AMCB

Journals.ASM.org

Gamma Interferon-Induced Guanylate Binding Protein 1 Is a Novel
Actin Cytoskeleton Remodeling Factor

Nicole Ostler,® Nathalie Britzen-Laurent,® Andrea Liebl,? Elisabeth Naschberger,® Giinter Lochnit,® Markus Ostler,© Florian Forster,
Peter Kunzelmann,® Semra Ince,’ Verena Supper,® Gerrit J. K. Praefcke,? Dirk W. Schubert,® Hannes Stockinger,® Christian Herrmann,’
Michael Stiirzl*

Division of Molecular and Experimental Surgery, University Medical Center Erlangen, Friedrich Alexander University of Erlangen-Nuremberg, Erlangen, Germany?; Faculty
of Medicine, Institute of Biochemistry, Justus Liebig University, Giessen, Germany®; Institute of Physics, Chemnitz University of Technology, Chemnitz, Germany<;
Molecular Immunology Unit, Institute for Hygiene and Applied Immunology, Center for Pathophysiology, Infectiology and Immunology, Medical University of Vienna,
Vienna, Austria®; Institute of Polymer Materials, Friedrich Alexander University of Erlangen-Nuremberg, Erlangen, Germany?®; Physical Chemistry |, Ruhr University Bochum,
Bochum, Germanyf; Institute for Genetics, University of Cologne, Cologne, Germany?

Gamma interferon (IFN-v) regulates immune defenses against viruses, intracellular pathogens, and tumors by modulating cell

proliferation, migration, invasion, and vesicle trafficking processes. The large GTPase guanylate binding protein 1 (GBP-1) is
among the cellular proteins that is the most abundantly induced by IFN-y and mediates its cell biologic effects. As yet, the mo-
lecular mechanisms of action of GBP-1 remain unknown. Applying an interaction proteomics approach, we identified actin as a
strong and specific binding partner of GBP-1. Furthermore, GBP-1 colocalized with actin at the subcellular level and was both
necessary and sufficient for the extensive remodeling of the fibrous actin structure observed in IFN-y-exposed cells. These effects
were dependent on the oligomerization and the GTPase activity of GBP-1. Purified GBP-1 and actin bound to each other, and
this interaction was sufficient to impair the formation of actin filaments in vitro, as demonstrated by atomic force microscopy,
dynamic light scattering, and fluorescence-monitored polymerization. Cosedimentation and band shift analyses demonstrated
that GBP-1 binds robustly to globular actin and slightly to filamentous actin. This indicated that GBP-1 may induce actin re-
modeling via globular actin sequestering and/or filament capping. These results establish GBP-1 as a novel member within the
family of actin-remodeling proteins specifically mediating IFN-y-dependent defense strategies.

Gamma interferon (IFN-v) exerts regulatory functions in a
variety of physiological and pathophysiological processes (1,
2). It is best known for its potent immunomodulatory activity
(3-5). Additionally, IFN-y plays an important role in host de-
fenses against infection with viral and microbial pathogens (6-8).
For example, IFN-vy can inhibit pathogen replication and intracel-
lular trafficking and pathogen-induced vesicle formation (7, 9). In
addition, IFN-vy is an important trigger of antitumoral immune
responses (2, 10-14). The direct antitumorigenic activity of IFN-y
on tumor cells includes the induction of apoptosis (15, 16) and the
inhibition of cell proliferation, migration, and invasion (3,
17-20).

Guanylate binding protein 1 (GBP-1) is among the most sig-
nificantly induced proteins in cells exposed to IFN-y (21, 22).
GBP-1 belongs to the dynamin superfamily of large GTPases (23,
24), which is characterized by an oligomerization-dependent
GTPase activity (25-28). GBP-1 has been shown to mediate the
antibacterial and antiviral activities of IFN-y (29, 30). Similar
antipathogen effects have been observed with mouse GBPs
(mGBPs), indicating that GBPs exert conserved functions in hu-
mans and rodents (9, 31-33). In addition, GBP-1 is both necessary
and sufficient for the inhibitory effects of IFN-y on cell prolifera-
tion, migration, and invasion, as shown in endothelial cells and
epithelial tumor cells (17, 19, 34-37). Of note, the putative murine
homologue of human GBP-1, mGBP-2, has also been shown to
inhibit cell motility (38). In accordance with its cell biological
activities, the expression of GBP-1 in colorectal carcinoma (CRC)
has been associated with a significantly improved prognosis (39).
A recent comprehensive study from the Cancer Genome Atlas
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Network confirmed that GBP-1 expression in CRC is associated
with lower tumor aggressiveness (40).

Despite the significant clinical relevance of GBP-1 expression
and its well-documented functions, the molecular mechanisms of
action of the protein have not been resolved. It has been proposed
that GBP-1 might inhibit cell proliferation through the suppres-
sion of B-catenin/T cell factor (TCF) signaling (19, 34). In addi-
tion, the GTPase activity of GBP-1 is required for the upregulation
of integrin a4 and the inhibition of MMP-1 expression, leading to
the inhibition of cell migration and invasion, respectively (35, 41).
However, no direct molecular target of GBP-1 has been identified
as yet. Accordingly, the goal of this study was to identify cellular
binding factors of GBP-1 and to determine the function of these
molecules in the regulation of the cellular response to IFN-y.

(Parts of this work were conducted by N. Ostler in partial ful-
fillment of the requirements for a doctoral thesis.)

MATERIALS AND METHODS

Plasmids. The plasmids pMCV1.4(—) and pMCV2.2(—), the latter of
which contains a gentamicin resistance cassette, were obtained from
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Mologen (Berlin, Germany). The Flag (F) tag sequence was cloned into
both vectors using the EcoRV/EcoRI restriction sites. Green fluorescent
protein (GFP), GBP-1 (NCBI accession number NM_002053), and vari-
ous GBP-1 mutants were inserted in frame into the pMCV1.4-Flag con-
struct as previously described (42). The following expression vectors were
created: F-GBP-1, F-GBP-1(R227E/K228) (28), F-GBP-1(R240A) (43),
F-GBP-1(ACaaX), and F-GBP-1(K51A) (26, 44). Furthermore, an ex-
pression vector for the GFP-GBP-1 fusion protein (F-GFP-GBP-1) was
generated with the pMCV 1.4 construct as previously described (42). Ad-
ditionally, the sequence of GBP-1 was inserted in frame into the
pMCV2.2-Flag vector using the EcoRI restriction site (17).

The human B-actin gene (NCBI accession number NM_001101.3)
was amplified from cDNA derived from mRNA isolated from HeLa cells.
The forward primer harbors a restriction site for BamHI (underlined)
(5'-CCGGGATCCAGGATGGATGATGATATCGCC-3'), and the re-
verse primer contains a restriction site for EcoRI (underlined) (5'-GCGG
AATTCTTGAAGCATTTGCGGTGG-3"). The PCR product was sub-
jected to restriction digestion with BamHI and EcoRI and then inserted in
frame into the BamHI and EcoRI sites within the pcDNA4-Myc/His B
vector (Life Technologies/Invitrogen, Karlsruhe, Germany). The final
construct, pcDNA4 (-actin-Myc, was assessed via full-length sequencing
of the inserted gene.

