
these mutations did not show any defect in the repression of the
Trithorax-like promoter, the only promoter repressed by GAGA
factor described to date (19) (Figure 8E, right panel). All these
results indicate that while lysine residues K325 and K373 are
directly involved in the modulation of binding of GAGA to DNA
through acetylation, their role in stabilizing this interaction is of
secondary importance.

Energetic Analysis of the GAGADBD—DNA Inter-
action. The K-to-Q mutation for mimicking lysine acetylation
is controversial. Published results suggest that the final outcome
of this mutation with respect to the activities assayed strongly
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FIGURE 9: Molecular dynamics simulations of acK325 GAGADBD
and K325Q GAGADBD. (A) Root-mean-square deviations (rmsd)
of the structures from their starting states during the simulations
as a function of time. Data for DNA alone are colored black, for
GAGADBD only red (wild-type), green (acK325), and yellow
(K325Q mutant), and for DNA—GAGADBD complexes magenta
(DNA and wild type), dark green (DNA and acK325), and orange
(DNA and K325Q). The profiles after the initial increase suggest the
stability of the simulations conducted for the complexes. The higher
rmsd values of the peptides are consistent with a poorly structured
state when not bound to DNA. (B) Root-mean-square fluctuations
per residue of the DNA, whether free (black) or bound to the studied
GAGADBD peptides (colored as in panel A). For each complex,
both DNA strands are depicted, one as a solid line and its comple-
mentary strand as a dashed line.

depends on the particular situation of the interaction tested
(33-35, 37).

To reconcile our results with the structural data, we analyzed
the contribution of K325 acetylation and K325Q mutation to
DNA interaction in more detail. To gain insight into the forces
involved in the binding of DNA by GAGADBD, we conducted
protein—DNA binding free energy calculations using the MM-
PBSA method (38). MD simulations were conducted indepen-
dently for the complexes and unbound molecules and were found
to be stable. The rmsd values for the unbound peptides were
~3 times higher than those of their bound forms (Figure 9A).
This observation is to be expected, because the DNA-binding
domain of GAGA is likely to be fully ordered only upon binding
to its substrate DNA. Table 3 summarizes the results of the MM-
PBSA calculations. Our results indicate that the major contribu-
tion, after subtracting solvation energies, to the interaction of
GAGADBD with its cognate DNA is from the van der Waals
interaction energy. In both acK325 GAGADBD and K325Q
GAGADBD, this contribution was decreased by ~9 kcal/mol.
No other energy component offsets this loss of structural com-
plementarity for the acetylated peptide. However, in the case of
the K325Q mutant, this negative effect was offset by a better
internal adaptation by a factor of ~18 kcal/mol, which was not
observed in the acetylated structure (see AE;, in Table 3). Thus,
the structure of the GAGA DNA binding domain appears to
be less strained in this mutant than in the wild-type protein. The
relaxation of the structure of the K325Q GAGADBD peptide

Aran-Guiu et al.

Table 3

wild-type acK325 K325Q
parameter” GAGADBD GAGADBD GAGADBD
AEg. —45479 £ 4.1 —4015.7 £ 4.9 —4149.8 £4.5
AE, gy —114.0 £+ 1.1 —105.1 £+ 1.1 —105.0 £ 1.0
AE;, 247+ 19 228+ 1.9 6.3+19
AGpp 4551.6 £3.9 4023.8 £ 4.6 41633 £4.2
AGy, —18.8 £ 0.1 —15.34+0.1 —15.9+0.1
AGy, 45329+ 3.9 4008.5 + 4.5 41477 £ 4.2
AGee 37+ 14 8.1+ 1.6 13.8+ 1.5
AG ot —-1043+1.9 -89.5+2.0 -100.9 £ 1.9
—TAS 69.2+0.5 62.7+0.5 62.7+ 0.4
AGynivpsa -3334+20 —25.0+2.0 —364+2.0

“Means and standard errors in kilocalories per mole. AEge, AE 4y, and
AE;,, account for the electrostatic, van der Waals, and internal in vacuo
binding energy contributions, respectively. AGpg and AG,, represent the
polar and nonpolar contributions to solvation, respectively. AG, denotes
the sum of AG,, and AGpg. AG accounts for the addition of AEg.
and AGpp and represents the net electrostatic contribution to binding.
AG q stands for the sum of AG,,, and AGpg. AG,,, stands for the sum of the
gas-phase and solvation free energies (AEge + AEyqw + AEin + AGy).
—TAS accounts for the entropic balance. Finally, the theoretical free energy
of binding at 300 K (AGiot + Erotjirans — TAS) is denoted AGympgsa-

was achieved at the expense of the increased flexibility of the
DNA structure. While wild-type GAGADBD stabilized the core
of the bound DNA, the bulkier and uncharged peptides acK325
GAGADBD and, more dramatically, K325Q GAGADBD
induced the opposite effect (Figure 9B). Consistent with this
observation, entropy was slightly less unfavorable in the case
of the neutralized and mutated DNA binding domains. Finally,
the electrostatic contribution, which is slightly unfavorable for
binding in all cases, was even more adverse for the complexes
of DNA with the neutral acK325 and K325Q GAGADBD
peptides. As a result of these balances, no significant effect was
found for the mutated K325Q GAGADBD. In contrast, our
simulations suggest that the free energy interaction between
GAGADBD and DNA wass clearly affected (+8.3 kcal/mol)
when K325 was acetylated, thus making its interaction weaker.

