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Rho proteins are small GTP/GDP-binding proteins primar-
ily involved in cytoskeleton regulation. Their GTP/GDP cycle
is often tightly connected to a membrane/cytosol cycle regu-
lated by the Rho guanine nucleotide dissociation inhibitor �
(RhoGDI�). RhoGDI� has been regarded as a housekeeping
regulator essential to control homeostasis of Rho proteins.
Recent proteomic screens showed that RhoGDI� is extensively
lysine-acetylated. Here, we present the first comprehensive
structural and mechanistic study to show how RhoGDI� func-
tion is regulated by lysine acetylation. We discover that lysine
acetylation impairs Rho protein binding and increases guanine
nucleotide exchange factor-catalyzed nucleotide exchange on
RhoA, these two functions being prerequisites to constitute a
bona fide GDI displacement factor. RhoGDI� acetylation inter-
feres with Rho signaling, resulting in alteration of cellular fila-
mentous actin. Finally, we discover that RhoGDI� is endoge-
nously acetylated in mammalian cells, and we identify CBP,
p300, and pCAF as RhoGDI�-acetyltransferases and Sirt2 and
HDAC6 as specific deacetylases, showing the biological signifi-
cance of this post-translational modification.

Rho proteins are guanine nucleotide-binding proteins
(GNBPs)3 predominantly regulating the actin and microtubule

cytoskeleton (1, 2). They are molecular switches and cycle
between a GDP-bound inactive and a GTP-bound active con-
formation. In the GTP-bound state, Rho proteins bind to
effector proteins regulating essential cellular processes: main-
tenance of cell architecture, intracellular transport, cell migra-
tion, cell movement, cytokinesis, and signal transduction. Rho
protein dysfunction results in severe cellular disorders, such as
neurodegenerative diseases, metastasis, and tumor invasion (3).

Rho proteins show a low intrinsic GTP hydrolysis and nucle-
otide exchange rate, which is strongly accelerated by Rho-
GTPase-activating proteins and Rho guanine nucleotide ex-
change factors, respectively (4). In the GTP-bound state, they
are mostly bound to the plasma membrane via a polybasic
region and a prenyl group (farnesyl or geranylgeranyl) forming
a thioether with the C-terminal CaaX box cysteine side chain.
About 80 different RhoGTPase-activating proteins and 80 Rho
guanine nucleotide exchange factors have been described in
humans to date (5, 6).

Another key regulator of Rho function is the Rho guanine
nucleotide dissociation inhibitor (RhoGDI) that couples the
GTP/GDP cycle to a membrane/cytosol cycle. Only three
RhoGDIs have been found in mammals. RhoGDI� is ubiqui-
tously expressed, RhoGDI� is mainly expressed in hematopoi-
etic cells, and RhoGDI� is present in the brain, lung, kidney, and
testis (7). This led to the hypothesis that RhoGDIs are house-
keeping regulators of Rho proteins. However, recently, it has
been found that RhoGDIs play more complex roles than origi-
nally expected. They are highly regulated by phosphorylation,
can bind cytosolic GDP- and GTP-loaded Rho guanine nucle-
otide-binding protein (RhoGNBPs), are capable of transporting
Rho proteins specifically to different cellular membranes, and
regulate their turnover (8 –10).

The interaction of Rho proteins and GDIs has been stud-
ied functionally and structurally. The crystal structures of
full-length RhoGDI� alone and in complex with RhoA,
Cdc42, and Rac1 have been solved by NMR and by x-ray
crystallography (11–14). These studies revealed a modular
structure of RhoGDI�, a C-terminal immunoglobulin (Ig)
domain forming a hydrophobic pocket accommodating the
prenyl group of the RhoGNBPs and an N-terminal intrinsically
unfolded domain. This domain adopts a helix-turn-helix con-
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formation upon binding the lipidated RhoGNBP contacting the
switch I and II regions essential for effector binding.

For membrane extraction and membrane relocation of
RhoGNBPs by RhoGDI�, a two-step reaction mechanism has
been postulated, supported by its modular structure (7). In the
first step of delivery, positively charged patches in the Ig
domain of RhoGDI� are electrostatically attracted to the
negatively charged membrane phospholipids. In the second
step, the RhoGNBP inserts its lipid moiety into the mem-
brane. An electrostatic network encompassing the negatively
charged RhoGDI� N terminus competes with the membrane
phospholipids for binding to the positively charged C terminus
of the RhoGNBP (polybasic region) (15). It is still unclear how
the tight Rho�GDP�RhoGDI� complexes are dissociated for
RhoGNBPs to be reactivated by GEF-catalyzed GTP loading
(14, 16).

It was shown that RhoGDI� is targeted by phosphorylation
and lysine acetylation (10, 17–21). Some phosphorylation sites
are in the direct vicinity of the identified lysine acetylation sites.
Phosphorylation of RhoGDI� Ser-174 and Ser-101 by PAK1
upon stimulation by PDGF or EGF releases Rac1 but not RhoA
and Cdc42 from its complex with RhoGDI� (17). RhoA phos-
phorylation at Ser-188 and Cdc42 at Ser-185 by PKA/PKG
leads to stabilization of its complexes with RhoGDI�, translo-
cation to the cytosol, and its protection from proteasomal deg-
radation (22–24).

Recently, RhoGDI� has been found to be SUMOylated at
Lys-138, leading to a stabilization of RhoA�RhoGDI�, resulting
in decreased cancer cell motility (25). Several RhoGDI� lysine
acetylation sites have been found in various quantitative pro-
teomic screens performed in diverse cell and tissue types (20,
21, 26 –28). For one site, RhoGDI� Lys-141, it has been shown
by site-directed mutagenesis (K141Q as an acetylation mimic)
that it leads to formation of thickened actin stress fibers and
filopodia in HeLa cells (21).

Functionally, the acetylation sites in RhoGDI� identified by
quantitative mass spectrometry have only marginally been
characterized so far. Here we present the first comprehensive
study using a combined synthetic biological, biophysical, and
cell biological approach to unravel how lysine acetylation reg-
ulates RhoGDI� function. Our results reveal general mecha-
nisms of how lysine acetylation regulates protein function and
might open up new therapeutic strategies.

Experimental Procedures

Expression and Purification of Proteins—All proteins were
expressed as GST fusions using the pGEX-4T5/Tev vector
derived from pGEX-4T1 (GE Healthcare) or as His6-tagged
fusion proteins (pRSF-Duet; Merck) in Escherichia coli BL21
(DE3) cells. For protein expressions, cells were grown to an A600
of 0.6 (37 °C; 160 rpm). The expression was induced by the
addition of 100 –300 �M isopropyl-�-D-thiogalactopyranoside
and done overnight (18 –20 °C; 160 rpm). Afterward, the cells
were harvested (4000 � g, 20 min) and resuspended in buffer A
(50 mM Tris/HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl2, 2 mM

�-mercaptoethanol) containing 200 �M Pefabloc protease
inhibitor mixture. After cell lysis by sonication, the soluble frac-
tion (20,000 � g, 45 min) was applied to the equilibrated affinity

chromatography column. Washing was done with buffer B for
the GSH column (50 mM Tris/HCl, pH 7.4, 300 mM NaCl, 5 mM

MgCl2, 2 mM �-mercaptoethanol) and buffer C (buffer B plus
10 mM imidazole) for the Ni2�-NTA column. Tev protease
cleavage was performed when suitable on the column or in
batch overnight at 4 °C. After Tev cleavage, the protein was
concentrated by ultrafiltration and applied to a size exclusion
chromatography column (GE Healthcare). The concentrated
fractions were shock-frozen in liquid nitrogen and stored at
�80 °C. Protein concentrations were determined measuring
the absorption at 280 nm using the protein’s extinction coeffi-
cient. For nucleotide-bound RhoGNBPs, the concentration was
determined by a Bradford assay (Expedeon).

Incorporation of N-(�)-Acetyl-L-lysine—The site-specific in-
corporation of N-(�)-acetyl-L-lysine was done by the addition of
10 mM N-(�)-acetyl-L-lysine (Bachem) and 20 mM nicotinamide
to inhibit the E. coli CobB deacetylase to the E. coli BL21 (DE3)
culture at an A600 of 0.6 (37 °C). Cells were grown for an addi-
tional 30 min before protein expression was induced by the
addition of 100 –300 �M isopropyl-�-D-thiogalactopyranoside.
Acetylated RhoGDI� was expressed from a pRSF-Duet-vec-
tor also encoding the synthetically evolved Methanosarcina
barkeri tRNACUA and the acetyl-L-lysyl-tRNA-synthetase as
described previously (29). The incorporation of acetyl-L-lysine
in E. coli is done cotranslationally as a response to an amber
stop codon.