Cell culture. HeLa cells were purchased from ATCC (CCL-2; Manas-
sas, VA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 2 mM L-glutamine (both obtained from PAA Labora-
tories, Pasching, Austria) and 10% fetal calf serum (FCS; Biochrom, Ber-
lin, Germany) at 37°C in a humidified atmosphere with 8.5% CO,. The
cells were authenticated by the German Collection of Microorganisms
and Cell Cultures (Leibniz Institute DSMZ, Braunschweig, Germany) us-
ing nonaplex PCR DNA profiling of 8 highly polymorphic sites of short
tandem repeats (STRs). Primary human umbilical vein endothelial cells
(HUVEC:) were purchased from PromoCell (Heidelberg, Germany) and
were maintained in endothelial cell growth medium (ECGM; PromoCell)
supplemented with 2% FCS at 37°C in a humidified atmosphere with 5%
CO,. For routine cultivation, confluent cells were washed once with phos-
phate-buffered saline (PBS), detached using 0.5 g/liter trypsin and 0.2
g/liter EDTA in Hanks balanced salt solution (trypsin-EDTA; PAA Labo-
ratories) for 2 to 3 min, and passaged in a 1:4 ratio (one passage) in
uncoated culture flasks (Nunc, Wiesbaden, Germany). All experiments
were performed between passages 4 and 10. Human peripheral blood
mononuclear cells were isolated from the blood of healthy donors by
standard density gradient centrifugation using Lymphoprep (Nycomed,
Zurich, Switzerland). Cells were obtained according to Good Scientific
Practice Guidelines and in accordance with the requests of the Ethics
Committee of the Medical University of Vienna. Cells were maintained in
RPMI 1640 medium supplemented with 100 p.g/ml penicillin, 100 pg/ml
streptomycin, and 2 mM L-glutamine (all from Life Technologies/Invit-
rogen) and with 10% heat-inactivated FCS (Sigma-Aldrich). T cells were
either left untreated or stimulated with a combination of CD3 monoclo-
nal antibody (MAb) OKT3 (5 pg; Ortho Pharmaceuticals, Raritan, NJ)
and MAD Leu-28 (5 pg/ml; BD Biosciences, Franklin Lakes, NJ). The
stimulation was carried out using 10° antibody-coated goat anti-mouse
IgG Dynabeads (Life Technologies/Invitrogen) for 30 min at room tem-
perature.

Cells of the DLD-1 colorectal carcinoma cell line (CCL-221; ATCC)
were cultivated in RPMI 1640 medium supplemented with 10% FCS (Bio-
chrom) and 2 mM r-glutamine (PAA Laboratories) at 37°C in a humidi-
fied atmosphere with 5% CO,. For the cultivation of DLD-1 cells stably
expressing F-GBP-1 and pMCV2.2, 500 g/ml G418 (PAA Laboratories)
was added to the culture medium. All cells were tested monthly for
mycoplasma contamination using a MycoAlert mycoplasma detection kit
(Lonza, Basel, Switzerland) and tested negative each time.

For stimulation with recombinant proteins, HUVECs were seeded on
a surface coated with 1.5% gelatin and incubated overnight in ECGM
supplemented with 0.5% FCS (ECGM-0.5% FCS), while HeLa cells were
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seeded on uncoated surfaces and incubated overnight in DMEM-0.5%
FCS. The cells were subsequently treated with IFN-y (100 U/ml or 50
U/ml for cells transfected with small interfering RNA [siRNA]; Roche,
Grenzach-Wyhlen, Germany) in the same medium for 24 h.

Transfection. The transfection of HeLa cells with expression vectors
was performed using the calcium phosphate method (45). For the RNA
interference (RNAI) experiments, the transfection was performed with
RNAiMax in Opti-MEM medium (both obtained from Life Technolo-
gies/Invitrogen, Darmstadt, Germany) according to the manufacturer’s
instructions. The transfection was performed in either 4-well Lab-Tek
chamber slides or 6-well cell culture plates (both purchased from Nunc,
Thermo Fisher Scientific, Bonn, Germany) at a cell density of 2.8 X 10*
and 1.3 X 10° cells, respectively. GBP-1 Stealth Select RNAi siRNA
(HSS104020) oligonucleotides specific for human GBP-1 and stealth non-
targeting negative-control RNAi duplexes (medium GC content) were
used at a final concentration of 16.6 nM (both were purchased from Mo-
lecular Probes/Invitrogen). HUVECs were transfected with the Promo-
Fectin transfection reagent (PromoCell) as described by the manufac-
turer. To establish a stable DLD-1 cell line, cells were transfected with the
expression plasmid pMCV2.2 F-GBP-1 (encoding an N-terminal
F-GBP-1) using Lipofectamine 2000 (Life Technologies/Invitrogen). Se-
lection was carried out by adding 500 wg/ml G418 (PAA Laboratories) to
the culture medium, and three independent cell clones were expanded.
DLD-1 cells were transfected with a pMCV2.2-Flag vector and selected as
a population of cells for the negative control (17).

IP. HeLa cells were seeded at a density of 7 X 10° cells in 10-cm culture
dishes (Nunc) and transfected 24 h later with 14 g DNA, as described
above. The cells were harvested 30 h after transfection with a sterile cell
scraper (Nunc) in 800 pl of ice-cold immunoprecipitation (IP) lysis buf-
fer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM MgCl,, 1% Igepal,
supplemented with one tablet of Complete Mini EDTA-free protease in-
hibitor cocktail [Roche] per 10 ml). DLD-1 cells transfected with
F-GBP-1 were seeded in 10-cm culture dishes at a cell density of 8 X 10°
cells and harvested after 24 h, as described for HeLa cells. The protein
concentration was determined using a DC assay (Bio-Rad Laboratories,
Munich, Germany) based on the Lowry method, as described by the man-
ufacturer. One milligram of lysate was precleared via incubation with 25
pl Sepharose CL-6B (Sigma-Aldrich) for 2 h in an overhead shaker at 4°C.
The immunoprecipitation reactions were performed overnight at 4°C at
low-speed rotation.

The Flag IP/Myc IP lysates were incubated with either 15 pl of anti-
Flag affinity gel M2 or 20 pl of anti-c-Myc agarose affinity gel (both from
Sigma-Aldrich). For the actin IP, preclearing was performed with 25 .l of
a protein G Plus-protein A agarose suspension (Calbiochem/Merck Mil-
lipore, Darmstadt, Germany). For immunoprecipitation, 25 pl of protein
G Plus-protein A agarose was incubated with 5 ul polyclonal actin anti-
body (0.4 to 0.8 mg/ml; Sigma-Aldrich) and the precleared lysates. For the
GBP-1 IP, beads were prepared by covalently cross-linking the GBP-1
antibody (1B1; hybridoma supernatant [22]) with the BS® cross-linker
(Thermo Fisher Scientific). Briefly, 400 wl of protein G-Sepharose 4 Fast
Flow (Amersham Biosciences/GE Healthcare, Solingen, Germany) was
resuspended in 650 wl 20 mM HEPES buffer. After the addition of 400 pl
of 1B1 hybridoma supernatant, the suspension was incubated for 1 h at
room temperature at low-speed rotation. For the cross-linking reaction, 2
mg BS® was added and the mixture was incubated for 1 h. The reaction was
stopped by the addition of Tris-HCl at a final concentration of 50 mM for
15 min. After subsequent washing, GBP-1 beads were resuspended in 650
wl PBS and 30 pl was used for each sample. As a negative control for T cell
IPs, 3 pg of a rat IgG isotype control (R&D Systems, Abingdon, United
Kingdom) was added.

For the IPs with purified, recombinant proteins, a preclearing step was
not performed and 10 pg of protein was used. The bead-coupled protein
complexes were washed four times with 1 ml IP lysis buffer and four times
with IP wash buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 5 mM
MgCl,, 0.1% Igepal). The immunoprecipitated proteins were eluted from
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the beads by adding 15 pl IP wash buffer and 15 wl 2X Laemmli buffer
(Bio-Rad Laboratories) and subsequent boiling of the solution for 5 min.
The immunoprecipitates were analyzed via sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE), followed by either sil-
ver staining or Western blotting.

Coomassie staining. The gels were stained for at least 3 h at room
temperature with a Coomassie solution (40% [vol/vol] methanol, 7%
[vol/vol] acetic acid, 0.25% Coomassie brilliant blue G-250). The gels
were destained using a destaining solution (40% [vol/vol] methanol, 7%
[vol/vol] acetic acid).

