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Recently, we identified extracellular ubiquitin as an endog-
enous CXC chemokine receptor (CXCR) 4 agonist. However,
the receptor selectivity and molecular basis of the CXCR4
agonist activity of ubiquitin are unknown, and functional
consequences of CXCR4 activation with ubiquitin are poorly
defined. Here, we provide evidence that ubiquitin and the
cognate CXCR4 ligand stromal cell-derived factor (SDF)-1a
do not share CXCR?7 as a receptor. We further demonstrate
that ubiquitin does not utilize the typical two-site binding
mechanism of chemokine-receptor interactions, in which the
receptor N terminus is important for ligand binding. CXCR4
activation with ubiquitin and SDF-1« lead to similar Go;-
responses and to a comparable magnitude of phosphorylation
of ERK-1/2, p90 ribosomal S6 kinase-1 and Akt, although
phosphorylations occur more transiently after activation
with ubiquitin. Despite the similarity of signal transduction
events after activation of CXCR4 with both ligands, ubiquitin
possesses weaker chemotactic activity than SDF-la in cell
migration assays and does not interfere with productive entry
of HIV-1 into P4.R5 multinuclear activation of galactosidase
indicator cells. Unlike SDF-1¢, ubiquitin lacks interactions
with an N-terminal CXCR4 peptide in NMR spectroscopy
experiments. Binding and signaling studies in the presence of
antibodies against the N terminus and extracellular loops 2/3
of CXCR4 confirm that the ubiquitin CXCR4 interaction is
independent of the N-terminal receptor domain, whereas
blockade of extracellular loops 2/3 prevents receptor binding
and activation. Our findings define ubiquitin as a CXCR4
agonist, which does not interfere with productive cellular
entry of HIV-1, and provide new mechanistic insights into
interactions between CXCR4 and its natural ligands.
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Ubiquitin is a post-translational protein modifier in all
eukaryotic cells (1). Besides important intracellular roles, ubiq-
uitin functions as an endogenous immune modulator with anti-
inflammatory properties when it is released into the extracellu-
lar space (2, 3). In addition, clinical association studies suggest
that systemic ubiquitin release after injury is protective and
correlates inversely with the degree of organ dysfunction (4). As
administration of exogenous ubiquitin has been shown to
reduce inflammation and tissue injury in various disease mod-
els (5-11), identification of the mechanism of action of extra-
cellular ubiquitin provides the opportunity to develop novel
therapeutic strategies.

Previously, we demonstrated that extracellular ubiquitin can
be taken up into monocytes and quantification of its uptake
kinetics suggested a receptor-mediated process (12). Subse-
quently, we identified a novel and unforeseen biological func-
tion of ubiquitin and showed that it is a natural agonist of the G
protein coupled receptor (GPCR)*> CXC chemokine receptor
(CXCR) 4 (fusin, CD184) (13, 14).

CXCR4 and its cognate ligand stromal cell-derived factor-1«
(SDF-1a) (chemokine (C-X-C motif) ligand 12) are known to be
important for normal development and hematopoiesis, and
play pleiotropic roles in the immune system and during tissue
repair processes (15-20). Furthermore, the SDF-1a/CXCR4
axis gained particular attention as a drug target through its
involvement in cancer metastases and HIV infection (21-23).
However, the molecular mechanisms underlying CXCR4 ago-
nist activity of ubiquitin are unknown, it remains to be deter-
mined whether SDF-1« and ubiquitin show functional selectiv-
ity on CXCR4 and whether both ligands also share CXCR7 as a
common receptor (24).

Here, we provide evidence that ubiquitin is a CXCR4, but not
a CXCR?7 ligand. Comparison of CXCR4-mediated chemotaxis
and intracellular signaling events after stimulation with ubiqui-
tin and SDF-1a and infection studies with X4 tropic HIV-1,
which utilize CXCR4 as a co-receptor, demonstrate that ubiq-
uitin functions as a CXCR4 agonist that does not interfere with
HIV-1 infectivity. NMR spectroscopy with the extracellular
N-terminal domain of CXCR4, receptor binding, and signaling

2 The abbreviations used are: GPCR, G-protein coupled receptor; CXCR, CXC
chemokine receptor; ECL, extracellular loops; RSK, p90 ribosomal S6
kinase; SDF, stromal cell-derived factor; RFU, relative fluorescence units;
MAGI, multinuclear activation of galactosidase indicator.

VOLUME 286+NUMBER 38+SEPTEMBER 23, 2011



studies in the presence of antibodies directed against the N
terminus and extracellular loops (ECL) 2/3 of CXCR4 demon-
strate distinct and ligand-specific CXCR4 interactions of ubiq-
uitin and SDF-1a. These studies suggest that the ubiquitin
interaction with CXCR4 is independent of the N-terminal
domain of CXCR4, thus suggesting a novel binding mechanism
of a natural chemokine receptor ligand.

EXPERIMENTAL PROCEDURES

Proteins, Peptides, and Reagents—Ubiquitin, BSA, zidovu-
dine, AMD3100, and forskolin were obtained from Sigma.
N-terminal fluorescein-labeled ubiquitin (FITC-ubiquitin) was
purchased from Boston Biochem. Recombinant human
SDF-1a was obtained from Peprotech. For NMR spectroscopy
studies SDF-1a and the [U-'>N]CXCR4-(1-38) peptide were
expressed in Escherichia coli and purified as previously
described (25).