In Vitro Farnesylation—Geranylgeranylated proteins are
prone to aggregation and are poorly soluble at micromolar con-
centrations needed for biophysical studies. Therefore, we used
an in vitro farnesylation approach. Purified RhoA L193A/
Cdc42 L191A was enzymatically farnesylated by recombinantly
expressed and purified human farnesyltransferase using farne-
sylpyrophosphate as substrate. The in vitro farnesylation was
done in 1 ml of buffer containing 100 mM NaCl, 50 mM Tris/
HCl, pH 7.4, 5 mM MgCl2, 2 mM tris(2-carboxyethyl)phosphine,
and 10 �M ZnCl2 by incubating 200 �M protein with a 1.5-fold
molar excess of farnesylpyrophosphate (Jena Bioscience) and 6
�M farnesyltransferase (1 h at 30 °C, 1 h on ice). Finally, farne-
sylated proteins were purified by size exclusion chromatogra-
phy (Superdex 75 10/300, GE Healthcare).

Fluorescence Measurements of GEF-catalyzed Nucleotide Dis-
sociation—For nucleotide exchange reactions, RhoA-F was
loaded with mantGDP by incubating the protein with a 10-fold
excess of fluorescently labeled nucleotide in the presence of 10
mM EDTA. Redundant nucleotide was removed by size exclu-
sion chromatography, and loading of RhoA-F was checked by
HPLC. Nucleotide exchange reactions were done at 25 °C using
a PerkinElmer Life Sciences LS55 spectrofluorimeter. All mea-
surements were performed in standard buffer A containing a
50-fold molecular excess (final concentration 50 �M) of unla-
beled GDP. After 1:1 complexes of RhoGDI� and RhoA-
F�mantGDP (final concentration 1 �M) had been formed, the
reaction was started by adding 500 nM mouse Dbs-GEF (PH
(pleckstrin homology) domain-DH (dibble homology) domain;
aa 624 –960). Nucleotide exchange reactions were followed by
fluorescence quenching as a function of time.

Plasmids, Enzymes, and Antibodies—For expression in mam-
malian cells, the expression plasmids pcDNA4/TO/MRGS-
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His6, pcDNA3.1-HisA, and pEGFP-N3 were used. Mutations
were introduced by site-directed mutagenesis according to
the QuikChange protocol (Agilent Technologies). The
expression vectors for Myc-tagged lysine acetyltransferases
(KATs) and for Myc-tagged Sirt2 and HDAC6 were purchased
from transOMIC technologies. The rabbit polyclonal anti-Rac
antibody was obtained from Sigma. For SUMO1 detection, the
supernatant of a hybridoma cell line (clone 21C7-f) producing
IgG against human SUMO1 was used. The anti-CD71 antibody
was purchased from Santa Cruz Biotechnologies, Inc. Anti-
RhoGDI�, anti-RhoA, anti-tubulin, anti-acetyl-L-lysine, anti-
His6, anti-Sirt2, anti-HDAC6, anti-GAPDH, and anti-Myc
antibodies were purchased from Abcam. For immunofluores-
cence, the secondary antibodies labeled with DyLight�488
(Abcam) and CF568-phalloidin (Biotium) were used. Both
recombinant KATs (CBP, p300, pCAF, Tip60, and Gcn5) and
lysine deacetylases (KDACs) (SIRT2 and HDAC6) were pur-
chased from Biomol.

In Vitro SUMOylation Assay—For the in vitro SUMOylation
assay, recombinantly expressed and purified proteins/enzymes
were used. The reactions were performed in a buffer containing
50 mM Tris/HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl2, 2 mM

DTT, 1 mM PMSF, and 5 mM ATP. 100 ng/�l RhoGDI� was
mixed with 3 ng/�l E1 (human Aos1/Uba2; both full-length), 3
ng/�l E2 (full-length human Ubc9), and 300 ng/�l human
SUMO1. The reactions were incubated overnight at 30 °C and
terminated by adding SDS sample buffer. Proteins were ana-
lyzed by SDS-PAGE and IB.

Immunoprecipitation, Pull-down, and Immunoblotting—For
immunoprecipitation of acetylated proteins, cells were soni-
cated in lysis buffer (10 mM Tris/HCl, pH 7.4, 150 mM NaCl, 2
mM EDTA, 1% (v/v) Triton X-100, and protease inhibitor mix-
ture from Sigma). Lysates were incubated with anti-acetyl-L-
lysine-agarose beads (ImmuneChem) at 4 °C overnight. The
beads were washed three times in lysis buffer, and acetylated
proteins were eluted by incubating the beads in elution buffer
(50 mM Tris/HCl, pH 7.4, 150 mM NaCl, 0.1% (w/v) SDS, 1%
(v/v) Triton X-100, 6 M urea) for 20 min at room temperature.
For analysis of His6-tagged proteins, 12 h after transfection,
cells were harvested and lysed in binding buffer (10 mM Tris/
HCl, pH 8.0, 100 mM NaH2PO4, 300 mM NaCl, 2 mM �-mercap-
toethanol, 0.05% (v/v) Tween 20, 8 M urea, and 10 mM imidaz-
ole). Lysates were incubated with Ni2�-NTA magnetic beads (5
Prime) for 2 h at 4 °C with rotation. Subsequently, the beads
were washed three times in binding buffer supplemented with
20 mM imidazole, and His6-tagged proteins were eluted with
binding buffer containing 250 mM imidazole for 20 min at room
temperature. Eluates were then resolved by SDS-PAGE and
analyzed by immunoblotting performed using a standard pro-
tocol. Bound antibodies were visualized by using enhanced
chemiluminescence (Roth). Immunoblotting analysis was done
by measuring mean gray intensities using ImageJ software. For
statistical analyses, a two-tailed Student’s t test was applied.

Membrane Extraction Assay—For separating membrane and
cytoplasmic fractions, HEK293T cells were lysed in HEPES
buffer (25 mM HEPES/NaOH, pH 8.0, 100 mM NaCl, 5 mM

MgCl2, and protease inhibitor mixture). After preclearing
(1000 � g, 10 min, 4 °C) lysates were centrifuged at

120,000 � g for 1 h at 4 °C. Subsequently, the membrane
pellet was washed once and resupended in HEPES buffer.
Membrane fractions were then incubated with 250 ng of
recombinant RhoGDI� with rotation for 1 h at 4 °C and
again centrifuged at 120,000 � g for 1 h at 4 °C. The super-
natant was analyzed by immunoblotting.

In Vitro Acetylation/Deacetylation Assay—For in vitro acety-
lation, 85 pmol of purified RhoGDI� were incubated with 100
�M acetyl-CoA and 1 �l of recombinant acetyltransferase (�-
TAT1, aa 1–194 was recombinantly expressed; full length: CBP,
Gcn5, and TIP60; p300, aa 965–1810; pCAF, 165 aa from HAT
domain; activities as purchased from Biomol) in transferase
buffer (50 mM Tris/HCl, pH 7.3, 50 mM KCl, 5% (v/v) glycerol, 1
mM DTT, 0.1 mM EDTA) for 4 h at 25 °C in a total volume of 40
�l. Reactions were stopped by adding SDS buffer and boiling
the samples for 5 min at 95 °C. In vitro deacetylase assays were
performed in deacetylase buffer (25 mM Tris pH 8.0, 137 mM

NaCl, 2.7 mM KCl, 1 mM MgCl2, 0.1 mg/ml BSA, and 0.5 mM

NAD�). 75 pmol of acetylated RhoGDI� were incubated with
0.5 �g of Sirt2 (aa 50 –356) or HDAC6, respectively. Reactions
were allowed to proceed for 4 – 6 h at 25 °C. Reaction products
were analyzed by immunoblotting.

Cell Culture and Transfection—HEK293T and HeLaB cells
were grown in DMEM or minimum essential medium (Life
Technologies) supplemented with 10% fetal bovine serum
(PAN-Biotech) in the presence of penicillin, streptomycin, and
L-glutamine (Life Technologies). The stable cell line HeLa
T-REx (pcDNA4/TO/MRGS-His6-SUMO1) for inducible His6-
SUMO1 expression was grown in minimum essential medium
containing the same supplements plus 150 �g/ml Zeocin and 5
�g/ml blasticidin (Life Technologies) (30). Transfections were
performed with Lipofectamine�LTX with PLUSTM reagent
(Life Technologies). For acetylation studies, HEK293T cells
were grown in DMEM containing 2 �M SAHA, 1 �M trichosta-
tin A, 10 mM nicotinamide, 10 �M sirtinol, and 1 mM sodium
butyrate for 6 h.