Silver staining. SDS-polyacrylamide gels were assessed via silver stain-
ing using a ProteoSilver Plus silver stain kit purchased from Sigma-Al-
drich, and staining was carried out according to the manufacturer’s in-
structions. The gels were fixed overnight at 4°C. After developing for 3 to
5 min, the gels were then reequilibrated in water until the bands were
excised for mass spectrometry (MS).

Mass spectrometry. Bands from the silver-stained gels were excised
using a sterile scalpel and destained with the destaining solutions provided
in the ProteoSilver Plus stain kit (Sigma-Aldrich), as described by the
manufacturer. The proteins were identified following trypsin in-gel diges-
tion by matrix-assisted laser desorption ionization (MALDI)-time of
flight (TOF) MS via peptide mass fingerprinting using a Bruker Ultraflex
TOF/TOF MALDI instrument (Bruker Daltonics, Bremen, Germany).
The instrument was operated in the positive-ion reflectron mode using
2,5-dihydroxybenzoic acid and methylenediphosphonic acid as a matrix.
Sum spectra consisting of 200 to 400 single spectra were acquired. For data
processing and instrument control, the Compass (version 1.1) software
package, consisting of FlexControl (version 2.4), FlexAnalysis (version
3.0), and BioTools (version 3.0), was used. The proteins were identified
viaa MASCOT peptide mass fingerprint search (Matrix Science) using the
NCBInr database. For the search, a mass tolerance of 75 ppm was allowed,
and the carbamidomethylation of cysteine as a global modification and
the oxidation of methionine as a variable modification were used.

Western blotting. The cells were harvested, and proteins were ex-
tracted using radioimmunoprecipitation assay buffer (50 mM Tris-HCI,
pH 7.5,150 mM NaCl, 0.1% SDS, 0.5% sodium desoxycholate, 1% Igepal,
and one tablet of protease inhibitor [Complete Mini; Roche] per 10 ml of
buffer). The following quantities of protein were separated by SDS-PAGE
and analyzed via Western blotting as previously described (46): 10 pg of
protein lysate, 1/5 of the IP eluate for the pulldown control, and 4/5 of the
IP eluate for binding partner codetection. The following primary antibod-
ies were used: monoclonal mouse anti-Flag tag (M2; 1:5,000), polyclonal
rabbit anti-Flag tag (1:1,000), and polyclonal rabbit antiactin (1:1,000;
each from Sigma-Aldrich); monoclonal mouse anti-GAPDH (anti-glyc-
eraldehyde-3-phosphate dehydrogenase; 1:40,000; Chemicon/Merck
Millipore, Darmstadt, Germany); monoclonal mouse antigelsolin (1:
1,000; Abcam, Cambridge, United Kingdom); monoclonal mouse anti-
BSA (1:200; Santa Cruz, Santa Cruz, CA); monoclonal rat anti-human
GBP-1 (1:500; clone 1B1 [22]); monoclonal rat anti-human GBP-2 (1:
500; clone 1H2; obtained from E. Kremmer, Helmholtz Zentrum, Mu-
nich, Germany); and polyclonal rabbit anti-Myc tag (1:1,000) and mono-
clonal mouse anti-Myc tag (9B11; 1:3,000) (both from Cell Signaling).
Rabbit anti-rat, goat anti-mouse, and goat anti-rabbit immunoglobulin G
antibodies coupled to horseradish peroxidase (each from Dako) were
used as secondary antibodies at a 1:5,000 dilution. Protein detection was
performed using an enhanced chemiluminescence Western blot detection
system (ECL Pierce Biotechnology, Rockford, IL) and Rx films (Fuji, To-
kyo, Japan).

Immunofluorescence analysis. For immunofluorescence analysis,
HeLa cells and HUVECs were seeded in 4-well Lab-Tek chamber slides
(Nunc) at a cell density of 2.5 X 10* cells. One microgram of plasmid was
transfected per well. When indicated, the cells were treated with actin
polymerization inhibitors (HeLa cells, 0.2 wM cytochalasin D-latrunculin
B; HUVECs, 0.1 uM cytochalasin D-latrunculin B [both obtained from
Sigma-Aldrich, Seelze, Germany]) for 30 min at 37°C. The cells were fixed
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for 10 min in 4% buffered paraformaldehyde and permeabilized in 0.1%
Triton X-100 (both obtained from Sigma-Aldrich) at 24 h posttransfec-
tion. For anti-GBP-1 staining, an antigen target retrieval was carried out
after cell fixation (10 min at 95°C using a retrieval solution buffered at pH
9 [Dako, Hamburg, Germany]). Immunofluorescence analyses were car-
ried out as previously described (42). The following antibodies were used
for immunofluorescence staining: a polyclonal rabbit anti-Flag tag anti-
body (diluted 1:500; ABR; Thermo Fisher Scientific, Rockford, IL) and a
monoclonal rat anti-human GBP-1 (clone 1B1) antibody (diluted 1:25)
(22). After washing, the cells were incubated for 1 h at room temperature
with the following secondary antibodies (diluted 1:500): Alexa Fluor 488-
conjugated goat anti-rabbit IgG and Alexa Fluor 488-conjugated goat
anti-rat IgG (both from Molecular Probes/Invitrogen). Actin was stained
using a fluorescently labeled phalloidin (1:70; Alexa Fluor 546-phalloidin;
Molecular Probes/Invitrogen) in combination with the secondary anti-
body. Nuclei were counterstained with DAPI (4',6-diamidino-2-phe-
nylindole; 1:5,000; Invitrogen/Molecular Probes) or Draq5 (1:800; Cell
Signaling, Danvers, MA). Fluorescence was visualized at room tempera-
ture using a confocal microscope (TCS SP5 or TCS SPE; both obtained
from Leica Microsystems, Wetzlar, Germany) equipped with LAS-LAF
software at a X 63 magnification. All images presented are single sections
in the z plane (1 Airy unit) and are representative of the images for at least
80% of the transfected cells. For quantitative assessment of the severity of
the actin disruption by GBP-1 or GBP-1 mutant forms, at least 80 images
per condition were analyzed, and the status of fibrous actin was evaluated.

Computer-assisted determination of protein colocalization at the
single-cell level. To quantify the colocalization of fluorescence signals in
images, ImageJ Colocalization Colormap software was used (47, 48). The
software calculates the fraction of positively correlated pixels of the image
on a pixel-per-pixel basis. The output is provided either as an index of
correlation (Icorr) score or as an image. The correlated pixels are repre-
sented in hot colors (red and yellow). For Icorr score determination, five
images per type were quantified.

Protein purification. Actin (>99% pure) and gelsolin were purchased
from Cytoskeleton (Denver, CO). Bovine serum albumin (BSA) was pur-
chased from New England BioLabs (Ipswich, MA). His-tagged GBP-1
(with the 6 X His tag being at the C terminus), His-GBP-3, and His-GFP
were expressed from a pQE9 vector in Escherichia coli strain M15 (Qia-
gen). The induction of His—GBP-1, His—GBP-3, and His-enhanced GFP
expression was carried out at an optical density at 600 nm of ~0.6 using
0.1 mM isopropyl-f-p-1-thiogalactopyranoside (IPTG; Peglab, Erlangen,
Germany). The proteins were purified under native conditions using stan-
dard Ni-nitrilotriacetic acid affinity Sepharose column chromatography
as previously described (22, 44). Eluted proteins were dialyzed against
PBS, and dithiothreitol (DTT; Sigma-Aldrich) was added at a final con-
centration of 2 mM. The purity of the protein extracts was assessed via
SDS-PAGE, subsequent Coomassie staining, and Western blotting.