Similar expectations applied to the K373Q mutation because
acetylation of this residue also reduced the affinity of GAGADBD
for DNA. However, also in this case, no effect was observed. BR3
has been reported to be dispensable for the interaction of GA-
GADBD by an EMSA (39), and consequently, this region was not
included in the published structure. Thus, no information about the
position of K373 relative to DNA is available yet, and simulations
are not possible.

DISCUSSION

Here we have shown that GAGA factor is acetylated in vivo.
While modification by other acetylases is certainly possible, we
have shown that acetylation by PCAF of K325 and K373,
present in basic regions BR1 and BR3 of the GAGADBD,
respectively, modulates the affinity of GAGA for DNA. In the
published NMR structure, the model of interaction of the
GAGADBD domain with its cognate DNA described K325
and R323 inserted deep into the minor groove of the DNA
double helix, making contacts with several nitrogenated bases
and with the sugar—phosphate backbone of the 5’ half of the
GAGAG motif (23). These two residues account for the essential
interaction with the DNA in the minor groove. Deleterious
mutations at these two residues cannot be compensated by the
presence of intact BR2 and BR3. In fact, deletion of the BRI
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FiGURE 10: Scheme of GAGADBD. Arrows indicate PCAF-acetylable residues K325 and K373. Basic regions 1—3 (BR1—BR3, respectively) are
indicated. A sequence alignment of the GAGADBD region performed on the 12 Drosophila species shows a high degree of conservation in general

and total conservation of the K373 residue (below).

motif was shown to strongly affect the specificity and affinity of
the interaction (39). Therefore, K325 acetylation was expected
to affect these interactions, because of the possible steric hin-
drance generated by the acetyl group and also because of charge
neutralization. Consequently, the K325Q mutant was expected to
present a similar decrease in the affinity for DNA. However, this
was not observed.

GAGADBD shows remarkable adaptability, for example, in
its capacity to accommodate its specific interaction with its
cognate DNA in a triple-stranded form with a minimal loss of
affinity, because of the auxiliary interactions provided by basic
regions BRI—BR3 surrounding the zinc finger domain (40).
Thus, BRs remarkably contribute to the interaction of DBD with
DNA and appear to be a key regulatory component.

We have shown that, compared to wild-type GAGADBD,
neither the K325Q nor the K373Q mutant resulted in a decrease
in the level of activation of a reporter gene or in an increase in
the level of repression on another reporter gene, even when in
combination. This finding clearly suggests that the loss of charge
and the change in volume of the side chain do not affect GAGA
functions. However, K325 and K373 are highly conserved across
the 12 Drosophila species for which the genomic sequence is
available for GAGA factor (Figure 10). We can estimate more
than 60 million years of conservation of these residues after
divergence between Drosophila melanogaster and Drosophila
virilis (41). Paradoxically, our results indicate that the require-
ment for K325 and K373 in BR1 and BR3, respectively, is not
strict because their mutation to glutamine did not affect DNA
binding, transactivation activity, or repressive activity on the Trl
promoter. We propose that while the contribution of these lysine
residues to the stabilization of the GAGADBD—DNA interaction
can be afforded by other residues, their conservation is due to their
potential to regulate the affinity for its cognate DNA through
PTMs, in particular acetylation. In this respect, it is remarkable
that while BR3 is dispensable for binding of GAGADBD to DNA,
acetylation of K373 reduces its affinity. This observation clearly
indicates that BR3 is more relevant for regulatory purposes than

for stabilizing the interaction of the GAGADBD zinc finger with
DNA. Also, acetylation of K325 in BR1 affects the affinity of
GAGADBD for DNA. On the basis of our results, we cannot
estimate whether acetylation of K325 is more relevant than that of
K373, or vice versa, because we observed only partial acetylation in
our samples. However, the use of mutated GAGADBD:s allowed
us to unequivocally conclude that both acetylations result in a
reduction in the affinity of DNA for this domain. Given that we
have repeatedly observed that acetylation occurs preferentially on
K325 (Figure 8C, for example), the contribution of acetylated
K373 could be remarkable.

Because the lysine residues that we identified as becoming
acetylated are common to GAGAs;9 and GAGAsg; isoforms,
their acetylation might be a mechanism used to downregulate
GAGA factor functions in a general manner. This would contrast
with CKII-mediated phosphorylation, which, although affecting
the affinity of GAGADBD for DNA in a similar manner,
modifes only the GAGA 59 isoform (4).

GAGA factor is expressed ubiquitously in the fly, and very
little is known about its regulation. GAGA factor depletion and
overexpression experiments have recently revealed phenotypic
defects that appear to be much more restricted than expected,
thereby suggesting that GAGA functions differ depending on the
tissues involved (42). It is tempting to speculate that PTMs are
used to preferentially direct GAGA to a subset of specific targets
and/or functions. In this regard, an accumulation of acetylated
peptides in multiprotein complexes involved in several nuclear
functions along with evidence supporting a regulatory role of
their acetylation has been reported in vivo in human cells (43).
Thus, acetylation and phosphorylation, either individually or in
combination, may affect binding of GAGA factor to weaker,
nonconsensus, sites more dramatically than binding to higher-
affinity sites. This might result in displacement of GAGA factor
from the weakest sites on promoters and eventually affect and/or
redirect activity. Moreover, this modulation may be wider and
also more tunable. The oligomeric nature of GAGA factor
combined with its binding to clustered sites, in association with
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the PTMs described, will give rise to a broad range of sites
for which GAGA could display differential affinities and allow
fine-tuned regulation of GAGA functions that can be easily and
rapidly reversed. The complexity of the 2D gel pattern observed
suggests the presence of other PTMs and indicates even more
complexity in the regulation of GAGA, a transcription factor
essential for the fly.
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