HA-tagged CXCR4 and CXCR7 Transfections—DNA encoding
HA-tagged CXCR4 was as previously described (26). DNA
encoding CXCR7 (GenBank™ accession number NP_064707)
was purchased from Open Biosystems. CXCR7 was amplified
by PCR using the following primers containing Xhol and Xbal
restriction enzyme sites, respectively, forward, 5'-ATATCTC-
GAGTGGATCTGCATCTCTTCGACTAGC; reverse, 5'-ATA-
TTCTAGATCATTTGGTGCTCTGCTCCAAG. The PCR
product was digested with Xhol and Xbal and ligated into
HA-pcDNAS3 cassette vector in which the CXCR4 fragment
was removed and replaced with CXCR7. The sequence of the
clone was verified by dideoxysequencing. DNA encoding each
tagged G protein-coupled receptor and empty vector
(pcDNA3) was transiently transfected into HEK 293 cells
grown on 10-cm tissue culture dishes using TransIT-LT1 trans-
fection reagent (Mirus Bio), according to the manufacturer’s
recommendation. Forty-eight hours later, cells were harvested
and used for Western blotting, flow cytometry, and ubiquitin
binding assays.

HIV-1 Production and Infection Assays—Laboratory adapted
viruses (R9 (X4); R9BaL (R5)) and pseudotyped virions (HXB2
(X4), JRFL (R5)) were as described (27, 28). Viral stocks were
generated from HEK293T cells via polyethylenimine (molecu-
lar weight 25,000; Polysciences) using a polyethylenimine:DNA
ratio of 2:1, as described (28). Pseudotyped virions were gener-
ated by cotransfecting 12 ug of R7Aenv GFP with 8 ug of HXB2
or JRFL envelope expression plasmid. 48 h after transfection,
virus was harvested and passed through a 0.45-um filter. Virus
infectivity was assessed as described (29). P4.R5 multinuclear
activation of galactosidase indicator (MAGI) cells were
obtained through the AIDS Research and Reference Reagent
Program, Division of AIDS, NIAID, National Institutes of
Health, from Dr. Nathaniel Landau. One hour before infection,
P4.R5 MAGI cells were treated with the indicated concentra-
tion of AMD3100, ubiquitin, or SDF-1a. Cells were then
infected with serial dilutions of viral supernatant, beginning at a
multiplicity of infection of ~0.5. Eighteen hours post-infection,
medium was replaced with medium containing 200 um zidovu-
dine. Thirty-six hours post-infection cells were assayed for
B-galactosidase expression by monitoring the cleavage of the
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colorimetric 3-gal substrate o-nitrophenyl 3-p-galactopyrano-
side at 405 nm.

Ubiquitin Binding Assays—Ubiquitin binding assays were
performed with HEK293, P4.R5 MAGI, and THP-1 cells, as
described (13). In brief, cells were washed with ice-cold PBS and
10° cells were suspended in 100 ul of cold (4 °C) PBS, 1% BSA,
0.01% sodium azide. FITC-ubiquitin was added and incubated
for 1 min at 4 °C. Cells were washed twice and the fluorescence
intensities were measured (A, citation/emission: 485/528 nm).
Nonspecific binding was assessed as binding of FITC-ubiquitin
in the presence of 300 uM native ubiquitin. Where applicable,
cells were preincubated for 60 min at 37 °C with 0.2 pug/ml of
anti-CXCR4 N-terminal amino acids 1-14 (anti-CXCR4-(1—
14), Abcam), anti-CXCR4 amino acids 176 —293 (anti-CXCR4-
(176 —293), Santa Cruz), or anti-rabbit IgG (Sigma).

Calcium Assay—Intracellular calcium was measured using
the Fluo-4 NW Calcium Assay Kit (Molecular Probes), as
described (13). Where applicable, AMD3100 (10 um) was
added to the cells 5 min before stimulation with ubiquitin or
SDF-1a.

cAMP Assay—Quantitative determination of cAMP levels
was performed in forskolin-treated cells (5 uM, 10 min, 37 °C)
using the cAMP complete enzyme immunoassay kit (Assay
Designs), acetylated format, as described (13). Where applica-
ble, AMD3100 (10 um) was added to the cell cultures 5 min
before stimulation with ubiquitin or SDF-1¢, and anti-CXCR4-
(1-14), anti-CXCR4-(176 —293), or anti-rabbit IgG (0.2 pg/ml)
were added 60 min before cells were stimulated with ubiquitin
or SDF-1a.

Protein Kinase Phosphorylation Array—Screening of the
phosphorylation status of various protein kinases after ubiqui-
tin and SDF-1a stimulation was performed in THP-1 cells using
a human phospho MAPK antibody array (R&D Systems). Cells
were stimulated with 1 um ubiquitin or SDF-1« for 10 min at
37 °C. Unstimulated cells served as controls in parallel experi-
ments. The array was performed according to the manufactur-
er’s instructions. In brief, 10" THP-1 cells were lysed in 1 ml of
lysis buffer (R&D Systems) on ice for 30 min, centrifuged
(14,000 X g, 5 min), and the supernatant (=lysate) was col-
lected. 250 pl of the cell lysate was incubated with a pre-wet
array membrane for 15 h at 4 °C. After three washing steps at
room temperature, array membranes were incubated with the
diluted antibody mixture (2 h at room temperature), washed,
and incubated with strepavidin-HRP solution for 30 min at
room temperature. After washing the array membranes,
chemiluminescence substrate (SuperSignal West Dura,
Thermo Scientific) was added and the chemiluminescence sig-
nal was detected (Chemi Doc XRS with Quantity One version
4.5.2 software (Bio-Rad Laboratories)). Chemiluminescence
signals were analyzed with the ImageQuant TL software
(Amersham Biosciences).