AFM. Freshly cleaved mica (V1 quality, round, 9.5 mm; Electron Mi-
croscopy Sciences, Hatfield, PA) was completely covered by 100 mM
MgCl, (100 wl) and incubated for 5 min at room temperature (RT). The
fluid was removed and washed once with water (100 pl), and afterwards
the mica was air dried. Precoating with MgCl, was previously used to
increase the absorption of biomolecules to mica surfaces (49, 50). Actin
(Cytoskeleton) was solved in PBS with 2 mM DTT to a final concentration
of 2 mg/ml and polymerized by actin polymerization buffer (50 mM KCl,
2 mM MgCl,, I mM ATP; Cytoskeleton) in the presence or absence of
GBP-1 (2 mg/ml) for 1 h. GBP-1 and buffer control (PBS plus 2mM DTT)
samples were treated equally. Five microliters of protein sample was de-
posited on MgCl,-pretreated mica, and the combination was incubated
for 5 min at RT and dried in a stream of nitrogen for 3 s. Next, the mica was
washed twice with 10 pl of distilled water and dried by a stream of nitro-
gen as described above. Atomic force microscopy (AFM) data were ob-
tained using a non-contact-mode AFM (XE-100; Park Systems, Santa
Clara, CA) with a silicon tip (ACTA; Park Systems) under ambient con-
ditions and a scan rate of 1 Hz. Images were flattened and equalized with
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WSxM Develop (version 6.2) software (51). Relative actin filament length
was determined by calculating the quotient of (i) the number of fibers and
(ii) the number of open filament ends counted in five defined optical
fields.

DLS. Actin was polymerized in the presence and absence of GBP-1.
Protein solutions were prepared as described above for AFM analysis, and
the final concentration was adjusted to 0.33 mg/ml. All samples were
applied to a dynamic light scattering (DLS) particle size analyzer
(HORIBA LB-550; Retsch Technology GmbH, Haan, Germany) at 650
nm for 2 min. The median (50%) hydrodynamic radius (Ds,), resembling
the polymer size, including the hydration shell, was averaged over 6 inde-
pendent measurements. The standard deviation was calculated from the
D, values.

Actin polymerization assay. The actin polymerization assay was per-
formed in the presence and absence of GBP-1 using an actin polymeriza-
tion Biochem kit (Cytoskeleton) according to the manufacturer’s instruc-
tions. GBP-1 was replaced by BSA and GFP as nonrelevant proteins
serving as a negative control. In addition, GBP-3 was applied as the closest
homologue of GBP-1. Actin was dissolved in monomeric globular actin
(G-actin) buffer (5 mM Tris-HCI, pH 8.0, 233 uM ATP, 0.2 mM CaCl,) to
a final concentration of 0.5 mg/ml. For all experiments, proteins were
applied in a 3 pM concentration. The baseline fluorescence of pyrene
actin was measured once every minute for 4 min. Next, the above-men-
tioned proteins, the corresponding volume of the same buffer, and actin
polymerization buffer (500 mM KCl, 20 mM MgCl,, 10 mM ATP) were
mixed and added as a master mix. The total volumes and actin concen-
tration were kept constant for all samples. The samples were mixed for 5 s,
and the fluorescence was measured every 30 s for 1 h in duplicate in a black
96-well plate with a Tecan Infinite m200 instrument (Tecan, Minnedorf,
Switzerland) using a 350-nm excitation filter and a 410-nm detection
filter.

Actin cosedimentation assay. The actin cosedimentation assay was
performed using an actin binding protein Biochem kit (Cytoskeleton)
following the manufacturer’s protocol. Briefly, 16 wM actin was incu-
bated with 2 wM BSA, 2 uM «-actinin, or 2.8 wuM GBP-1 in G-actin buffer
(5mM Tris-HCI, pH 8.0, 0.2 mM CaCl, ) supplemented with 0.2 mM ATP
for 30 min at 4°C. Actin polymerization was induced by addition of
polymerization buffer (50 mM KCl, 2 mM MgCl,, 1 mM ATP [final con-
centrations]) and incubation for 30 min at 24°C. Following centrifugation
at 125,000 X g for 90 min at 24°C in a Hitachi Himac CS-FNX ultracen-
trifuge (Hitachi Koki, Willich, Germany), equal volumes of supernatants
and pellets were analyzed by SDS-PAGE and Coomassie blue staining.

G-actin binding assay. Binding of GBP-1 to G actin was monitored by
incubating up to 10 uM recombinant GBP-1 and actin in G-actin buffer
(5mM Tris-HCI, pH 8.0, 0.2 mM CaCl, ) supplemented with 0.2 mM ATP
and 0.2 mM GTP for 30 min at 25°C. Proteins were then separated by
nondenaturing 10% polyacrylamide gel electrophoresis in the presence of
0.2 mM ATP, 0.2 mM CaCl,, 0.2 mM DTT, and 0.2 mM GTP at 200 V for
2 h. Gels were stained with Coomassie blue, destained, and subjected to
Western blotting for the immunodetection of actin and GBP-1. Densito-
metric analysis was performed using Image] software (48).

Statistical analyses. Two groups were compared by the appropriate
Student’s t test, and multiple groups were compared by analysis of vari-
ance (ANOVA) extended with an honestly significant difference (HSD)
post hoc test. Statistical analysis was performed using SPSS (version 16)
software (SPSS Inc., Chicago, IL) or Statistica (version 8) software (Stat-
Soft, Tulsa, OK). A P value of <0.05 was considered significant.

RESULTS

Actin is a cellular binding factor of GBP-1. In order to identify
putative interaction partners of GBP-1, an immunoprecipitation
approach based on the transient expression of Flag-tagged GBP-1
(F-GBP-1) in HeLa cells was chosen. Cells transfected with an
empty vector (control) or Flag-tagged GFP (F-GFP) served as neg-
ative controls. The expression of F-GBP-1 and F-GFP was con-
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FIG 1 Identification of cellular interaction partners of human GBP-1 in HeLa
cells. (A) HeLa cells were transfected with Flag-tagged GBP-1 (F-GBP-1) or
with Flag-tagged GFP (F-GFP) or the empty parental vector (control) as con-
trols. The protein lysates were separated via 10% SDS-PAGE and stained using
Coomassie. Red square, GBP-1; green triangle, GFP. (B) Western blot analysis
using antibodies against GBP-1 and the Flag tag. The detection of the GAPDH
protein demonstrates equal protein loading. (C) Silver staining analysis of
precipitates obtained via immunoprecipitation (IP) using an anti-Flag affinity
gel with the various transfected cells, as described in the legend to panel A. Red
square, F-GBP-1; green triangle, F-GFP; blue asterisks, potential interaction
partners, which varied between the F-GBP-1 precipitate and the control pre-
cipitates; orange asterisk, actin.

firmed by Coomassie staining (Fig. 1A, red square and green tri-
angle, respectively) and anti-Flag tag Western blot analysis
(Fig. 1B). Silver staining of immunoprecipitates obtained with an
anti-Flag tag antibody yielded different band patterns with
F-GBP-1, F-GFP, and control transfected cells (Fig. 1C). Bands
appearing specifically in the F-GBP-1 precipitate were considered
potential GBP-1 binding factors (Fig. 1C, asterisks) and were
identified via MALDI-TOF mass spectrometry and peptide mass
fingerprinting (Table 1). Beta-actin (subsequently termed actin)
displayed the most prominent signal in the silver stain (Fig. 1C,
orange asterisk) and was further investigated.

The interaction between GBP-1 and actin was confirmed by
different approaches, using overexpressed GBP-1 and actin as well
as the endogenous proteins. First, HeLa cells were cotransfected
with F-GBP-1, F-GFP, or the empty vector together with an ex-
pression plasmid encoding Myc-tagged actin (actin-Myc) or the
corresponding empty control vector. The expression of the re-
combinant proteins was confirmed by Western blotting analyses
(Fig. 2A). F-GBP-1 and actin-Myc were coimmunoprecipitated in
a reciprocal manner via either a Flag pulldown (Fig. 2B, bottom)
or a Myc pulldown (Fig. 2C, bottom). No signal was obtained with
either the control vector or F-GFP, thereby demonstrating the
specificity of the interaction.

