


RESEARCH RESOURCE

the in situ concentration of biomolecules, which can be achieved by in-
ducing the display of biomolecules at the extracellular face of the plasma
membrane that were previously confined elsewhere inside cells. However, it
is challenging to mediate this type of translocation by simple molecular
diffusion because of membrane boundaries between cellular compartments.
Alternatively, biomolecules initially contained inside the lumen of the Golgi
can be delivered to the plasma membrane and displayed at its outer surface
upon binding to a protein present at secretory vesicles (/9) (Fig. 1A). To
test this, we used the process of chemically inducible dimerization (20),
through which a chemical dimerizer, such as rapamycin, induces the forma-
tion of a complex of two different proteins, such as FK-506-binding protein
(FKBP) and FKBP-rapamycin-binding protein (FRB) (21).

We first prepared a series of dimerization proteins: an FKBP protein
fused to one of three different Golgi-targeting sequences (giantin, glucosyl-
ceramide synthase, and TGN38) (1, 9, 22), as well as an FRB protein fused
to one of two different plasma membrane—targeting sequences, in this case,
the N-terminal sequence of the kinase Lyn and C-terminal CAAX motif of
K-Ras protein (23). We then introduced a pair of these FKBP and FRB fu-
sion proteins into cells to monitor the location of FKBP proteins before and
after the addition of rapamycin (fig. S1). Of all of the combinations tested,
FKBP fused to yellow fluorescent protein (YFP), the transmembrane domain
of giantin, and a Myc tag (FYG-Myc), together with FRB, fused to red fluo-
rescent protein (mCherry), and the CAAX motif of K-Ras (RCh-CAAX)
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Fig. 1. DISplay, a chemically induced, cell surface engineering technique. (A) Schematic presentation of
the DISplay technique. Upon addition of rapamycin, a transmembrane protein at the Golgi (FKBP
fusion) traps another protein that cycles between the plasma membrane (PM) and Golgi (FRB fusion).
The dimerized complex then travels to the plasma membrane by vesicular trafficking. See the Supplemen-
tary Materials for the detailed mechanisms. (B) Schematic representation of the FKBP- and FRB-based
fusion constructs (FYG-Myc and RCh-CAAX). (C) Fluorescence micrographs of Hel a cells transfected with

demonstrated translocation of FKBP proteins from the Golgi to plasma
membrane after the addition of rapamycin (Fig. 1B and Supplementary Text).
The observed translocation was not a result of a side effect of rapamycin,
because the addition of rapamycin to cells missing either one of the dimer-
ization components did not lead to translocation of FKBP to the plasma
membrane (fig. S2). The rapamycin-dependent accumulation of FYG-
Myc at the plasma membrane was detected as early as 15 min after the ad-
dition of rapamycin (Fig. 1C) and reached a maximum within 60 min (fig.
S3 and movie S1). Subsequent immunostaining of transfected HeLa cells
with antibody specific for Myc without permeabilizing cell membranes
confirmed that the C terminus of FYG-Myc was extracellularly exposed
(Fig. 1D). This result is consistent with the topology of giantin as a type II
transmembrane protein (9). This dimerization strategy was readily gener-
alized, because we also achieved equally efficient cell surface display in
experiments with different cell types, such as COS-7, NIH3T3, and MDCK
cells (fig. S4), or through the use of a different chemical dimerizer, such as
gibberellin and its binding proteins, gibberellin insensitive (GAI) and gibber-
ellin insensitive dwarf 1 (GID1) (24) (fig. SS5). We coined the term DISplay
technique for dimerization-induced surface display.

Characterization of the DISplay mechanism

Next, we determined the translocation mechanism behind the DISplay tech-
nique. We first confirmed that the observed cell surface display of FYG-
Myc was not because of damaged organellar
membranes (fig. S6). In support of the in-
volvement of vesicular trafficking in the
DISplay technique, rapamycin-dependent
dimerization of FKBP and FRB resulted in
the formation of intracellular vesicles (figs.
S7 and S8). To test whether the conventional
secretory pathway mediated the translo-
cation process, we repeated the dimerization
experiment in the presence of pharmaco-
logical inhibitors of Golgi-mediated protein
transport, such as brefeldin A (BFA) and
monensin (25, 26). Whereas neither drug
blocked rapamycin-induced dimerization of
the fusion proteins, the cell surface display of
the fusion protein was markedly impaired
(figs. S9 and S10 and Supplementary Text).
We observed a similar block in membrane
translocation of the fusion of FYG-Myc and
RCh-CAAX when the experiment was per-
formed at 4°C (fig. S11). In addition, the
K-Ras CAAX tail was essential for the trans-
location of FYG-Myc to the cell surface (fig.
S12). These results suggest that translocation
of the heterodimerized complex through the
conventional secretory pathway was at least
partially involved in the display process. This
was somewhat unexpected, because full-length
K-Ras is reportedly delivered to the plasma
membrane through an unconventional se-
cretory pathway (27).
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plasmids encoding FYG-Myc (green) and RCh-CAAX (magenta). Images were captured before [Rapa (-)]

and 60 min after [Rapa (+)] treatment with 200 nM rapamycin (Rapa). (D) Hela cells transfected with
plasmids encoding FYG-Myc (green) and RCh-CAAX were left untreated or were treated with rapamycin
for 60 min before being incubated with an anti-Myc antibody (magenta) and analyzed by fluorescence
microscopy. Scale bars, 30 um. Images in (C) are representative of five independent experiments, and

images in (D) are representative of three independent experiments.