Western Blots—Western blotting was performed as
described (13, 30). Mouse monoclonal anti-HA (Covance) in
combination with anti-mouse IgG HRP-linked whole antibody
(Amersham Biosciences) were used for detection of HA-tagged
CXCR4 and CXCR?7 in THP-1 lysates after transfection. Anti-
phospho p90 ribosomal S6 kinase (RSK1) (Ser-380) rabbit IgG,
anti-phospho-ERK1 (Thr-202/Tyr-204)/ERK2 (Thr-185/Tyr-
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FIGURE 1. CXCR4, but not CXCR7 overexpression increases ubiquitin receptor binding. A, HA-tagged open reading frame cDNA clones of CXCR4 and
CXCR7 were transfected into HEK293 cells followed by immunoblotting of whole cell lysates with anti-HA and anti-GAPDH. B, quantification of HA expression
by flow cytometry after transfection as in A. Thick lines, cells labeled with mouse anti-HA/anti-mouse Alexa Fluor 488 goat IgG. Thin lines, control; cells labeled
with rabbit IgG/anti-rabbit FITC goat IgG. Gray, unstained cells. Red, cells transfected with HA-tagged CXCR4. Blue, cells transfected with HA-tagged CXCR?7.
Black, cells transfected with empty plasmid. C, FITC-ubiquitin binding (1 min, 4 °C) after transfection as in A. ®, CXCR4. [], CXCR7. O, empty vector. @,
nonspecific binding (NSB)-CXCR4. [], NSB-CXCR7. @, NSB-empty vector; n = 4. D, quantification of CXCR4 expression by flow cytometry after transfection asin
A. Thick lines, cells labeled with anti-human CXCR4 FITC-conjugated IgG. Thin lines, control, cells labeled with FITC-conjugated IgG,,. Gray, unstained cells. Red,

cells transfected with HA-tagged CXCRA4. Blue, cells transfected with HA-tagged CXCR7. Black, cells transfected with empty plasmid.

187) rabbit-IgG, anti-phospho-Akt pan (Ser-437) rabbit IgG
(all from R&D Systems) and mouse anti-GAPDH (Applied
Biosystems) were used in combination with anti-rabbit or
mouse IgG HRP-linked whole antibody (Amersham
Biosciences).

Chemotaxis Assays—Cell migration was assessed using the
ChemoTx 96-well cell migration system (30-ul well plate, 8 um
filter pore size; Neuroprobe). The bottom wells were filled with
30 ul of test solutions (10 um AMD3100, ubiquitin, and SDF-1«
in PBS). The microplate was then covered with the ChemoTX
filter, 25 ul of cell suspension containing 5 X 10* THP-1 cells in
PBS were pipetted onto the filter over each well and incubated
for 2 h at 37 °C, 5% CO,. After incubation, cells that transmi-
grated through the filter were stained on the lower filter surface
with Accustain Wright-Giemsa stain (Sigma). The average
number of cells on the lower filter surface was determined by
counting the number of cells in three random non-overlapping
high power (X400) fields by light microscopy. The average cell
count on the lower filter surface in the presence of PBS in the
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lower compartment (=control) was 3.2 = 2.5 per high power
field. The chemotactic index was calculated as the ratio of cells
that transmigrated through the filter in the presence versus
absence (=PBS/control) of the test solutions.

FACS Analyses—FACS was used to analyze cell surface
expression of HA-tagged CXCR4 and CXCR7, to quantify
CXCR4 cell surface expression, assess FITC-ubiquitin binding,
and assess the interactions between ubiquitin, SDF-1¢, anti-
CXCR4-(1-14), and anti-CXCR4-(176 —293). For the analyses
of HA-tagged CXCR4/7 expression, cells were labeled with
monoclonal mouse anti-HA in combination with anti-mouse
Alexa Fluor 488 goat IgG (Invitrogen). Rabbit IgG (R&D Sys-
tems) in combination with FITC-conjugated anti-rabbit goat
IgG (Abcam) was used as a negative control. For the quantifi-
cation of CXCR4 expression, cells were labeled with anti-hu-
man CXCR4 FITC-conjugated IgG (R&D Systems). FITC-con-
jugated IgG,, (R&D Systems) was used as a negative control
under identical conditions. Binding of anti-CXCR4-(1-14) and
anti-CXCR4-(176 —293) was detected with FITC-conjugated
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FIGURE 2. Phosphorylation of mitogen-activated protein kinases after stimulation with SDF-1« and ubiquitin. THP-1 cells were stimulated with O or 1 um
ubiquitin or SDF-1« for 10 min at 37 °C. Whole cell lysates were probed for protein kinase phosphorylations utilizing a proteome array. A, proteome array
membranes showing the spot densities in untreated (ctrl.), ubiquitin-treated and SDF-1a-treated cells. The numbers on the array membrane correspond to the
spot positions for phosphorylated ERK1 (7), ERK2 (2), RSK1 (3), Akt1 (4), Akt2 (5), and Akt pan (6). B, densitometric quantification of the spot densities after
treatment as in A, n = 4. Spot densities are given as normalized pixel densities (1 = unstimulated cells, dashed line). The bars (white, SDF-1« treatment; gray,
ubiquitin treatment) extend from the minimum to the maximum, the horizontal line shows the mean.

anti-rabbit (Abcam). Cells were analyzed with a FACSAria flow
cytometer (BD Biosciences). The fluorescence intensities of at
least 10° cells were recorded and analyzed using the FloJo soft-
ware (Tree Star).