Second, the interaction between recombinant F-GBP-1 and
endogenous actin was confirmed using a reciprocal precipitation
approach with the colorectal carcinoma cells (DLD-1), which sta-
bly expressed F-GBP-1 (data not shown).

Third, the interaction between endogenous GBP-1 and actin
was investigated using HeLa cells treated with recombinant IFN-y
(100 U/ml for 24 h). IFN-vy treatment resulted in robust GBP-1
expression, while actin expression remained constant (Fig. 2D,
input). The reciprocal coprecipitations demonstrated that endog-
enous IFN-y-induced GBP-1 also efficiently interacted with en-
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TABLE 1 Potential binding factors of GBP-1 analyzed by MALDI-TOF mass spectrometry

Accession no.

Gene Molecular

name Protein name mass (kDa) Uniprot RefSeq”
HSP90ABI Heat shock protein HSP 90-beta 83.3 P08238 NP_031381.2
GBP-1 Guanylate-binding protein 1 67.0 P32455 NP_002044.2
TUBB Tubulin, beta polypeptide 49.7 P07437 NP_821133.1
ACTB Beta-actin 42.7 P60709 NP_001092.1
GAPDH Glyceraldehyde-3-phosphate dehydrogenase 36.0 P04406 NP_002037.2
LDHA Lactate dehydrogenase A 36.4 P00338 NP_005557.1
RPL5 60S ribosomal protein L5 34.4 P46777 NP_000960.2
SLC25A6 ADP, ATP carrier protein, liver isoform T2 35.0 P12236 NP_001627.2
YWHAE 14-3-3 protein epsilon 29.3 P62258 NP_006752.1
PRDX1 Peroxiredoxin 1 22.3 Q06830 NP_002565.1

“ RefSeq, reference sequence.

dogenous actin (Fig. 2D, IP: GBP-1 and IP: Actin, bottom). The
interaction of the two endogenous proteins was also confirmed in
human primary T cells, which constitutively express GBP-1 (data
not shown). Of note, Western blot analysis indicated similar levels
of expression of ectopically expressed (Fig. 2A) and IFN-v-in-
duced GBP-1 (Fig. 2D).

GBP-1 colocalizes with actin and disrupts stress fibers. The
intracellular colocalization of GBP-1 and actin was assessed via
immunofluorescence analysis and confocal microscopy. To
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FIG 2 Interaction of tagged and endogenous GBP-1 and actin proteins shown
by reciprocal coimmunoprecipitation. (A) HeLa cells were cotransfected with
F-GBP-1, F-GFP, or the empty parental vector each together with an expres-
sion plasmid encoding Myc-tagged actin (actin-Myc) or the corresponding
control vector. Subsequently, 10 g of lysate was analyzed via Western blotting
(WB) using antibodies against the Flag and Myc tags. GAPDH was used as a
loading control. (B) Immunoprecipitation analysis of the extracts from panel
A with anti-Flag antibody and subsequent Western blot analysis with antibod-
ies against either the Flag or Myc tag. (C) Lysates, transfected and analyzed as
described in the legend to panel A, were immunoprecipitated using an anti-
body against the Myc tag. The precipitated proteins were subsequently ana-
lyzed via Western blotting using the indicated antibodies. (D) HeLa cells were
either left untreated or treated with IFN-y (100 U/ml, 24 h). The protein
extracts were immunoprecipitated using an antibody against GBP-1 or actin
and analyzed via Western blotting. GBP-1 and actin were detected using spe-
cific antibodies.
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achieve this goal, HeLa cells were transfected with either an ex-
pression plasmid encoding GFP-tagged GBP-1 (F-GFP-GBP-1)
or an empty parental vector (control). We have previously dem-
onstrated that the GFP tag does not affect the intracellular local-
ization of GBP-1 compared with that of the endogenously ex-
pressed protein (42, 52). In agreement with previous findings,
F-GFP-GBP-1 appeared in granular structures within the cyto-
plasm and at the plasma membrane (Fig. 3A, GBP-1, green) (42).
Filamentous actin (F-actin) was stained with fluorescently labeled
phalloidin. In the cells transfected with the control vector, F-actin
localized as membrane-associated cortical actin and in parallel-
oriented, cytoplasmic stress fibers (Fig. 3A, control, red staining).
Interestingly, the stress fibers were considerably impaired in the
cells transfected with F-GFP-GBP-1 and F-GBP-1 (Fig. 3A, ar-
rowheads). The colocalization of F-GFP-GBP-1 and actin was
observed in granular structures within the cytoplasm and most
prominently at the cell membrane (Fig. 3A, arrows).

These results were confirmed in primary human umbilical vein
endothelial cells (HUVECs) using F-GBP-1. Also in these exper-
iments, the fibrous actin cytoskeleton was disrupted in the pres-
ence of F-GBP-1 (Fig. 3B, arrowheads) but not in the control
transfected cells (Fig. 3B). The colocalization of GBP-1 and actin
was again observed at the cell membrane and in cytoplasmic gran-
ules (Fig. 3B, arrows).

Finally, we investigated the colocalization of endogenous IFN-
v-induced GBP-1 with actin. In agreement with previous reports,
IFN-vy treatment resulted in significant remodeling of the cyto-
skeleton (53-56). IFN-+y exposure led to a severe disruption of the
actin stress fibers (Fig. 3C). The observed changes were similar to
those observed with the overexpression of recombinant GBP-1.
Endogenous GBP-1 and actin colocalized at the plasma mem-
brane and in cytoplasmic granules (Fig. 3C, arrows). The low sig-
nal intensity of endogenous GBP-1 (Fig. 3C) was due to the lim-
ited compatibility of the staining protocol for actin and GBP-1.
However, the colocalization of both proteins was clearly demon-
strated and could be quantified using the Image] Colocalization
Colormap software. The correlated pixels from the stainings de-
scribed above are represented in hot colors (red, yellow) (Fig. 3Da,
b, and ¢). The Icorr scores obtained with HeLa cells (Icorr = 0.37)
and HUVECs (Icorr = 0.36) demonstrated that the signals of
GBP-1 and actin significantly correlated. In contrast, the signals
obtained with the background detection (control, Icorr = 0) and
F-GFP (Icorr = 0.15), a highly overexpressed control protein, did
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FIG 3 GBP-1 colocalizes with cellular actin and disrupts the stress fibers of the
actin cytoskeleton. Images were taken using a Leica TCS SPE confocal micro-
scope with z-plane focusing on the attachment site of the cell culture slide.
Nuclei were counterstained with Draq5. (A) HeLa cells were transfected with
an expression plasmid for Flag- and GFP-tagged GBP-1 (F-GFP-GBP-1) or
the empty parental vector (control). F-GFP—GBP-1 was visualized by the flu-
orescence of the GFP tag, and actin was visualized using Alexa Fluor 546-
labeled phalloidin. Arrowheads, the disrupted actin structure, observed as a
granular distribution of actin proteins in the cytoplasm of F-GFP-GBP-1-
transfected cells; arrows, colocalization of actin and F-GFP—GBP-1 observed
at the plasma membrane and actin aggregates. (B) HUVECs were transfected
with either F-GBP-1 or the empty parental vector (control). GBP-1 was de-
tected in a subsequent immunofluorescence staining using an antibody against
the Flag tag. Actin was detected by a fluorescently labeled phalloidin. The
staining pattern was similar to that described in the legend to panel A. Arrows,
colocalization. (C) HeLa cells were either left untreated (control) or treated
with IFN-y (100 U/ml, 24 h). Endogenous GBP-1 was stained using a GBP-1
antibody and immunofluorescence analysis. Arrowheads, impaired actin cy-
toskeleton shown as actin aggregates throughout the cytoplasm; arrows, colo-
calization of GBP-1 and actin. (D) The images from panels A to C (a, b, and ¢,
respectively) were quantified using the ImageJ Colocalization Colormap soft-
ware. The results are presented as images using hot colors (red and yellow),
which display a positive correlation, and cold colors (blue), which display a
negative correlation. A clear colocalization of GBP-1 and actin at the cell mem-
brane, granular structures, and actin aggregates is shown. All results were
independently reproduced by a second researcher. Bars = 25 pm.
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not correlate with the actin signal. These data confirmed the in-
tracellular colocalization of GBP-1 and actin and demonstrated
that ectopic GBP-1 expression and IFN-y treatment of cells in-
duce severe changes in the actin cytoskeleton structure.