Preparation of Liposomes and Cosedimentation Assay—The
liposomes were prepared in glass vials rinsed with chloroform.
Brain extract from bovine brain type I (Folch Fraction I, Sigma
B1502) was mixed with chloroform to a final concentration of 1
mg/ml as described. The chloroform was evaporated using a
slow argon flow to produce a thin lipid film on the vial. The vial
was placed in a dessicator for at least 60 min to dry the film
completely. 1 ml of buffer A was added to the vial and incubated
for 5 min at room temperature for rehydration while gently
agitating. The liposomes were formed during incubation at
40 °C for 5 min. The suspension was sonicated (10 min, 40 °C),
vortexed, and dropped into liquid nitrogen for 2 min. The thaw
and freeze steps were repeated five times. Uniformly sized lipo-
somes were formed by extrusion through 0.2-�m polycarbon-
ate filter membranes (Whatman catalog no. 800281) at least
21 times. The cosedimentation assay was done as described
(31). In a total volume of 50 �l, 40 �l of freshly prepared lipo-
somes (1 mg/ml) were mixed with the respective concentra-
tion of proteins and incubated on ice for 10 min in buffer A.
The cosedimentation was done by ultracentrifugation at
�100,000 � g (20 min, 4 °C). The obtained pellet and super-

RhoGDI� Is Regulated by Post-translational Lysine Acetylation

5486 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 11 • MARCH 11, 2016



natant fractions were analyzed by SDS-PAGE and Coomas-
sie staining or immunoblotting.

Immunofluorescence and Microscopy—HeLaB cells were
grown on coverslips and fixed in 3% (w/v) paraformaldehyde
for 20 min at room temperature. After permeabilization with
0.5% (v/v) Triton X-100, cells were blocked in PBS containing
5% (w/v) BSA and incubated with fluorescently labeled anti-
bodies for 30 min at room temperature. Coverslips were
embedded in ProLong� Gold Antifade (Life Technologies) and
examined by using an UltraView Vox Spinning Disc confocal
microscope (PerkinElmer Life Sciences) collecting Z-stack
images. Actin quantifications were performed using ImageJ
software. After Z-stack projection to maximum phalloidin
intensity, each transfected cell was outlined, and mean intensi-
ties of phalloidin fluorescence were measured. Data were nor-
malized by dividing the fluorescence intensity of every single
cell by the average of those of non-transfected cells. Student’s t
test was employed for statistical analysis.

Isothermal Titration Calorimetry (ITC) Measurements—The
interactions of purified proteins were thermodynamically char-
acterized by isothermal titration calorimetry on an ITC200
instrument (GE Healthcare) based on Ref. 61. The measure-
ments were done in buffer A at 25 °C at a concentration of
40 – 60 �M RhoGDI� (syringe) and 4 – 6 �M farnesylated RhoA/
Cdc42 (cell), otherwise as indicated. The heating power per
injection was plotted as a function of time until binding was
saturated. A one-site binding model was fitted to the data using
the MicroCal software. This resulted in the stoichiometry of
binding (N), the enthalpy change (�H), and the equilibrium
association constant (KA) as direct readout. �G, �S, and the
equilibrium dissociation constant (KD) are derived. We used
the standard EDTA-CaCl2 sample tests as described by Micro-
Cal to assess the statistical significance of individual observa-
tions. These gave values within the manufacturer’s tolerances
of �20% for KA values and �10% in �H.

Crystallization—The RhoA-F�RhoGDI� Ac-Lys-178 crystals
were obtained by the sitting drop vapor diffusion method in
0.2 M lithium sulfate, 0.1 M BisTris/HCl, pH 5.5, 20% (w/v)
PEG3350 overnight at 20 °C. 30% (w/v) D-glucose was used as a
cryoprotectant. The crystals belonged to the space group P61
with one heterodimer per asymmetric unit. The native data set
was collected at the Swiss Light Source in Villingen at 100 K on
beamline X06DA at a wavelength of 1 Å using a Pilatus 2M
detector. The oscillation range was 0.1 °C, and 2700 frames
were collected. The program XDS was used for indexing and
integration (32). Scaling was done with Aimless (33). Initial
phases were determined using the program Phaser within the
program suite Phenix-dev-1893 and the Cdc42-G�RhoGDI�
(PDB entry 1DOA) structure as a search model (34, 35). Refine-
ment was done using the program phenix.refine (36). Restraints
for the cysteine-farnesyl thioether were obtained by the pro-
gram eLBOW in Phenix (37). The program Coot version 0.7.1
was used to build the model into the 2Fo � Fc and Fo � Fc
electron density maps in iterative rounds of refinement with
phenix.refine for RhoA-F�RhoGDI� Ac-Lys-178 (38, 39). In the
final model, 100% of all residues are in the allowed regions of the
Ramachandran plot as judged by the program Molprobity (40,
41). All structure figures presented here were made with

PyMOL version 1.7.2.0 (42). Data collection and refinement
statistics are given in Table 2. Rwork is calculated as follows:
Rwork 	 
�Fo � Fc�/
Fo. Fo and Fc are the observed and calcu-
lated structure factor amplitudes, respectively. Rfree is calcu-
lated as Rwork using the test set reflections only.

Liquid Chromatography and Mass Spectrometry—Peptides
derived from in-gel digestion were desalted using the stop-
and-go extraction technique prior to mass spectrometry anal-
ysis (43). Liquid chromatography and tandem mass spectrom-
etry instrumentation consisted of an nLC 1000 nano liquid
chromatography coupled via a nano-electrospray ionization
source to a quadrupole-based mass spectrometer, QExactive.
Peptide separation was done by linear increase of buffer B
within a binary buffer system: 1) 0.1% formic acid in water and
2) 0.1% formic acid in acetonitrile. Within 40 min, the content
of buffer B was raised to 27% followed by a washing (95%) and
re-equilibration (5%) step within 10 min. The mass spectrom-
eter acquired spectra in a data-dependent mode. After MS1
acquisition at 70,000 resolution at 200 m/z (automatic gain con-
trol target, 3e6, maximum injection time, 20 ms), the 10 most
intense peaks were selected for HCD fragmentation and mea-
surement in the orbitrap mass analyzer (35,000 resolution at
200 m/z, AGC target: 5e5, maximum IT 120 ms). Dynamic
exclusion was set to 25 s, limiting extensive refragmentation.

Proteomics Data Analysis—MaxQuant and the implemented
Andromeda search engine were used to analyze raw data (44,
45). MS/MS spectra were correlated against the Uniprot E. coli
database containing the target protein. Default mass tolerance
settings, a peptide length of 7 amino acids, and a minimal score
for modified and unmodified peptides of 0 were used. The false
discovery rate was controlled at the peptide-spectrum match,
and the protein level was controlled using the decoy approach
by a revert algorithm to 1%. Acetylation at lysine residues, oxi-
dation of methionine, and acetylation at the protein N terminus
was set as a variable modification, whereas carbamidomethyla-
tion of cysteines was defined as a fixed modification. For data
analysis, we used the raw intensities of specific acetylation sites
for analysis and normalized these by label-free quantification of
used protein. Ratios were calculated comparing these values
with control experiments without any KAT. Hierarchical clus-
tering was performed for visualization using the gplots package
from R Bioconductor.

Results

RhoGDI� Is Endogenously Lysine Acetylated in Human
Cells—By quantitative mass spectrometry, RhoGDI� has been
found to be lysine-acetylated at least eight distinct sites: Lys-43
and Lys-52 in the N-terminal domain as well as Lys-99, Lys-105,
Lys-127, Lys-138, Lys-141, and Lys-178 in the Ig domain (Fig.
1A). We tested whether RhoGDI� is lysine-acetylated endoge-
nously in human HeLaB and HEK293T cells. To this end, we
performed an immunoprecipitation of acetylated proteins
using an agarose bead-coupled anti-acetyl-L-lysine antibody
followed by immunoblotting using an anti-RhoGDI� antibody.
In HEK293T and HeLaB cells, we identified endogenously
lysine-acetylated RhoGDI�. Moreover, the signal was increased
upon treatment with several classical and sirtuin deacetylase
inhibitors, indicating that endogenous RhoGDI� acetylation is
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regulated by KDACs (Fig. 1B; data not shown for HeLaB cells).
As expected, the amount of acetylated tubulin, immunoprecipi-
tated using the anti-acetyl-L-lysine antibody-coupled beads,
increased upon KDAC inhibitor treatment (Fig. 1B, bottom,
lane 4). Notably, the differences observed in the acetylation
levels are not due to a variation in the expression levels because
the amount of tubulin was similar in the samples treated with/
without KDAC inhibitors (Fig. 1B, Input). Additionally, we tran-
siently expressed His6-RhoGDI� in HEK293T cells. Again, we
found acetylation for His6-RhoGDI�, and the acetylation level was
increased upon the addition of a KDAC inhibitor mixture as
shown by Ni2�-NTA pull-down (PD) and subsequent immuno-
blotting using an anti-acetyl-L-lysine antibody (Fig. 1C).