NMR Spectroscopy—NMR experiments were performed on a
Bruker DRX 600 equipped with a "H/'**N/'*C Cryoprobe. NMR
samples contained: 250 um [U-'°N]CXCR4-(1-38), 90% (v/v)
H,0, 10% (v/v) D,O, 0.02% NaN,, and 25 mM deuterated MES
buffer (pH 6.8). "H and '°N chemical shift assignments for
CXCR4-(1-38) were obtained from previously published spec-
tra (25). CXCR4-(1-38) was titrated with incremental additions
of SDF-1a or ubiquitin and monitored by two-dimensional
'H-'*N heteronuclear single quantum coherence. Combined
'H/"N chemical shift perturbations were calculated as
[(5A8.)* + (A8)*]°®, where A8y, and A8y, are the changes
in backbone amide *H and **N chemical shifts in ppm, respec-
tively. CXCR4-(1-38) 'H-'°N heteronuclear nuclear Over-
hauser effect values were determined in the absence and pres-
ence of 325 uM SDF-1« and ubiquitin.

Statistics—Data are expressed as mean * S.E. of # indepen-
dent experiments that were performed on different days. Dif-
ferences between the various cell culture conditions were com-
pared using Student’s ¢ test or analyses of variance with Tukey
post test to control for multiple testing. A two-tailed p < 0.05
was considered significant. Data were analyzed using GraphPad
Prism 5 software.
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RESULTS

Receptor Selectivity of Ubiquitin—To delineate whether
ubiquitin and SDF-1« also share CXCR7 as a common recep-
tor, we transfected human HEK293 cells with HA-tagged
CXCR4 and CXCR?7 expression vectors. To confirm expression
of the chemokine receptors after transfection, whole cell
extracts were analyzed by Western blotting with anti-HA. We
detected the expected pattern of bands after transfection of the
cells with the receptor cDNA clones, as compared with cells
that were transfected with the empty vector (Fig. 14). The mul-
tiple bands that were detectable can be likely attributed to the
heterogeneity of receptor species that are generated by differ-
ential glycosylation in the Golgi apparatus (31). The band
at ~37 kDa in cells transfected with CXCR7 may represent
unprocessed receptor or a proteolytically processed fragment
not observed with CXCR4. Nevertheless, the most abundant
CXCR7 species, which likely represents a fully processed recep-
tor, runs as a broad band at ~50 kDa. This is slightly larger than
the most abundant CXCR4 species, which runs as a broad band
at ~48 kDa. This difference is consistent with their predicted
and modestly different molecular masses. Flow cytometry anal-
yses then documented that HA-tagged CXCR4 and CXCR7
were expressed on the cell surface (Fig. 1B). FITC-ubiquitin
binding studies showed increased specific FITC-ubiquitin
binding after transfection with CXCR4 (Fig. 1C). FITC-ubiqui-
tin binding to cells transfected with CXCR7 was indistinguish-
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FIGURE 3. CXCR4-induced protein kinase phosphorylation. Western blot analyses of MAPK phosphorylation after stimulation of THP-1 cells with ubiquitin
and SDF-1a. A, phospho-ERK1/2. B, phospho-Akt. C, phospho-RSK1. Left panels, cells were pretreated with or without AMD3100 and stimulated with 1 um
ubiquitin or SDF-1a for 10 min at 37 °C. Center panels, time course of MAPK phosphorylations after stimulation of cells with 1 um ubiquitin or SDF-1a. Right
panels, quantification of the chemiluminescence signals after cell stimulation as in B. White bars, SDF-1a stimulation. Gray bars, ubiquitin stimulation, n = 5-10.

*, p < 0.05 versus unstimulated cells.

able from binding to cells transfected with the empty vector.
Quantification of the specific FITC-ubiquitin binding signal
showed a 3.3-fold increase in cells transfected with CXCR4
(Bmaxw 578 £ 63 RFU), as compared with cells transfected with
CXCR?7 or empty vector (B,,,,, 176 £ 18 RFU). Quantification
of CXCR4 cell surface expression by flow cytometry with an
anti-CXCR4 antibody (Fig. 1D) confirmed that the degree of
CXCR4 overexpression is reflected by a comparable increase
of the FITC-ubiquitin binding signal (mean RFU; cells trans-
fected with CXCR4, 1747 = 176; cells transfected with
CXCR7, empty vector or not transfected, 600 = 100; cells
stained with control antibody, 200 * 3). This demonstrates
that ubiquitin binding correlates to the number of receptors
expressed on the cell surface and suggests that ubiquitin
does not bind to CXCR?7.