GBP-1 is necessary for IFN-y-induced remodeling of the ac-
tin cytoskeleton. The effects of IFN-y on the actin cytoskeleton
were compared with those of established polymerization inhibi-
tors, such as cytochalasin D and latrunculin B (57, 58), in HeLa
cells and HUVECs. To achieve this goal, cells were treated with
IFN-v or actin polymerization inhibitors or were left untreated.
Subsequent actin staining revealed that IFN-v induced in the cy-
toskeleton a disruption pattern similar to that observed in the
presence of cytochalasin D (Fig. 4A and B). This pattern was char-
acterized by the absence of stress fibers and the appearance of actin
granules distributed throughout the cell cytoplasm (Fig. 4A and B,
arrowheads). In contrast, latrunculin B induced the formation of
bleb-like actin aggregates, which were preferentially localized at
the cell membrane (Fig. 4A and B, arrows).

The binding of GBP-1 to actin suggested that GBP-1 might be
required for the IFN-y-induced rearrangements of the cytoskele-
ton. To analyze whether GBP-1 is necessary for the effects of
IFN-v on fibrous actin, we employed a GBP-1 gene-silencing ap-
proach. HeLa cells were transfected with either an siRNA directed
against GBP-1 or a control siRNA with a similar GC content. The
cells were then either left untreated or treated with IFN-vy (100
U/ml, 24 h). Western blot analysis revealed that GBP-1 expression
was highly induced by IFN-vy (Fig. 5A). GBP-1 expression was not
affected by the control siRNA, while it was efficiently inhibited by
the GBP-1 siRNA (Fig. 5A). Of note, neither the expression of
actin nor the expression of GBP-2 (another member of the GBP
family) was altered, underscoring the specificity of the GBP-1
knockdown (Fig. 5A). Efficient GBP-1 silencing was also con-
firmed at the single-cell level via immunofluorescence staining
(Fig. 5B). In IFN-y-treated HeLa cells, the actin cytoskeleton ex-
hibited a distorted structure in the presence of the control siRNA
(Fig. 5C, middle, arrowheads), but this effect was fully abrogated
with the GBP-1 siRNA (Fig. 5C, asterisks). These results demon-
strate that GBP-1 is necessary for mediating the actin cytoskeleton
rearrangements induced by IFN-vy.

The GTPase activity of GBP-1 is required for actin cytoskel-
eton remodeling. We performed a mutational analysis to deter-
mine which functional parts of GBP-1 participate in actin remod-
eling. First, the involvement of the GTPase function was
investigated. F-GBP-1 and two Flag-tagged mutant GTPase forms
of GBP-1 [F-GBP-1(K51A) and F-GBP-1(R240A)] (26, 43) were
expressed in HeLa cells. Both mutants exhibited significantly re-
duced GTPase activity [for F-GBP-1(K51A), k., < 0.05 min~';
for F-GBP-1(R240A), k., = 13.2 min~'] compared to that of
wild-type GBP-1 (k,, = 22.8 min~') and were predominantly
present in a monomeric form (43, 44). The actin stress fibers were
selectively impaired in HeLa cells expressing recombinant
F-GBP-1 (Fig. 6A, arrowheads) but were not significantly affected
by the two mutated proteins [Fig. 6A, F-GBP-1(K51A) and
F-GBP-1(R240A), lozenges]. Nontransfected cells plated in the
same culture dish showed intact stress fibers (Fig. 6A, asterisks).
Of note, F-GBP-1(K51A) and F-GBP-1(R240A) were expressed
atlevels similar to those at which F-GBP-1 was expressed (Fig. 6A,
green), as demonstrated by immunofluorescence staining.

To investigate the potential further influence of the dimeriza-
tion and membrane-targeting properties of GBP-1, we applied the
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FIG 4 The IFN-y-induced disruption of the actin cytoskeleton mimics the effect of cytochalasin D. (A) HeLa cells were left untreated, treated with IFN-vy (100
U/ml, 24 h), or treated with different actin polymerization inhibitors (cytochalasin D and latrunculin B) (both at 0.2 wM, 30 min). Subsequently, the actin
cytoskeleton was stained using fluorescently labeled phalloidin. Arrowheads, disrupted actin cytoskeleton, which was visualized as small, granular structures in
the cytoplasm; arrows, bleb-like aggregates at the cell membrane in the latrunculin B-treated cells. The nuclei were counterstained with DAPI. (B) HUVECs were
treated as described in the legend to panel A, with the exception that the polymerization inhibitor was utilized at a concentration of 0.1 wM. The actin pattern was
observed as described in the legend to panel A and is indicated in the same manner described in the legend to panel A. The nuclei were counterstained with DAPIL.

Bars = 25 pm.

following two additional mutants: F-GBP-1(R227E/K228E) and
F-GBP-1(ACaaX). The R227E/K228E double mutation induced
constitutive dimer formation of GBP-1, and the mutant had a
greater tendency to form tetramers and a slightly increased
GTPase activity (k. = 36.2 min~') (28). F-GBP-1(R227E/
K228E) localized to the plasma membrane and in granular struc-
tures distributed throughout the cytoplasm (Fig. 6B, green),
which was in agreement with previous reports (42). This mutant
severely disrupted actin stress fibers (Fig. 6B, arrowheads) and
colocalized with actin at the plasma membrane and in granular
cytoplasmic structures (Fig. 6B, arrows).

A mutant with a deleted CaaX motif [F-GBP-1(ACaaX)] was
used to investigate the role of the membrane association of GBP-1
in the remodeling of the cytoskeleton. It has been shown that this
mutant is not farnesylated and does not associate with the plasma
membrane (42), which is in agreement with the diffuse cytoplas-
mic staining pattern observed in the immunofluorescence analysis
(Fig. 6B, green). The staining of the actin cytoskeleton in F-GBP-
1(ACaaX)-expressing cells showed that the lack of GBP-1 mem-
brane association does not abrogate its effect on the remodeling of
the actin cytoskeleton (Fig. 6B, arrowheads).

To determine quantitatively the disruptive effect of wild-type
and mutant GBP-1 on the actin cytoskeleton, the percentage of
cells with a disrupted cytoskeleton was determined and defined as
the stress fiber disruption coefficient (SFD). A low level of disrup-
tion of the fibrous actin cytoskeleton was observed for control
transfected cells (SFD = 13.9%) and cells expressing the GTPase-
deficient mutant GBP-1 [for GBP-1(K51A), SFD = 7.7%; for
GBP-1(R240A), SED = 18.2%]. Severe disruption was observed
in cells expressing wild-type GBP-1 (SFD = 83.4%), the constitu-
tive dimeric mutant GBP-1 [GBP-1(R227E/K228E); SFD =
91.3%], and GBP-1-ACaaX (SFD = 70%).

Hence, the GTPase activity and, likely, the dimerization of
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GBP-1 were required for the remodeling of the cytoskeleton,
whereas the membrane association of the protein was dispensable
for this effect. None of the mutations described above abrogated
the binding of the respective proteins to actin, as shown by coim-
munoprecipitation analyses (Fig. 6C and D, bottom).