RhoGDI� Acetylation Affects Actin Filament Formation in
Mammalian Cells—To test whether RhoGDI� acetylation
interferes with Rho signaling, we analyzed how RhoGDI�
acetylation affects cellular actin filament (F-actin) formation.
To this end, we transiently overexpressed Gln and Arg mutants
of RhoGDI�-EGFP, mimicking the acetylated and non-acety-
lated state, in HeLaB cells and examined phalloidin-stained fil-
amentous actin by immunofluorescence and subsequent fluo-
rescence intensity quantification (Fig. 2, A and B). Notably, we
observed by immunoblotting experiments that the expression
levels for RhoGDI� and the mutants were nearly the same (data

not shown). Overexpression of K178QG (superscript “G” for
RhoGDI�) resulted in markedly thickened actin stress fibers
and significantly increased the cellular F-actin content com-
pared with cells expressing RhoGDI�WT or K178RG. In fact, the
expression of K178RG reduced the actin filament level even
below the value observed for the mock control, showing that
neutralization of the charge and steric effects are phenotypi-
cally distinguishable. For K141QG, we also observed an increase
in F-actin; however, in contrast to the reported data, it was not
statistically significant compared with RhoGDI�WT (Fig. 2B,
bottom) (21). The mutants K99Q/RG both led to a significant
increase in total actin filament content. In contrast, from all of
the acetylation mimetics analyzed, the RhoGDI� K52Q/R are
the only mutants significantly reducing the cellular F-actin
compared with RhoGDI�WT to levels observed for MOCK con-
trol (Fig. 2B, top). This suggests that K52Q/RG both switch off
RhoGDI� function and that lysine acetylation at Lys-52G might
exert similar effects, mechanistically by electrostatic as well as
steric components.

Preparation of Site-specifically Lysine-acetylated RhoGDI�
and Farnesylated RhoA—To explain the phenotypes observed
in cells, we mechanistically analyzed the impact of lysine
acetylation on RhoGDI� function. To this end, we used a
synthetically evolved, orthogonal acetyl-L-lysyl-tRNA-synthe-

FIGURE 1. RhoGDI� is lysine-acetylated. A, left, overview of reported lysine acetylation sites of RhoGDI� identified in recent quantitative proteomic screens
in cells and tissues as indicated. Right, localization of the eight acetylated lysine residues in the RhoA�RhoGDI� structure (PDB entry 4F38). Lys-99, Lys-105,
Lys-127, Lys-138, Lys-141, and Lys-178 are in the immunoglobulin domain, and Lys-43 and Lys-52 are in the N-terminal domain. Yellow, RhoA; gray, RhoGDI�.
Acetylated lysines are highlighted in red. B, RhoGDI� is endogenously acetylated in HEK293T cells, as shown by immunoprecipitation of lysine acetylated
proteins and probing of RhoGDI�. Acetylation is regulated by KDACs, as seen by the increase of acetylated RhoGDI� after incubating the cells with KDAC
inhibitors for 6 h. IB for �-tubulin serves as control. �, with KDAC inhibitors; �, without KDAC inhibitors. C, transiently expressed His6-tagged RhoGDI� is
acetylated in HEK293T cells, as shown by Ni2�-NTA pull-down (PD) and IB. The Ac-Lys signal increased upon KDAC inhibitor treatment (�). Anti-His IB serves as
loading control.
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tase/tRNACUA pair from M. barkeri in E. coli to site-specifically
incorporate acetyl-L-lysine recombinantly into RhoGDI�
(genetic code expansion concept) (29, 46, 47). We successfully
produced homogeneously acetylated RhoGDI� in yields suita-
ble for biophysical studies as judged from immunoblotting and
electrospray ionization (ESI)-mass spectrometry (Fig. 3, A and
B). Notably, the anti-acetyl-L-lysine antibody recognizes the
acetylated proteins differentially, suggesting that residues in
vicinity are important for antigen recognition (Fig. 3A).

It was shown earlier that prenylation of RhoGNBPs is
essential for their biological function; however, it is indepen-
dent of a specific isoprenoid modification (48). Importantly,
in vivo or in vitro geranylgeranylated RhoA (RhoA-G) was
prone to aggregation at micromolar concentrations, and the
reported picomolar affinities of RhoA-G toward RhoGDI�
are above the detection limit of ITC (data not shown) (14).

To study the impact of RhoGDI� acetylation on RhoA func-
tion, we therefore used in vitro farnesylated RhoA as a model
system. To this end, we used recombinantly expressed, puri-
fied human farnesyltransferase and farnesylpyrophosphate
as a substrate to quantitatively farnesylate RhoA (RhoA-F)
and Cdc42 (Cdc42-F) in vitro, as shown by ESI-mass spec-
trometry (Fig. 3C). RhoA-F was able to form a stable, low
nanomolar 1:1 complex with RhoGDI� as shown by analyt-
ical size exclusion chromatography and ITC (Figs. 3D and
4A). Furthermore, it was able to bind to liposomes depen-
dent on the presence of the farnesyl moiety, and it could be
extracted by RhoGDI� in a concentration-dependent man-
ner (Fig. 3E).

Functional Consequences of RhoGDI� Acetylation for the
Interaction toward Prenylated RhoGNBPs—We examined
whether acetylation of RhoGDI� impacts binding toward

FIGURE 2. RhoA acetylation interferes with F-actin formation. A, RhoGDI� acetylation induces actin polymerization in HeLaB cells. HeLa cells transiently
transfected with RhoGDI� (bottom panels) or RhoGDI�-EGFP (top panels) were stained for filamentous actin (F-actin; red). B, quantitative analysis of F-actin.
Shown is the F-actin fluorescence intensity of cells from A normalized to non-transfected cells. The results are depicted as mean � S.D. (error bars) from three
independent experiments. At least 10 cells were examined per condition per experiment. *, p � 0.01; **, p � 0.001 for the indicated comparison. #, p � 0.05
compared with RhoGDI�WT-expressing cells. For statistical analyses, a two-sided Student’s t test was performed. Scale bars, 20 �m.
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RhoA-F by ITC. RhoGDI� Ac-Lys-52 and the N-terminally
truncated �66G mutant both strongly interfered with RhoA-F
binding (Fig. 4A and Table 1). However, whereas �66G com-
pletely abolishes RhoA-F binding, Ac-Lys-52G showed at least
residual, albeit 4 orders of magnitude reduced, binding toward
RhoA-F as shown by ITC (KD 	 4.1 �M; Table 1). Notably,
Ac-Lys-52G does not interfere with the structural integrity of

RhoGDI� because the protein behaved as RhoGDI�WT in size
exclusion chromatography analyses (data not shown). These
results strongly suggest a pivotal role of the RhoGDI� N termi-
nus for the proper insertion of the prenyl moiety into the hydro-
phobic cavity of the Ig domain. The acetylation at Lys-138G

leads to a 50-fold reduction in the affinity toward RhoA-F (Fig.
4A and Table 1). The importance of this residue is in agreement