CXCR4-induced Protein Kinase Phosphorylation—We have
shown previously that CXCR4 activation with both agonists
results in comparable effects on intracellular Ca®>" flux and
cAMP levels in THP-1 cells (13). To further compare subse-
quent signal transduction events after ubiquitin and SDF-1«
activation of CXCR4, we performed a screening of the phos-
phorylation status of numerous protein kinases and function-
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ally related molecules after CXCR4 stimulation of THP-1 cells
utilizing a membrane-based proteome array. A typical image of
the array membranes and densitometric quantification of the
spot densities from four independent experiments are shown in
Fig. 2. Although there was considerable variation among the
individual experiments for some of the protein kinases, ubiqui-
tin and/or SDF-la stimulation (1 wM, 10 min) consistently
increased the density of the spots corresponding to phosphor-
ylated ERK1/2, RSK1, and Akt, as compared with untreated
cells. Therefore, we selected these protein kinases to determine
the effects of both CXCR4 agonists on their phosphorylation
status by Western blotting (Fig. 3). Pretreatment of the cells
with the selective CXCR4 antagonist AMD3100 prevented the
increase in phosphorylation of ERK1/2, Akt, and RSK1 after
ubiquitin and SDF-1a stimulation and confirmed that these
effects are mediated through CXCR4 (Fig. 3, left panels). Mea-
surements of the time progression of the phosphorylation sta-
tus of these protein kinases then showed that CXCR4 activation
with both ligands results in a comparable increase in phosphor-
ylation. With ubiquitin activation, increased phosphorylation
occurred transiently and declined within 30 min. In contrast,
increased phosphorylation was sustained for 30 min with
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SDE-1a activation (Fig. 3, center and right panels), suggesting
differential signaling properties of both ligands.

CXCR4-induced Chemotaxis—The regulation of cell traffick-
ing is considered as a key function of the SDF-1ca/CXCR4 axis.
Therefore, we used the chemotactic response of THP-1 cells as
a functionally relevant read-out for CXCR4 agonist activity of
ubiquitin. As shown in Fig. 44, THP-1 cells migrated dose
dependently toward ubiquitin in filter migration assays. When
compared with SDF-1a, cell migration toward ubiquitin was
detectable at similar concentrations. However, the chemotactic
index at concentrations that induced maximal cell migration
was lower with ubiquitin (chemotactic index, 4.2 = 0.9 with
ubiquitin versus 7.1 * 1.4 with SDF-1e; p < 0.05). Induction of
cell migration by ubiquitin and SDF-1«a required a concentra-
tion gradient and AMD3100 prevented cell migration (Fig. 4B).
This suggests that both molecules possess chemotactic activity,
which is mediated through CXCR4. The finding that a SDF-1«
concentration gradient induced a chemotactic response in the
presence of ubiquitin, whereas a ubiquitin concentration gradi-
ent did not produce chemotactic movements in the presence of
SDEF-1a (Fig. 4B), is consistent with the weaker chemotactic
activity of ubiquitin that we determined in the dose-response
experiments.

Ubiquitin Is a CXCR4 Agonist That Does Not Affect HIV-1
Infection—SDF-1a and AMD3100 have been shown to reduce
X4 tropic HIV-1 entry into the cell (32-35). Therefore, we
tested whether ubiquitin also reduces infectivity of X4 tropic
HIV-1 in vitro utilizing the MAGI (29). In this assay, P4.R5
MAGI cells (HeLa CD4-LTR/B-gal indicator cells), which
express CXCR4, C-C chemokine receptor type 5, and CD4 on
the cell surface and are stably transformed with -galctosidase
under the control of the HIV-1 long terminal repeat promoter,
are employed to assess viral infectivity. To confirm that ubiqui-
tin functions as a CXCR4 agonist in P4.R5 MAGI cells, we first
determined the CXCR4 binding properties of ubiquitin and
confirmed its biological activity (Fig. 5, A—D). Saturation bind-
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ing experiments with FITC-ubiquitin at 4 °C documented typ-
ical receptor binding characteristics (Fig. 54). The determined
K, from saturation binding experiments was 156 = 27 nm. Con-
sistent with ubiquitin binding to CXCR4, we detected that
native ubiquitin and the CXCR4 antagonist AMD3100 com-
peted with FITC-ubiquitin for receptor binding (Fig. 5B). Next,
we compared CXCR4 agonist activity of SDF-1a and ubiquitin
using intracellular Ca®" flux and cellular cAMP levels as read-
outs for typical Ga; responses. As shown in Fig. 5C, stimulation
of P4.R5 MAGI cells with ubiquitin and SDF-1a dose-depen-
dently promoted intracellular Ca®>" fluxes. Although SDF-1a
induced a stronger Ca®>" response than ubiquitin at a supra-
physiological concentration (1.16 um), the abilities of ubiquitin
and SDF-1a to promote Ca*>™ fluxes were comparable at lower
concentrations. Pretreatment of P4.R5 cells with AMD3100
inhibited ubiquitin and SDF-1a promoted Ca®* fluxes (Fig. 5C,
bottom panels). Similarly, ubiquitin and SDF-1a stimulation
reduced cellular cAMP levels in forskolin-treated P4.R5 MAGI
cells and this effect could also be inhibited with AMD3100 (Fig.
5D). However, when P4.R5 MAGI cells were infected with X4
tropic HIV-1 R9, AMD3100 and SDF-1a reduced HIV-1 infec-
tivity, whereas ubiquitin did not (Fig. 64). AMD3100 and ubiq-
uitin did not affect infectivity of R5 tropic (C-C chemokine
receptor type 5) using HIV-1 R9Bal (control, Fig. 6B). Infectivity
assays with pseudotyped X4 (HXB2) and R5 (JRFL) tropic viri-
ons showed identical results (not shown). These findings dem-
onstrate that in contrast to SDF-1«;, ubiquitin is a CXCR4 ago-
nist that fails to block X4 tropic HIV-1 entry into the cell.
Ubiquitin-CXCR4 Interaction—The differential effects of
ubiquitin and SDF-1a on protein kinase phosphorylation and
HIV-1 infectivity suggested that both ligands may function
through distinct interactions on CXCR4. As NMR studies pro-
vided direct evidence for the interaction of SDF-1a with the
N-terminal domain of CXCR4 (25), we assessed whether ubiq-
uitin also interacts with the N-terminal CXCR4-(1-38) peptide
using NMR spectroscopy (Fig. 7, A and B). Two-dimensional
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'H-'*N heteronuclear single quantum coherence NMR exper-
iments provide atom-specific information and are sensitive to
micromolar or weaker interactions. In contrast to SDF-1q,
ubiquitin did not induce chemical shift changes of CXCR4-(1-
38). ®N-'H heteronuclear nuclear Overhauser effect values
further indicated that CXCR4-(1-38) is disordered and does
not adopt a stable secondary or tertiary structure in the pres-
ence of ubiquitin (data not shown), suggesting that ubiquitin
lacks a physicochemical interaction with the N-terminal pep-
tide of CXCR4.