Purified GBP-1 directly interacts with actin and is sufficient
to control actin remodeling in vitro. Using a defined in vitro
approach with purified recombinant proteins, we investigated
whether further cofactors may be required for the binding of
GBP-1 to actin as well as for the regulation of actin remodeling. To
achieve this goal, purified recombinant GBP-1, bovine serum al-
bumin (BSA), gelsolin, and actin proteins were applied (Fig. 7A).
Reciprocal coimmunoprecipitation experiments showed that ac-
tin and GBP-1 coprecipitated in the absence of additional factors
(Fig. 7B). In contrast, the negative-control protein BSA failed to
coprecipitate (Fig. 7B). Gelsolin, which is known to interact with
actin (59), served as a positive control and was also coprecipitated
with actin (Fig. 7B, bottom). In experiments where GBP-1, gelso-
lin, and actin were simultaneously added, GBP-1 and gelsolin
were pulled down with actin, but gelsolin did not precipitate with
GBP-1 (Fig. 7B). These results demonstrate that GBP-1, similarly
to gelsolin, binds directly to actin and that both GBP-1 and gelso-
lin are not present in the same complex.

Then, we investigated whether purified GBP-1 alone was suf-
ficient to induce remodeling of actin filaments. To achieve this
goal, actin polymerization was initiated in vitro in the presence
and absence of GBP-1, and actin filaments were analyzed using
atomic force microscopy (AFM). Under the established in vitro
conditions, actin polymerized to long filaments (Fig. 8Aa and c).
In the presence of GBP-1, the filaments were clearly shorter (Fig.
8Ab and d). The filament diameter was 4 nm, on average (Fig. 8B),
which was well in agreement with the results of previous AFM
studies of F-actin (60—62). Calculating the relative filament length
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FIG 5 GBP-1is necessary to mediate remodeling of the actin cytoskeleton induced by IFN-+y. (A) HeLa cells were transfected with either control siRNA or GBP-1
siRNA, as indicated. After 6 h, the cells were either left untreated or treated with IFN-y (100 U/ml, 24 h). Next, 10 g of protein lysate was separated via 10%
SDS-PAGE and analyzed via Western blotting. GBP-1, actin, and GBP-2 (used as an siRNA specificity control) were detected using specific antibodies. (B) HeLa
cells were transfected and treated with IFN-+y as described in the legend to panel A. The cells were stained for GBP-1 following antigen target retrieval (pH 9). The
nuclei were counterstained with Draq5. (C) HeLa cells were treated as described in the legend to panel A and subsequently stained for actin. Asterisks, organized,
filamentous actin cytoskeletons; arrowheads, disruption of the filamentous actin organization following IFN-+y treatment. The nuclei were counterstained with
Dragq5. All results were independently reproduced by a second researcher. Bars = 25 pm.

(RFL) in identical optical fields confirmed that the filament length
was significantly reduced in the presence of GBP-1 (Fig. 8C).

In order to confirm the significant reduction of the actin fila-
ment length by GBP-1 in vitro using an alternative method, dy-
namic light scattering (DLS) analysis was applied. Hydrodynamic
radii derived from DLS measurements have previously been used
to determine the size and shape of proteins (63, 64). Actin poly-
merization was initiated again in the presence or absence of
GBP-1, but in contrast to AFM, the DLS method determined frag-
ment length directly in solution. In close agreement with the AFM
results, the median of the hydrodynamic radius was significantly
reduced in samples containing GBP-1 compared to that in sam-
ples containing actin alone (Fig. 8D).

In order to determine the specificity of the effects of GBP-1 on
actin filament remodeling, a fluorescence-based polymerization
assay using pyrene-labeled actin was used (65). This test provides
an easy approach for comparison of the effects of several different
proteins on actin filament remodeling. GBP-3 is the closest hu-
man homologue of GBP-1 and was used as a stringent specificity
control (52). GFP and BSA were used as additional unrelated con-
trol proteins. All proteins showed comparable integrity and purity
(Fig. 8E). Only GBP-1 (Fig. 8F, blue) significantly inhibited actin
polymerization, whereas none of the control proteins had an effect
(Fig. 8F). These results demonstrate that actin remodeling is spe-
cifically caused by GBP-1 and does not require additional factors.

GBP-1 interacts with both globular and filamentous actin.

January 2014 Volume 34 Number 2

Finally, we investigated whether GBP-1 interacts with G-actin,
F-actin, or both. First, we performed an F-actin cosedimentation
assay. Actin was polymerized in the presence of GBP-1, BSA, or
a-actinin and sedimented by ultracentrifugation. Cosedimented
proteins were analyzed by denaturing polyacrylamide gel electro-
phoresis (Fig. 9A). The amount of GBP-1 cosedimented in the
pellet (20%) was four times higher than that of BSA (5%) but
clearly lower than that of a-actinin (87%), a known F-actin bun-
dling factor (Fig. 9A).

Second, we performed a G-actin binding assay. G-actin was
incubated with increasing amounts of GBP-1 in G-actin buffer
(Fig. 9B and C, left). Alternatively, the concentration of GBP-1
was kept constant and increasing amounts of G-actin were used
(Fig. 9B and C, right). Proteins were subsequently separated by
native polyacrylamide gel electrophoresis. A shift of G-actin was
already observed in the polyacrylamide gel in the presence of
GBP-1 at a GBP-1 concentration four times lower than the G-ac-
tin concentration (Fig. 9B). Western blot analyses confirmed that
G actin formed a complex with GBP-1 (Fig. 9C). In conclusion, we
found that GBP-1 binds strongly to G-actin and, to a lower extent,
to F-actin.

DISCUSSION

IFN-v regulates adaptive and innate immune defenses against vi-
ruses, intracellular pathogens, and tumors. GBP-1 is a major IFN-
v-induced protein in eukaryotic cells (22, 66). In this study,
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FIG 6 GBP-1 GTPase activity is required to induce remodeling of the actin cyto-
skeleton. (A) HeLa cells were transfected with expression constructs encoding
F-GBP-1 and two GTPase-deficient mutant forms, F-GBP-1(R240A) and
F-GBP-1(K51A). The immunocytochemical detection of GBP-1 was performed
using an antibody against the Flag tag. Actin was visualized with fluorescently
labeled phalloidin. Arrowheads, disrupted actin structures; lozenges, organized
actin filaments. The nuclei are counterstained with Drag5. Note the different or-
ganizations of the cytoskeleton in F-GBP-1-expressing cells (arrowheads) and the
nonexpressing cells (asterisks) in the upper panel. (B) F-GBP-1, a constitutively
dimeric mutant [F-GBP-1(R227E/K228E)], and a mutant lacking the prenylation
motif [F-GBP-1(ACaaX)] were overexpressed in HeLa cells. Immunofluores-
cence staining was performed as described in the legend to panel A. Arrowheads, a
disrupted actin cytoskeleton structure; arrows, colocalization of GBP-1 and actin.
The results shown in panels A and B were independently reproduced by a second
researcher. (C) Flag immunoprecipitation and subsequent Western blot analysis
of HeLa cells overexpressing proteins (as described in the legend to panel A).
R240A, F-GBP-1(R240A); K51A, F-GBP-1(K51A). (D) Flag immunoprecipita-
tion and Western blot analysis with HeLa cells overexpressing proteins (as de-
scribed in the legend to panel B). 227/228, F-GBP-1(R227E/K228E); ACaaX,
F-GBP-1(ACaaX). Bars = 25 pm.

GBP-1 was found to bind strongly to actin. The interaction be-
tween GBP-1 and actin was systematically and consistently con-
firmed under various experimental conditions using ectopically
and endogenously expressed proteins. In addition, these results
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FIG 7 GBP-1 directly interacts with actin in vitro. (A) Recombinant GBP-1,
actin, gelsolin, and BSA proteins were detected via Western blotting using the
indicated antibodies. (B) The recombinant proteins were mixed as indicated,
and immunoprecipitations with either GBP-1 or actin were performed. The
precipitates were analyzed via Western blotting using specific antibodies
against GBP-1, BSA, gelsolin, or actin.

were reproduced in different cell types, highlighting the general
relevance of our findings. Importantly, we showed that purified
GBP-1 and actin can be coimmunoprecipitated in vitro. Thus,
both proteins are interacting in the absence of additional factors.
The interaction of GBP-1 with the cytoskeleton is in line with
independent studies showing that GBP-1 can associate with the
cytoskeletal proteins spectrin, plastin (F. Forster, personal com-
munication), and BIII-tubulin (67).