FIGURE 3. Farnesylated RhoA is functional in binding to RhoGDI�, liposome binding, and extraction by RhoGDI�. A, RhoGDI� is lysine-acetylated using
the genetic code expansion concept. The acetyl-L-lysine incorporation was verified by anti-acetyl-L-lysine IB. B, quantitative incorporation of N-(�)-acetyl-L-
lysine into RhoGDI�, as judged by ESI-mass spectrometry. The molecular masses correspond exactly (�1 Da) to the protein mass calculated (His6-RhoGDI�,
25,099.1 Da; single-acetylated RhoGDI�, 25,099.1 � 42 Da; double-acetylated RhoGDI�, 25,099.1 � 84 Da). C, RhoA is homogeneously and quantitatively
farnesylated, as judged by ESI-mass spectrometry (expected mass, 22,131.2 Da). D, analytical size exclusion chromatography of a RhoA-F�RhoGDI� complex
(Superdex 75 10/300). RhoA-F binds tightly to RhoGDI� coeluting from the gel filtration column at an elution volume of 9.8 ml. Notably, RhoA-F alone elutes
at 11.9 ml (data not shown). E, RhoA-F liposome binding and extraction by RhoGDI�. Left, RhoA binds to liposomes, dependent on the presence of the farnesyl
moiety, as shown by a liposome cosedimentation assay. To this end, liposomes were prepared and incubated with RhoA-F, C-terminally deleted RhoA 1–181,
and full-length but non-prenylated RhoA. After ultracentrifugation, only the farnesylated full-length RhoA-F was detectable in the pellet fraction and cosedi-
mented with the liposomes, whereas the other RhoA proteins can only be detected in the soluble fraction, as shown by SDS-PAGE and staining with Coomassie
Brilliant Blue (CBB). Middle, liposomes can be loaded with farnesylated RhoA-F. After loading of liposomes with farnesylated RhoA-F, non-bound RhoA-F can be
removed from the supernatant by consecutive washing. After six washing steps, no RhoA-F can be detected in the supernatant, neither by immunoblotting
using a specific anti-RhoA antibody nor by Coomassie Brilliant Blue staining. RhoA-F can be detected only in the pellet fraction after cosedimentation of the
liposomes, showing that the liposomes are loaded with RhoA-F. Right, RhoGDI� can solubilize RhoA-F from RhoA-F-loaded liposomes in a concentration-de-
pendent manner. RhoA-F-charged liposomes were treated with increasing concentrations of RhoGDI�, as indicated. With 20 �M RhoGDI�, there is more
RhoA-F solubilized from the liposomes compared with the sample with 10 �M RhoGDI�. RhoGDI� is stained by immunoblotting using an anti-RhoGDI�
antibody, and RhoA is stained by an anti-RhoA antibody. I, input; S, supernatant; P, pellet.

RhoGDI� Is Regulated by Post-translational Lysine Acetylation

5490 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291 • NUMBER 11 • MARCH 11, 2016



FIGURE 4. Lysine acetylation in RhoGDI� impairs binding toward farnesylated RhoA. A, thermodynamic characterization of selected RhoA-F-RhoGDI�
interactions, as determined by ITC. Acetylation at Lys-52G abolishes binding toward RhoA-F, and Ac-Lys-138G and Ac-Lys-178G both lead to a reduction in
affinity (KD 	 141 nM (Ac-Lys-178) and 25 nM (Ac-Lys-138). B, ribbon representation of the RhoA-F�RhoGDI� Ac-Lys-178 complex. The conformation is almost
unaltered compared with the RhoA-G�RhoGDI� structure (PDB entry 4F38). Yellow, RhoA; gray, RhoGDI� Ac-Lys-178. The GDP, Mg2�, and T35 from switch I
(blue), switch II (green), and the P-loop (red) are highlighted. C, left, Structural coupling of RhoGDI� Ac-Lys-178. Ac-Lys-178G on �9 interacts directly with
Tyr-133G on �5 by hydrophobic stacking. Ac-Lys-178G interacts indirectly with Glu-193G on �10, forming a hydrogen bond with Asn-176G on �9. Shown is a
close-up from a superposition of the structure solved here (PDB entry 5FR2; gray) with the non-acetylated RhoA-G�RhoGDI� structure (PDB entry 4F38; green).
The non-acetylated Lys-178G could not form these interactions. Green, geranylgeranyl from PDB 4F38; yellow, farnesyl from PDB 5FR2. Right, upon acetylation,
Lys-138G on �6 might form interactions with His-131G and Tyr-133G on �5. Superposition is as in the left panel. D, the hydrophobic pocket of RhoGDI�
Ac-Lys-178 (blue surface; PDB entry 5FR2) accommodates the farnesyl (yellow) of RhoA slightly differently than the geranylgeranyl (green) of RhoA-G�RhoGDI�
(PDB entry 4F38). Shown is a superposition of RhoGDI� from the complexes indicated. E, FO � FC omit maps of the RhoA-F�GDP�RhoGDI� structure presented
here (PDB entry 5FR2). Shown is the electron density of the farnesyl moiety (left) and the Ac-Lys-178 on �9 of RhoGDI� countered at 1.5 �.
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with recent findings showing that SUMOylation increases the
affinity toward RhoA (25). Acetylation at Lys-138G would block
the SUMOylation, strongly indicating a PTM cross-talk. Struc-
turally, Ac-Lys-138G on �6 might favor interactions with His-
131G and Tyr-133G on �5 (Fig. 4C, right). However, to finally
judge how Ac-Lys-138G mechanistically exerts this effect, we
would need further structural data. RhoGDI� Ac-Lys-178
showed a strongly reduced affinity toward both RhoA-F (141
nM) and Cdc42-F (98 nM) (Fig. 4A and Table 1). This supports
previous findings showing that this region is of importance for
Rho-binding because mutation of I177NG, directly adjacent to
Lys-178G, leads to a 20-fold reduction in Cdc42 affinity (49, 50).
Ile-177G is oriented toward the hydrophobic pocket of the Ig
domain, and Lys-178G is surface-exposed. Acetylation at Lys-
178G, by affecting the polarity and hydrophobicity of the Ig
domain, might affect the Ig domain’s conformation, thereby
affecting binding toward prenylated RhoA. As a support,
whereas the RhoGDI� Ac-Lys-178 RhoA-F interaction is
enthalpically and entropically favored, all of the other interac-
tions are entropically unfavored, indicating that acetylation of
RhoGDI� at Lys-178 alters the binding mechanism toward
RhoA-F (Table 1).

Crystal Structure of RhoGDI� Ac-Lys-178 in Complex with
Farnesylated RhoA�GDP—To show how Lys-178 acetylation of
RhoGDI� alters the binding mechanism toward RhoA-F, we
solved the structure of a RhoA-F�RhoGDI� Ac-Lys-178 com-
plex at 3.35 Å resolution by x-ray crystallography (Fig. 4B and
Table 2). The complex crystallized in the space group P62 with
one heterodimer per asymmetric unit. We observed reliable
electron density for the Ac-Lys-178 on �9 and also for the
farnesyl moiety as judged by omit maps showing that Ac-Lys-
178 and the farnesyl are correctly positioned (Fig. 4E). The
overall conformation of the complex was almost unaltered
compared with a previously solved structure of RhoA-G�
RhoGDI� (PDB entry 4F38, overall root mean square deviation

0.501 Å; Table 3). However, the hydrophobic pocket of the
RhoGDI� Ac-Lys-178 Ig domain has a slightly bigger volume,
and the farnesyl group is positioned differently, penetrating
deeper into the pocket compared with the geranylgeranyl group
in the RhoA-G�RhoGDI� structure (PDB entry 4F38; Fig. 4D).
Compared with the non-prenylated RhoA�RhoGDI� complex
(PDB entry 1CC0), it showed conformational differences
mostly to RhoGDI� (overall root mean square deviation 0.804
Å; Table 3). Ac-Lys-178 on RhoGDI� �9 structurally couples
three �-strands of the Ig domain �5, �9, and �10) by forming a
stacking interaction with Tyr-133G on �5 and a hydrogen bond
with Asn-176G on �9. Asn-176G in turn forms a hydrogen bond
to Glu-193G on �10 (Fig. 4C, left). These interactions are lack-
ing in the non-acetylated structure, as shown by superposition
of the structure presented here with the non-acetylated struc-
ture (Protein Data Bank entry 4F38; Fig. 4C, left). The Ig domain
is able to switch between an open, prenyl-bound, and closed,
prenyl-free, state by undergoing a rigid body reorientation on
two invariant glycine residues (Gly-125G and Gly-147G). Gly-
cine-based hinges are reported to be important for conforma-
tional flexibility also in other systems (51). By structurally cou-
pling three � strands in the Ig domain, Ac-Lys-178G might
interfere with the inherent Ig domain’s conformational flexibil-
ity essential for the function of the Ig domain, resulting in the
observed decrease in RhoA-F affinity.

RhoGDI� Acetylation Directly and Indirectly Cross-talks with
SUMOylation—RhoGDI� is SUMOylated at Lys-138, which is
also found to be lysine-acetylated (25). Because Lys-141G is
located directly adjacent to the SUMOylation consensus motif
(�KX(D/E); RhoGDI�: 137VKIDK141) (Fig. 5A), we analyzed
whether the acetylation at Lys-141G influences SUMOylation
of RhoGDI� at Lys-138.