To confirm this observation, we then evaluated whether anti-
bodies directed against the N-terminal domain (CXCR4-(1-

33472 JOURNAL OF BIOLOGICAL CHEMISTRY

14)) or ECL2/3 (CXCR4-(176-293)) of CXCR4 interfere with
FITC-ubiquitin binding to THP-1 cells. Anti-CXCR4-(176—
293) was used because ECL2/3 of CXCR4 are known to be
important for binding of SDF-1acand AMD3100 (36, 37). FACS
analyses documented that both antibodies bind to the cell sur-
face of THP-1 cells (not shown). When cells were labeled with
anti-CXCR4-(1-14), subsequent FITC-ubiquitin binding was
comparable with unlabeled cells (Fig. 7C). In contrast, in cells
labeled with anti-CXCR4-(176-293), the binding of FITC-
ubiquitin was reduced by more than 60% when assessed in
FITC-ubiquitin binding assays (Fig. 7C, left panel) and by more
than 80% when assessed by FACS analyses (Fig. 7C, right panel).
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These data confirmed our observations from NMR spectros-
copy experiments and further suggested that blocking ECL2/3
of CXCR4 with anti-CXCR4-(176 —293) prevents FITC-ubiqui-
tin binding. Therefore, we next performed competition binding
experiments to assess whether both antibodies may also inter-
fere with the binding of SDF-1a and AMD3100 to CXCR4. In
these experiments cells were coincubated with the antibodies
and ligands for 15 min at 4 °C to prevent receptor internaliza-
tion during coincubation with SDF-1a and ubiquitin. Antibody
binding to the cell surface was then quantified by FACS analy-
ses using FITC-labeled secondary antibodies (Fig. 7D). Binding
of anti-CXCR4-(1-14) to the cell surface of THP-1 cells was not
affected by ubiquitin and reduced by SDF-1a. Binding of anti-
CXCR4-(176 -293) was reduced when coincubated with either
ubiquitin or SDF-1a. Similar to ubiquitin, the CXCR4 antago-
nist AMD3100 did not interfere with the binding of anti-
CXCR4-(1-14) to THP-1 cells and reduced the binding of
anti-CXCR4-(176 -293).

To determine whether both antibodies also interfere with
CXCR4-mediated signaling upon stimulation with ubiquitin
and SDF-1a, we tested whether labeling of THP-1 cells with
either antibody influences effects of ubiquitin and SDF-1« on
cAMP levels in forskolin-stimulated THP-1 cells (Fig. 7E).
Anti-CXCR4-(1-14) did not affect reduction of intracellular
cAMP levels by ubiquitin, whereas anti-CXCR4-(176 —293) was
able to prevent this effect. Both antibodies partially attenuated
SDF-1a-induced reduction of cAMP levels in parallel
experiments.

DISCUSSION

In the present study, we demonstrate that extracellular ubiq-
uitin binds to and signals via CXCR4 through a unique binding
mechanism, independent of the N-terminal domain of CXCR4.
Our findings define ubiquitin as a CXCR4 agonist, which does
not interfere with productive cellular entry of HIV-1. Further-
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more, we provide evidence that ubiquitin and SDF-1« display
distinct receptor selectivity.

Chemokine receptors belong to the G protein-coupled
receptor superfamily, promote Ca®" flux, reduce cAMP levels,
and share >20% sequence identity (38). In general, chemokine
receptors and their ligands are highly promiscuous, being able
to bind multiple receptors/ligands (15, 38). The currently
known endogenous CXCR4 ligands are SDF-1«, macrophage
migration inhibitory factor, and ubiquitin (13, 15, 24, 38, 39).
Although SDF-la also binds to CXCR7 (24), macrophage
migration inhibitory factor has also been reported as a ligand of
CD74/invariant chain and CXCR2 (39, 40). As ubiquitin recep-
tor binding could not be increased when CXCR7 was overex-
pressed on the cell surface of HEK293 cells, these findings sug-
gest that ubiquitin and SDF-1« do not share CXCR7 as another
common receptor. This implies that the natural CXCR4 ligands
fulfill, in part, specific biological functions through their actions
on distinct cell surface receptors.