GBP-1 was demonstrated to be both necessary and sufficient
for actin cytoskeleton remodeling induced by IFN-vy, as shown by
ectopic overexpression and inhibition of GBP-1 expression. In
this framework, it is noteworthy that GBP-1 can heterodimerize
with various members of the GBP family (42). However, since
other GBPs failed to compensate for the remodeling effects on the
cytoskeleton when GBP-1 was silenced in IFN-y-treated cells,
GBP-1 is likely to play a dominant role in actin remodeling. Mu-
tant analyses demonstrated that the GTPase function of GBP-1 is
required for actin fiber disruption, whereas membrane associa-
tion is not. Interestingly, a mutant with an increased oligomeriza-
tion capability [GBP-1(K227E/R228E)] (28) also exhibited in-
creased remodeling activity. Oligomerization requires both the
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FIG 8 GBP-1 controls actin remodeling by reduction of filament length in vitro. (A) Actin (2 mg/ml) was polymerized alone or in the presence of GBP-1 (2
mg/ml). Polymerized actin filaments were deposited onto freshly cleaved, MgCl,-coated mica carriers and analyzed by AFM. Actin filaments were long in the
absence of GBP-1 (aand ¢) and short in the presence of GBP-1 (b and d). White granular structures are due to salt precipitates. Bars = 400 nm. (B) Representative
topography of actin filaments along the blue line (panel Ac) is given. Height measurements indicate an average diameter of actin filaments of 4 nm. (C) The
relative actin filament length was quantitatively assessed by calculating the quotient of the total numbers of fibers and of the free polymer ends in five different
optical fields. Actin fibers were significantly shorter in the presence of GBP-1 (***, P < 0.001). (D) Actin (0.33 mg/ml) was polymerized in the presence or absence
of GBP-1 (0.33 mg/ml), as described in the legend to panel A. Solutions were directly analyzed by DLS. For statistical analyses, the median of the hydrodynamic
radius (Ds,) was averaged over six replicates per type. The standard deviation was calculated from the Dy, values. **, P = 0.01. (E) All purified proteins applied
to the in vitro polymerization assays were separated by SDS-PAGE and visualized by Coomassie staining. (F) Actin polymerization using pyrene-labeled actin in
combination with the indicated proteins was monitored over time by fluorescence intensity analysis. The polymerization assay was performed with pyrene-
labeled actin alone or pyrene-labeled actin in combination with either GBP-1, GBP-3, BSA, or GFP. All proteins were applied ata 3 uM concentration. The results
of one representative assay of three are shown. Significant differences between the experiments with GBP-1 and all other experimental conditions were observed
after 5 min [ANOVA; F(7, 8) = 261; P =< 0.001]. GBP-1 showed a lower fluorescence than all other groups (P =< 0.008 each, HSD post hoc tests). a.u., arbitrary

units. **¥, P < 0.01; n.s., not significant.

globular domain of the protein, which encloses the GTPase func-
tion, and the C-terminal helical domain, which has been shown to
inhibit cell proliferation (27, 28). GBP-3, the closest relative of
GBP-1 (88% sequence homology) (52, 68), did not significantly
affect the total F-actin content in vitro. The sequences of both
proteins are almost identical in the globular domain and vary
predominantly at the C terminus of the helical domain (69). In-
terestingly, this region has been found to be involved in tetramer-
ization (27). This suggests that differential oligomerization capa-
bilities of GBP-1 and GBP-3 may be responsible for the different
activities of the two proteins in actin remodeling. Hence, the actin
remodeling activity of GBP-1 may depend on two important fea-
tures of the molecule: (i) the GTPase function residing in the
globular domain and (ii) oligomerization, which is mediated by
two areas of the protein, one resident in the globular domain and
the other resident in the helical domain.
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Using purified proteins, we demonstrated that in vitro binding
of GBP-1 to actin is sufficient for the actin remodeling process.
Analyses of actin filament formation in the presence and absence
of GBP-1 using AFM, DLS, and a fluorescence-based actin polym-
erization assay consistently showed that GBP-1 significantly in-
hibits actin filament formation. These effects observed under de-
fined in vitro conditions convincingly supported the suggestion
that the actin remodeling activity of GBP-1 observed in vivo does
not require additional cofactors. Accordingly, GBP-1 may be re-
garded as a novel member of the family of actin polymerization
regulatory factors, which, among others, includes profilin, thymo-
sin-B4, gelsolin, villin, capping protein, and CapZ. These factors
regulate actin filaments either by sequestering of actin monomers,
by severing of preexisting filaments, or by capping of filament
ends (70-73).

We showed that GBP-1 binds efficiently to G-actin and, to a
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FIG 9 GBP-1 binds to both G-actin and F-actin. (A) F-actin was cosedimented by ultracentrifugation with GBP-1, BSA as a negative control, or a-actinin as a
positive control. Equal amounts of pellets (lanes P) and supernatants (lanes S) were separated by SDS-PAGE. Gels were stained with Coomassie blue. An increase
of GBP-1 in the pellet fraction was observed in the presence of F-actin, as indicated by an asterisk. (B) G-actin was incubated with GBP-1, and proteins were
separated by native polyacrylamide gel electrophoresis. Gels were stained with Coomassie blue. Arrows, actin, which formed a ladder when incubated alone,

indicating partial polymerization; asterisks, GBP-1 in its monomeric or dim

eric form; arrowheads, actin-GBP-1 complexes. (C) Actin was detected using a

specific antibody in a subsequent Western blot. Arrows, corresponding actin bands; arrowheads, larger protein complexes.

lower extent, to F-actin. Efficient binding of GBP-1 to G-actin
suggested that GBP-1 may act predominantly as a sequestering
factor for actin monomers, thereby reducing the G-actin pool
available for polymerization. This mechanism has been described
for the proteins profilin and thymosin-f4 and for the latrunculin
inhibitors (57, 71, 74) and is in line with the fact that GBP-1 and
actin colocalize in large aggregates.

By binding to F-actin, GBP-1 might, in addition, be able to
shrink actin filaments by severing or by capping of actin filament
barbed ends. However, a severing activity of GBP-1 would by as-
sociated with increased numbers of short filaments, which was not
observed either in vitro or in vivo (Fig. 3 and 8A and B). In con-
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trast, the presently available results do not exclude the possibility
that a capping activity contributes to the actin remodeling activity
of GBP-1. Altogether, our data indicate that GBP-1 is a novel
member within the family of actin remodeling proteins, acting
predominantly as a sequestering factor.

The regulation of the cytoskeleton by IFN-+y has been shown to
be of great relevance in manifold physiological and pathophysio-
logical processes, including cell migration, invasion, proliferation,
defense against pathogens, and barrier function (8, 17, 18, 20, 75,
76). Importantly, GBP-1 has been shown to regulate all of these
processes in response to IFN-vy (17, 19, 30, 34, 77). By identifying
GBP-1 as a new actin remodeling protein we provide for the first
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time a molecular mechanism explaining the effects of IFN-y on
the cytoskeleton. As yet, regulation of the actin cytoskeleton has
been predominantly attributed to the activity of the Rho protein
family, including Rho, Rac, and Cdc42 (78, 79). Our data demon-
strate that the large GTPase GBP-1 is both necessary and sufficient
to remodel the actin cytoskeleton in the absence of additional
cofactors. In this framework, GBP-1-mediated actin remodeling
may contribute to the regulation of innate and adaptive immune
defense.
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