To this end, HeLa T-REx cells stably expressing His6-
SUMO1 were transiently transfected with RhoGDI�-EGFP
constructs, and His6-SUMO1-modified proteins were pulled

TABLE 1
Thermodynamic characterization of the RhoGDI� interactions with RhoA and Cdc42 as determined by ITC
KD is the equilibrium dissociation constant, �H is the enthalpy, �S is the entropy change, and N is the stoichiometry of the interaction. The farnesylated proteins were
measured at 25 °C. NB, no binding.

Interaction with RhoGDI� (40 – 60 �M) KD �H (kcal mol�1) T�S (kcal mol�1) N

RhoA-F (4–6 �M)
WT 0.5 � 1.3 �13.9 � 0.3 �1.2 0.9
�22 (20 °C) 16 � 5.1 �7.5 � 0.1 2.9 1.2
�66 NB NB NB NB
AcK43 5.7 � 4 �23.2 � 0.7 �12.0 0.9
AcK52 (20 °C) NB NB NB NB
AcK99 3.2 � 2.3 �10.1 � 0.2 1.5 0.9
AcK105 6.1 � 2.2 �15.5 � 0.3 �4.3 0.9
AcK127 13.8 � 3.7 �13.2 � 0.2 �2.5 1.1
AcK138 25 � 3.8 �14.7 � 0.2 �4.3 1.1
AcK141 3.6 � 1.3 �19.7 � 0.3 �8.3 0.8
AcK127,141 8.5 � 2.7 �17.3 � 0.3 �6.3 0.9
AcK178 141 � 45 �2.5 � 0.1 6.9 0.8

RhoA-F (30 �M)
AcK52 (20 °C) (300 �M) 4100 � 700 �7.4 � 0.4 �0.2 0.7
�66 (300 �M) NB NB NB NB

Cdc42-F (4–6 �M)
WT 4.6 � 1.3 �27.5 � 0.3 �16.1 1.1
AcK52 NB NB NB NB
AcK105 3.2 � 0.9 �28.9 � 0.3 �17.3 1.1
AcK127 8.0 � 1.5 �24.3 � 0.2 �13.3 1.1
AcK141 2.9 � 0.5 �22.6 � 0.1 �10.9 1.3
AcK127,141 10.8 � 3.6 �18.9 � 0.3 �8.0 1.1
AcK178 98 � 27 �3.1 � 0.04 6.5 1.2
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down by Ni2�-NTA beads. Using an anti-GFP antibody, we
showed that RhoGDI�WT is conjugated to SUMO1 in cells in
contrast to RhoGDI� K141Q and K138A, which were not found
to be SUMOylated (Fig. 5B).

To confirm these results and to quantify the SUMOylation
efficiency, we additionally applied an in vitro SUMOylation
assay. We used non-acetylated/lysine-acetylated RhoGDI� as
substrate proteins and purified SUMO1, the E1 SUMO-acti-
vating enzyme Aos1/Uba2, and the E2 SUMO-conjugating
enzyme Ubc9 to catalyze the reaction. Using an anti-SUMO1
antibody, non-acetylated RhoGDI�WT protein showed a clear
SUMOylation signal (Fig. 5C). The SUMOylation of the
K138A/DG mutants was completely abolished, confirming that
Lys-138 is the major SUMOylation site in RhoGDI� directly
competing with acetylation (25). RhoGDI� Ac-Lys-141 and
RhoGDI� Ac-Lys-127,141 showed almost no SUMOylation,
reflecting that acetylation at Lys-141G blocks RhoGDI�
SUMOylation at Lys-138 (Fig. 5C). Thus, these results provide

evidence for both a direct and an indirect cross-talk of
RhoGDI� acetylation with its SUMOylation in vitro and in vivo.

Acetylation of RhoGDI� at Lys-52 Impairs RhoA Extraction
from Cellular Membranes—To test whether acetylation of
RhoGDI� interferes with its capability to extract endogenous
RhoA from cellular membranes, we prepared membrane frac-
tions from HEK293T cells and incubated those with site-spe-
cifically acetylated RhoGDI� proteins. Solubilized endogenous
geranylgeranylated RhoA was separated from residual mem-
brane-attached RhoA via ultracentrifugation and detected by
immunoblotting of the supernatant (Fig. 6A, left). Most strik-
ingly, RhoGDI� Ac-Lys-52 was not able to significantly extract
RhoA compared with RhoGDI�WT (Fig. 6A, right). This sup-
ports our previous results showing that acetylation at Lys-52G

abolishes RhoA binding. All of the other acetylated RhoGDI�
proteins were capable of extracting modified RhoA to an extent
comparable with RhoGDI�WT at least under the assay condi-
tions used.

RhoGDI� Acetylation Interferes with GEF-catalyzed Guanine
Nucleotide Exchange—To investigate how RhoGDI� acetyla-
tion interferes with GEF-catalyzed nucleotide exchange on
RhoA, we performed a fluorescence-based nucleotide exchange
assay. We used farnesylated RhoA loaded with fluorescently
labeled mantGDP and preformed complexes with acetylated/
non-acetylated RhoGDI� (concentration 1 �M). We followed
the fluorescence quenching of the nucleotide exchange reac-
tions catalyzed by 0.5 �M Dbs-GEF in presence of a 50-fold
molar excess of unlabeled GDP (concentration 50 �M) (Fig. 6B).
Surprisingly, we observed two phases in the exchange assays for
all reactions with acetylated RhoGDI� but not for Ac-Lys-52G

and also not for the reactions without RhoGDI�. This might
reflect that the Dbs-GEF itself is able to act as a GDI displace-
ment factor. As expected, the presence of RhoGDI�WT sub-
stantially decreased the Dbs-GEF-catalyzed nucleotide ex-
change compared with the reaction without RhoGDI� (Fig.
6B). All complexes with acetylated RhoGDI�, except for
Ac-Lys-52G, showed exchange kinetics similar to non-acety-
lated RhoGDI�WT. However, for Ac-Lys-52G, the nucleotide
exchange rates approached values similar to the reactions in the
absence of RhoGDI�. The fact, that they are not exactly the
same can be explained by the observed residual binding of
Ac-Lys-52G to RhoA-F (Table 1). Structurally, Lys-52G forms a
hydrogen bond with Tyr-63R (superscript “R” for RhoA) and is
in intramolecular hydrogen bond distance to the main chain
carbonyl oxygen of Leu-41G (Fig. 6C). Acetylation of Lys-52G

might sterically interfere with the formation of the N-terminal
helix-loop-helix conformation contacting RhoA switch I and
switch II, thereby abolishing RhoGDI�-binding. These data
suggest that acetylation at Lys-52G could act as a displacement
factor for the high affinity RhoA�GDP�RhoGDI� complex.

CBP, p300, and pCAF Lysine-acetylate RhoGDI�—As shown
above, RhoGDI� was acetylated at a basal level in HEK293T
cells also in the non-KDAC inhibitor-treated samples, indicat-
ing KAT-catalyzed acetylation of RhoGDI� (Fig. 1, B and C). To
identify RhoGDI�-specific KATs, we first used an in vitro
approach. We selected six major KATs (CBP, p300, pCAF,
Gcn5, Tip60, and �-TAT1) and used these active enzymes and
purified RhoGDI� as a substrate for in vitro acetylation. By

TABLE 2
Data collection and refinement statistics for RhoA-F�RhoGDI� AcK178
(PDB entry 5FR2)

Parameter Value

Data collection
Space group P62
Cell dimensions

a, b, c (Å) 176.94, 176.94, 63.88
�, �, � (degrees) 90.0, 90.0, 120.0

Resolution (Å)a 49.07-3.35 (3.62-3.35)
Rsym or Rmerge

b 0.365 (0.914)
I/�I 4.9 (1.9)
Completeness (%) 99.8 (99.3)
CC1⁄2

c 0.926 (0.631)
Redundancy 6.0 (6.0)
No. of reflections 99,152 (20,356)
Unique reflections 16,656 (3367)

Refinement
Resolution (Å) 3.35
No. of reflections 16,650
No. of “free” reflections 835
Rwork

d/Rfree
d 23.97/26.63

No. of atoms (non-hydogen)
Protein 2931
GDP/ion (Mg2�) 28/1
Water 17
�-D-Glucose 12

Clashscoree 3.57
Ramachandran plot (%)e

Favored 98.04
Allowed 1.96
Outliers 0

B-Factors (Å2)
Protein 55.08
GDP/Mg2� 53.11/ (27.87)
�-D-Glucose 77.52
Water 38.73

Average B-factors (Å2)
Main chain 54.53
Side chain 55.48
All atoms 54.98

Root mean square deviations
Bond lengths (Å) 0.004
Bond angles (degrees) 0.823

a Values for the highest resolution shell in parentheses.
b Rsym 	 

 I(hkl; j) � 
I(hkl)��/


I(hkl)� with I(hkl; j) being the jth measurement

of the intensity of the unique reflection (hkl) and 
I(hkl)� the mean overall sym-
metry-related measurements (62).

c CC1⁄2 correlation coefficient from Ref. 63.
d Rwork 	 
�Fo � Fc�/
Fo, where Fo and Fc are the observed and calculated struc-

ture factor amplitudes. Rfree is claculated similarly to Rwork using a random 5%
of the working set of reflections (64).

e MolProbity (40).
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immunoblotting, we identified p300 and pCAF as KATs for
RhoGDI� (Fig. 6A). The acetylation was dependent on the pres-
ence of acetyl-CoA, KAT enzyme, and RhoGDI�. We did not
obtain a signal with acetyl-CoA alone or in the absence of
RhoGDI�, excluding the possibility that the signal derives from
non-enzymatic acetylation or KAT-autoacetylation activity,
respectively (Fig. 7A, left and right (control)).