The affinity of ubiquitin for CXCR4 that we determined from
saturation binding experiments in P4.R5 cells in the present
study is consistent with its affinity that we reported previously
utilizing THP-1 cells and primary human monocytes (13, 14).
Comparison of cellular Ge; responses in P4.R5 MAGI cells and
chemotactic movements of THP-1 cells upon exposure to ubiq-
uitin and SDF-1¢, and inhibition of these effects by AMD3100,
further confirmed CXCR4 agonist activity of ubiquitin (13-15).

Our finding that SDF-1a and ubiquitin displayed chemotac-
tic activity at concentrations between 0.1 and 10 nm is in agree-
ment with the wide range of SDF-1a concentrations that have
been reported to induce chemotactic movements previously
(41, 42). This range of concentrations corresponds to the affin-
ity of SDF-1a for CXCR4 (K,: 1.5-24 nm), which has been
reported in studies with human peripheral blood monocytes,
T-cells, and T-cell lines (39, 43—46). However, this range of
concentrations is 10 —1000-fold below the affinity of ubiquitin
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for CXCR4, which we determined previously in THP-1 cells
(13). This suggests that occupancy of only a small fraction of
receptors by ubiquitin evokes a cellular response. Such a dose-
response relationship has been described for other G protein-

coupled receptors, which showed half-maximal and maximal
responses at receptor occupancies of 0.13 and 0.8%, respec-
tively (47, 48). In addition, our finding corresponds to the pre-
vious observation that intramuscular injection of ubiquitin led
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to the accumulation of large numbers of lymphocytes without
inducing cytotoxic effects in the C2C12 myoblast cell line (49),
which resembles the effects of SDF-1a after subcutaneous
injection (50).

Although CXCR4-mediated downstream signaling events
upon SDF-1a stimulation have been previously studied in var-
ious cell types, ubiquitin-induced cell signaling events are
largely unknown. Side-by-side comparison of MAPK phosphor-
ylations after ubiquitin and SDF-1« stimulation of THP-1 cells
showed that both ligands produced similar patterns in a mem-
brane array and confirmed phosphorylation of ERK-1/2,
RSK-1, and Akt in response to CXCR4 activation (51-54). The
similarity of CXCR4-mediated signaling events upon activation
with both ligands argues against biased agonism directed sig-
naling, also referred to as functional selectivity, of CXCR4 (55,
56). However, given that MAPK phosphorylations occurred
more transiently after activation of CXCR4 with ubiquitin and
that ubiquitin induced weaker chemotactic responses than
SDF-1a, SDF-1a appears to be a more efficacious CXCR4 ago-
nist than ubiquitin.

In contrast to the subtle differences in strength of signal of
CXCR4-mediated signaling events upon stimulation of cells
with ubiquitin and SDF-1a and the CXCR4-mediated chemot-
actic activity of both ligands, HIV-1 infectivity studies demon-
strated the inability of ubiquitin to interfere with the productive
cellular entry of X4 tropic virus. This finding provided initial
evidence that ubiquitin does not resemble all SDF-1« effects on
CXCR4 and suggested that the mechanism of ubiquitin binding
to CXCR4 is distinct from SDF-1a.

The interaction between chemokines and their receptors,
including CXCR4 and SDF-1¢, is thought to follow a two-site
binding model (25, 36, 57— 61). In this model, the N terminus of
the chemokine receptor is important for initial binding of the
ligand. Interactions of the ligand with ECL2/3 and transmem-
brane regions of the receptor are then required to elicit the
activation signal. Although complete details of the SDF-1a:
CXCR4 interface remain to be determined, the NMR structure
of a soluble complex between dimeric SDF-1a and a CXCR4
fragment defined specific binding determinants in the receptor
N terminus (42). In the present study, NMR spectroscopy
experiments with an N-terminal CXCR4-(1-38) peptide,
receptor binding, and signaling studies in the presence of anti-
bodies against the CXCR4 N terminus and ECL2/3 provided
multiple layers of evidence that the interaction between ubiq-
uitin and CXCR4 is independent of the N terminus of the
receptor.

Ligand-specific CXCR4 Interactions

It has been reported that AMD3100 binds to only three acidic
anchor-point residues located in transmembrane regions IV,
VI, and VII of CXCR4, which form the main ligand binding
pocket (37). Furthermore, AMD3100 was able to displace the N
terminus of SDF-1a from the receptor without displacing the
SDF-1a core domain from the CXCR4 N terminus (60). Our
finding that AMD3100 displaced ubiquitin from CXCR4 in
P4.R5 cells is consistent with previous observations that
SDF-1a and AMD3100 also displaced ubiquitin from CXCR4
in THP-1 cells (13). Furthermore, anti-ECL2/3 inhibited ubiq-
uitin binding to CXCR4, interfered with ubiquitin and SDF-1«
induced CXCR4 signaling, and anti-CXCR4 ECL2/3 binding to
the cell surface was reduced in the presence of ubiquitin, SDF-
la, and AMD3100. This suggests that ECL2/3 and adjacent
transmembrane domains of CXCR4 contain important binding
sites that are required for its interaction with all ligands. This
further implies that the CXCR4 binding site for ubiquitin is
probably in close proximity to the binding sites of SDF-1a and
AMD3100.

Previous studies suggested that cellular entry of X4 tropic
HIV-1 and the interaction between CXCR4 and HIV-1 glyco-
protein gp120 depend on the CXCR4 N terminus and ECL2/3
(36, 58, 62). Interestingly, studies with SDF-la analogues
showed that the ability of SDF-1a to block HIV-1 entry does not
depend on its signaling properties (58), which are due to inter-
actions with ECL2/3. This indicates that the N-terminal recep-
tor domain is of importance for the anti-HIV-1 effect of SDF-1«
and may explain the inability of ubiquitin to affect HIV-1 entry.
On the other hand, AMD3100 does not bind to the N terminus
of the receptor but displays anti-HIV-1 activity. Thus, the ubiq-
uitin binding site in the ECL2/3 domain of CXCR4 is probably
not identical with the binding sites for AMD3100, and unlikely
to interfere with the HIV-1 contact sites in the ECL2/3 region.
SDF-1a binding to CXCR4 is followed by a rapid agonist
induced internalization of the receptor-ligand complex, which
does not occur after AMD3100 binding to CXCR4 (63). Reduc-
tion of the number of available CXCR4 cell surface receptors by
SDF-1a has been proposed to be another component of its anti-
HIV-1 activity (64). Thus, the lack of anti-HIV-1 activity of
ubiquitin could also correspond to reduced receptor internal-
ization or enhanced recycling of CXCR4 to the cell surface after
ubiquitin binding. Further studies are required to address these
hypotheses.

Conclusively, our data suggest a novel binding mechanism of
a natural ligand of CXCR4. Despite distinct receptor binding
mechanisms of SDF-1a and ubiquitin, our findings imply that

FIGURE 7. The ubiquitin CXCR4 interaction is independent of the N-terminal receptor domain. A, ubiquitin does not bind CXCR4-(1-38). ">°N-"H hetero-
nuclear single quantum coherence of 250 um [U-'>N]JCXCR4-(1-38) in the absence (black) and presence (gray) of 325 um SDF-1a (left) or ubiquitin (right); the
chemical shift of CXCR4-(1-38) residues change in the presence of SDF-1q, whereas they are unperturbed by ubiquitin. B, combined 'H/"*N shift perturbations
of SDF1« (top) and ubiquitin (bottom) plotted as a function of the CXCR4-(1-38) residue. Tyr-7 and Thr-8 were not present at the end of titration with SDF-1«
dueto line broadening. Shift changes for Pro-27 were not measured because it does not contain an amide proton. C, FITC-ubiquitin binding (1.16 um) to THP-1
cells after labeling of cells with anti-CXCR4-(1-14), anti-CXCR4-(176 -293), or anti-IgG. Gray bars (left y axis), RFU from ubiquitin binding assays. Open bars (right
y axis), mean RFU from FACS analyses. Ub, ubiquitin, 30 um. Data are expressed as % of the RFU after incubation with FITC-ubiquitin alone (=100%);n = 3.*,p <
0.05 versus cells incubated with FITC-ubiquitin alone. D, THP-1 cells were coincubated with each of the CXCR4 ligands (116 nm for ubiquitin (light gray bars) and
SDF-1a (dark gray bars), 10 um for AMD3100 (open bars)) and anti-CXCR4-(1-14) or anti-CXCR4-(176-293) at 4 °C. Antibody binding was detected by FACS and
mean RFU (% of max) were quantified; n = 3. Data are expressed as % of the RFU after incubation with antibody alone. *, p < 0.05 versus cells after incubation
with antibody alone. £, cAMP levels in forskolin (5 wm)-treated THP-1 cells 15 min after ubiquitin or SDF-1« (116 nwm) stimulation in the presence or absence of
anti-CXCR4-(1-14), anti-CXCR4-(176-293), or anti-lgG, n = 3. Data are expressed as % of untreated cells (=100%). White bars, cells were incubated with
antibodies alone. Light gray bars, coincubations with antibodies and ubiquitin. Dark gray bars, coincubations with antibodies and SDF-1a. *, p < 0.05 versus
untreated cells.
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stimulation of CXCR4 with ubiquitin and SDF-1a« is coupled to
the same intracellular signaling pathways and results in compa-
rable effects on cell function. Although the findings of the
present study exclude ubiquitin as an anti-HIV-1 agent, they
support the notion that the anti-inflammatory and organ pro-
tective effects of SDF-1a, the SDF-1a peptide analog CTCE-
0214, and ubiquitin, which have been observed after adminis-
tration in various models of infectious and noninfectious
inflammation (5-11, 65— 68), have a common molecular basis.
These data further support the concept that endogenous extra-
cellular ubiquitin may function to limit exuberant inflamma-
tion induced by damage-associated molecular pattern mole-
cules (3, 69, 70). Besides providing new mechanistic insights
into the biology of CXCR4-mediated cellular events, our find-
ings have implications for the development of novel anti-in-
flammatory compounds, which may either target the signaling
pathways that are activated after CXCR4 stimulation or ago-
nist-specific CXCR4 binding sites.
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