To identify the RhoGDI� acetylation sites, we performed
mass spectrometric analyses (Fig. 7B). We found that acetyla-
tion of Lys-178G was most strongly up-regulated. Supporting

our immunoblotting results, pCAF and p300 both led to a
2-fold increase in Lys-178G acetylation. Additionally, pCAF
acetylated RhoGDI� on Lys-52, Lys-138, and Lys-141, whereas
p300 catalyzed Lys-43 acetylation. Thus, for all acetylation sites
affecting RhoGDI�-function (Lys-52, Lys-138, Lys-141, and
Lys-178), we identified a specific acetyltransferase.

To confirm our results, we also used an in vivo approach by
transiently coexpressing His6-RhoGDI� together with Myc-
tagged (CBP, p300, pCAF, Gcn5, and �-TAT1) or His6-tagged
(Tip60) KATs in HEK293T cells. We pulled down His6-

TABLE 3
Structural similarity of the RhoA-F�RhoGDI� AcK178 (PDB entry 5FR2) complex presented here and the complexes of RhoA-G�RhoGDI� (PDB
entry 4F38) and RhoA�RhoGDI� (PDB entry 1CC0)
For comparison, the structural similarity between the complexes of RhoA�G�RhoGDI� (PDB entry 4F38) and RhoA�GDP�RhoGDI� (PDB entry 1CC0) is shown in the right
column.

RhoA-F�GDP�RhoGDI� AcK178 (PDB entry 5FR2) RhoA-G�RhoGDI� (PDB entry 4F38)
RhoA-G�RhoGDI� (PDB entry 4F38) RhoA�GDP�RhoGDI� (PDB entry 1CC0) RhoA�GDP�RhoGDI� (PDB entry 1CC0)

RMSDa/Å RMSDa/Å RMSDa/Å
RhoGDI� 0.447 0.957 1.122
RhoA 0.380 0.350 0.582
RhoA�RhoGDI� 0.501 0.804 0.983

a Root mean square deviation; square root of the mean of the square of the distances between the matched atoms.

FIGURE 5. RhoGDI� acetylation directly and indirectly interferes with Lys-138 SUMOylation. A, SUMO consensus sequence of RhoGDI� (aa 130 –150). B,
RhoGDI� K141Q blocks K138-SUMOylation in vivo. HeLa T-REx cells stably expressing His6-SUMO1 or empty vector (mock) were transfected with indicated
RhoGDI�-EGFP constructs. Shown is a pull-down (PD) of His6-SUMO1-modified proteins by Ni2�-NTA beads. Eluates and input were probed with the indicated
antibodies. C, RhoGDI� Ac-Lys-141 blocks Lys-138 SUMOylation in vitro. Left, K138AG/K138DG were not SUMOylated (direct cross-talk), and Ac-Lys-141G

abolishes SUMOylation (indirect cross-talk). Coomassie Brilliant Blue (CBB) staining and RhoGDI� IB served as loading control. Right, quantification of RhoGDI�
SUMOylation. K138AG, K138DG, Ac-Lys-141G, and Ac-Lys-127,141G were significantly less SUMOylated as compared with RhoGDI�WT. Results are shown as
mean � S.E. (error bars) The experiment was performed independently three times. *, p � 0.05; two-sided Student’s t test.
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RhoGDI� and analyzed the amount of acetylated RhoGDI� by
immunoblotting. As shown in Fig. 7C, overexpression of both
p300 and CBP resulted in a significant increase of acetylated
RhoGDI�, supporting our in vitro data. Notably, the overex-
pression of pCAF did not increase the acetylation level of
RhoGDI�, indicating that different mechanisms operate to
acetylate RhoGDI� in vitro and in vivo.

Sirt2 and HDAC6 Act as RhoGDI� Deacetylases—Treatment
of cells with KDAC inhibitors resulted in an increase in the
acetylation level of endogenous and transiently expressed
RhoGDI� (Fig. 1, B and C). To identify the KDACs responsible
for RhoGDI� deacetylation, we performed an in vitro dot blot
screen with all mammalian deacetylases (data not shown). We
discovered the cytosolic enzymes Sirt2 and HDAC6 to act as
RhoGDI� deacetylases. To verify these results, we determined
the extent of RhoGDI� deacetylation by immunoblotting (Fig.
7D). Apparently, compared with the non-enzyme control,
RhoGDI� Ac-Lys-43, Ac-Lys-52, Ac-Lys-138, and Ac-Lys-178
were significantly deacetylated by Sirt2 (Fig. 7D, bottom left).

For HDAC6, Ac-Lys-52G again is the preferred substrate
becoming significantly deacetylated (Fig. 7D, bottom right). The
other acetylation sites were not significantly deacetylated by
HDAC6. Time course experiments with Ac-Lys-52G revealed a
nearly complete deacetylation by Sirt2 after 30 min, whereas
even using double the amount of HDAC6 did not show com-
plete deacetylation after 6 h (Fig. 7E).

Discussion

RhoGDI� is a major regulator of RhoGNBP function modu-
lating its subcellular distribution and turnover, thereby creating
a cytosolic pool of inactive Rho easily activatable for a fast cel-
lular response. Thus, RhoGDI� is essential for the precise spa-
tial and temporal regulation of RhoGNBPs and affects their
downstream signaling. How RhoGDI� is regulated to create a
high specificity of action is only marginally understood. Here,
we present the first functional and structural study describing
how RhoGDI� function is controlled by post-translational
lysine acetylation (Fig. 7F). Using the powerful genetic code

FIGURE 6. Influence of RhoGDI� acetylation on RhoA membrane extraction and GEF-catalyzed nucleotide dissociation. A, extraction of endogenous
RhoA from HEK293T membrane fractions by lysine-acetylated RhoGDI� proteins. The RhoA content extracted was analyzed by IB (left). RhoA of the supernatant
was quantified using ImageJ software and normalized to the RhoGDI� amount. Results are shown as mean � S.E. (error bars) from six independent experi-
ments. Only Ac-Lys-52G shows a statistical significance compared with RhoGDI�WT. *, p � 0.05 for the indicated comparison (right). S, supernatant; M1,
membrane fraction before solubilization; M2, membrane fraction after solubilization. B, influence of RhoGDI� acetylation on Dbs-GEF-catalyzed nucleotide
exchange on RhoA. 1 �M RhoGDI��RhoA�mantGDP-complex was incubated with 0.5 �M Dbs-GEF and a 50-fold molar excess (50 �M) of unlabeled GDP. The
acetylation of RhoGDI� at Lys-52 decreases the inhibitory effect, whereas the other acetylation sites do not interfere with nucleotide exchange on RhoA. Data
represent the mean from three independent experiments. C, position of Lys-52 and Lys-43 in the N-terminal RhoGDI� domain, as judged from the
RhoA�RhoGDI� Ac-Lys-127,141 structure presented here (color code as in Fig. 5B). Lys-52G is an integral part of the N-terminal domain within hydrogen bond
distance to Tyr-63R in switch II and the main chain carbonyl oxygen of Leu-41G. The side chain of Lys-43G is surface-exposed.
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expansion concept to produce site-specifically lysine-acety-
lated proteins allows us to study its real impact on protein
function.

As we show here, RhoGDI� acetylation influences the mem-
brane/cytosol and GTP/GDP cycle of Rho proteins, phenotyp-
ically observable by affecting the cellular actin cytoskeleton
(Lys-52G, Lys-99G, Lys-141G, and Lys-178G). It furthermore
interferes with binding to prenylated (Ac-Lys-52G, Ac-Lys-
138G, and Ac-Lys-178G) RhoGNBPs. Lysine acetylation per se

leads to an electrostatic quenching of the lysine side chain’s
positive charge and an increase of the hydrophobicity. Addi-
tionally, we observe that Ac-Lys-178G structurally couples �5,
�9, and �10 of the Ig domain, most likely interfering with the
inherent Ig flexibility (structural coupling). Moreover, we show
structurally that the volume of the hydrophobic cavity of the Ig
domain is increased, adopting the farnesyl group differently
compared with the geranylgeranyl group (PDB entry 4F38).
These mechanisms might contribute to the observed reduced
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RhoA-F binding. Ac-Lys-52G is a loss-of-function modification
completely abolishing RhoGDI� function, most likely by inter-
fering with the transition of the intrinsically unfolded N-termi-
nal domain to adopt the helix-loop-helix conformation upon
binding to the Rho protein (structural destruction). Thereby,
the cell has a system to quickly switch on/off RhoGDI� func-
tion. We observed that acetylation at the solvent-exposed Lys-
138G also reduced the binding toward RhoA-F. The exact
molecular mechanisms need further examination but might
also include hydrophobic shielding from the polar solvent as
well as structural coupling. RhoGDI� acetylation interferes
directly (Ac-Lys-138G) and indirectly (Ac-Lys-141G) with Lys-
138G SUMOylation, reported to increase the RhoA affinity
(PTM cross-talk). By impairing SUMOylation, Lys-141G acety-
lation might therefore indirectly affect the observed increase of
RhoA at the membrane and cellular F-actin content. Using
these mechanisms, RhoGDI� lysine acetylation is a powerful
cellular system to tightly regulate the RhoGNBP turnover and
residence time at the membrane, finally resulting in a modula-
tion of RhoGNBP signaling.

We have discovered that acetylation at Lys-178G lowers the
affinity toward RhoA-F, resulting in more RhoA located at the
plasma membrane. Consistent with an increased Rho signaling,
we found more filamentous actin in cells expressing the respec-
tive acetylation mimicking mutant.

RhoGDI� Lys-52 acetylation completely blocks the interac-
tion with RhoA, drastically reduces RhoA-F binding (4 orders
of magnitude) and the membrane extraction capability. This is
supported by previous results showing that the N-terminal
domain of RhoGDI� is essential for membrane extraction as
well as delivery of Rho proteins. Consistently, the expression of
K52QG in the N-terminal domain resulted in a cellular F-actin
content comparable with mock control, indicating that acety-
lation at Lys-52G leads to a complete loss of function. Notably,
Lys-52G acetylation restores the GEF-catalyzed nucleotide
exchange rates, nearly approaching values observed for uncom-
plexed RhoA. This shows that it might act as a bona fide
RhoGDI� displacement factor.

An open question for many proteins identified by quantita-
tive mass spectrometry to be lysine-acetylated is the biological
significance of the modification. Many acetylation sites are of
low stoichiometry, for which only a gain of function might con-
fer an additional property. Technical progress to determine

absolute quantities of acetylation on a whole proteome scale
will help to identify biologically important sites (52, 53). Nota-
bly, in contrast to many reported studies, for RhoGDI�, we
were able to find endogenously acetylated protein in several
human cell lines, showing that a significant amount is lysine-
acetylated and suggesting that acetylation is of biological
importance to control RhoGDI� function. However, the exact
absolute quantities could vary and might depend on the cellular
metabolic, physiologic, and cell cycle state. Additionally, the
expression level and activity of KDACs and KATs might play an
important role. Here, we show that RhoGDI� is targeted by the
KATs CBP, p300, and pCAF. The KATs p300 and pCAF acet-
ylate RhoGDI� at Lys-52, -138, -141, and -178, the sites being
important to control RhoGDI� function as shown here. More-
over, RhoGDI� is differentially deacetylated by Sirt2 and
HDAC6 at these sites.

Sirt2 and HDAC6 are the main cytosolic deacetylases known
to physically interact, to work synergistically, to colocalize with
microtubules, and to deacetylate many proteins involved in
cytoskeleton regulation, such as cortactin, mDia2, and �-tubu-
lin (54 –56). Down-regulation or inhibition of Sirt2 and
HDAC6 were both found to inhibit cell motility as well as cell
migration (57). Sirt2 deacetylates and thereby inactivates p300,
which in turn is able to inactivate both Sirt2 and HDAC6, con-
stituting a feedback loop (58, 59). The balance between acety-
lation/deacetylation of RhoGDI� might interfere with cell
adhesion, cell migration, and cell motility by directly affecting
Rho signal transduction pathways (60).

In summary, the presence of endogenously acetylated
RhoGDI� in mammalian cells, site-specific KATs, and KDACs
suggests that acetylation is a physiologically important post-
translational modification to control RhoGDI� function.
Depending on when and where RhoGDI� acetylation takes
place in vivo, the cell is able to directly control the Rho protein’s
lifetime and turnover, its residence time on the membrane, and
its subcellular distribution. All of these processes strongly con-
tribute to the initiation and termination of Rho signal transduc-
tion pathways, ultimately balancing cell resting and cell motil-
ity. A dysfunction in its regulation might therefore lead to
severe cellular defects supporting tumorigenesis and neurode-
generation. Because there are just three RhoGDIs in mamma-
lian cells, modification of RhoGDI� by post-translational lysine
acetylation can create a sophisticated system to spatially and

FIGURE 7. Regulation of RhoGDI� acetylation by KDACs and KATs. A, RhoGDI� is acetylated by p300 and pCAF in vitro (left). As a control for the specificity
of RhoGDI� acetylation catalyzed by p300 and pCAF and to exclude non-enzymatic acetylation, reactions were performed in the absence of KAT, RhoGDI�, or
acetyl-CoA (right). Acetylation was visualized by IB using an anti-Ac-Lys antibody. B, correlation scatter plot of RhoGDI� acetylation sites identified by mass
spectrometry. Plotted are the log2 results of two replicates for pCAF (top) and p300 (bottom). Shown are the ratios of the KAT-treated versus control samples.
C, in vivo KAT assay. His6-RhoGDI� was cotransfected with expression constructs of various KATs (CBP, p300, pCAF, Tip60, Gcn5, and �-TAT1), and acetylation
was assessed by Ni2�-NTA pull-down (PD) and IB (left). Quantifications were done using ImageJ software by normalizing the acetylation signal to the amount
of overexpressed RhoGDI�. Shown is the mean � S.E. from five independent experiments. Only for p300 and CBP do we observe a statistically significant
increase in RhoGDI� acetylation compared with the non-enzyme control. *, p � 0.01 for the indicated comparison (right). D, Sirt2 and HDAC6 are RhoGDI�
deacetylases. 2 �g of acetylated RhoGDI� proteins were incubated with 0.5 �g of Sirt2 or HDAC6 for 4 h at room temperature. Reaction products were analyzed
by IB (top panels). For Sirt2, we observed a statistically significant deacetylation for Ac-Lys-52G, Ac-Lys-138G, and Ac-Lys-178G, and for HDAC6, we observed this
only for Ac-Lys-52G. The quantification was done using ImageJ by normalizing to the samples without KDACs (bottom panels). Values represent the mean � S.E.
(error bars) of three independent experiments. *, p � 0.05; **, p � 0.005; ***, p � 0.001, statistically significant difference from samples without KDACs. E, kinetics
for RhoGDI� Ac-Lys-52G deacetylation by Sirt2 and HDAC6. 2 �g of Ac-Lys-52G were incubated with either Sirt2 (0.25 �g) or HDAC6 (0.5 �g). Quantification of
the acetylation level was done using ImageJ software and normalizing it to the band intensity at t 	 0 min. Shown is the mean � S.D. (error bars) from three
independent experiments. F, working model for the regulation of RhoGDI� function by lysine acetylation. Left, indirect cross-talk of Lys-141G acetylation and
Lys-138G SUMOylation and direct cross-talk by acetylation of Lys-138G affecting RhoA-affinity; middle, electrostatic quenching, hydrophobic shielding, and
structural coupling of Ac-Lys-178G, decreasing RhoA affinity and thereby increasing cellular F-actin content; right, acetylation of Lys-52G in the RhoGDI�
N-terminal domain results in loss of function by structural destruction.
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temporally balance RhoGNBP signal transduction pathways.
Tackling the RhoGDI� lysine acetylation machinery might thus
be a promising yet underestimated therapeutic approach.
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