Presenting small molecules at
the cell surface with DISplay

‘We next explored the ability of the DISplay
technique to present small molecules at the
cell surface by constructing a fusion protein
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of FKBP, giantin, and a SNAP tag (FG-SNAP). The SNAP tag enables the
covalent labeling of a protein of interest with O°-benzylguanine derivatives
(28). After adding rapamycin to cells expressing FG-SNAP and RCh-CAAX,
we treated the cells with membrane-impermeant O°-benzylguanine conju-
gated to the fluorescent molecule Alexa Fluor 488 (SNAP-Surface 488)
(fig. S13A) (29). We observed the green fluorescence of SNAP-Surface 488
at the plasma membrane of cells only in the presence of rapamycin (fig. S13B),
suggesting that FG-SNAP was present at the cell surface. In theory, a long
list of commercially available SNAP tag molecules should be presentable at
the cell surface with this approach.

Presenting a PS-binding domain at cell surface with DISplay
Finally, we used the DISplay technique to rapidly reconstitute a cellular func-
tion, namely, phagocytosis. Although HeLa cells internalize particles when

the particle size, shape, and surface chemistry meet strict criteria (30, 31),
they are not professional phagocytic cells. This prompted us to explore a
synthetic approach to render HeLa cells into phagocytes of apoptotic cells.
Phagocytosis is composed of several processes, including recognition, bind-
ing, and tethering, as well as internalization of the target cell (/7). The first
step is primarily achieved by an MFG-ES (16), which binds to PS exposed
on the surface of target apoptotic cells through its C-terminal C2 domain.
Through an Arg-Gly-Asp (RGD) motif in the EGF domain, MFG-E8 also
binds to the integrin o3, which is present on the surface of phagocytes,
such as macrophages (18), thus serving as a bridge between the two cells.
That is, PS lipids serve as an “eat me” signal on the surface of apoptotic
cells, whereas integrin-bound MFG-E8 serves as an “eat you” counterpart
on the cell surface of macrophages. For engulfiment of cells, this initial inter-
action between PS, MFG-ES, and integrin ayf; needs to coincide with
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] Fig. 2. Rapidly induced display of the C2 domain of MFG-E8 at the cell surface stimu-
Rapamycin  + - * s lates binding to apoptotic cells. (A) Schematic presentation of an engineered Hela cell
Apoptosis  + e — + bound to an apoptotic Jurkat cell through the interaction between the C2 domain of

(n=35) (n=35) (n=35) (n=25) MFG-E8 displayed on the surface of the HelLa cell and PS on the surface of the Jurkat

cell. (B) Hel a cells transfected with plasmid encoding RCh-CAAX and with plasmids
encoding either FYG-C2 or FYG-Myc (green) were left untreated or were treated with 200 nM rapamycin for 60 min before being incubated for 3 hours
with either apoptotic or live Jurkat cells labeled with CellTracker Red (magenta). Cells were then analyzed by fluorescence microscopy to examine cell-cell
adherence. Color bars indicate arbitrary fluorescence intensities for YFP (green) and CellTracker Red (magenta). Scale bars, 20 um. Data are represent-
ative of the analysis of 25 to 35 cells from two independent experiments. (C) Scatter plots from the adhesion assays described in (B). *P < 0.05 by Mann-
Whitney U test. Each of the symbols used corresponds to the indicated experimental condition. Horizontal lines indicate the average score.
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tethering to the target cell through the plasma membrane protein Tim4 and
its downstream effectors (17).

We first tested whether the interaction between PS and the C2 domain
was sufficient for HeLa cells to phagocytose apoptotic cells (Fig. 2A). We
constructed a fusion protein consisting of FKBP, YFP, the giantin trans-
membrane domain, and the C2 domain of MFG-E8 (FYG-C2), and this
was coexpressed with RCh-CAAX in transfected HeLa cells. We found that
FYG-C2 was localized to Golgi in these cells, as expected (figs. S14 and
S15). We also observed the translocation of FYG-C2 to the plasma mem-
brane in response to rapamycin (figs. S14 and S15), which indicated that the
C2 domain was displayed at the cell surface. We then added Jurkat cells that
we had previously confirmed to be apoptotic (fig. S16). Before the addition
of rapamycin, only 25% (9 of 35) of HeLa cells that were transfected with
plasmid encoding FYG-C2 bound to the apoptotic Jurkat cells (Fig. 2, B and
C). In contrast, in the presence of rapamycin, there was a statistically signif-
icant increase in the percentage of HeLa cells that bound to the apoptotic
cells (63%, 22 of 35 cells, P < 0.005 by Mann-Whitney U test; Fig. 2, B and
C, and fig. S17). When we repeated the experiment by adding nonapoptotic
Jurkat cells instead of apoptotic cells, there was little binding of HeLa cells

Fig. 3. The rapidly induced display of the C2 domain of MFG-E8 at the cell
surface coupled with the activation of intracellular Rac1 stimulates the engulf-
ment of apoptotic cells. (A) Hela cells transfected with plasmids encoding
cyan fluorescent protein (CFP)Rac1 (CA), FRB-CFP-CAAX (RCh-CAAX),
and either FYG-C2 or FYG-Myc were left untreated or were treated with
200 nM rapamycin for 60 min and then were incubated for 12 hours in
the presence of CellTracker Red-labeled apoptotic or live Jurkat cells before
being analyzed by fluorescence microscopy. Signals from CFP, YFP, and
CellTracker Red are presented in cyan, green, and magenta, respectively.
Scale bars, 20 um. Right: micrographs are y-z plane images of the merged
fluorescence. The numbers of cells engulfed versus those analyzed are
shown. Statistical analysis is summarized in Table 1 and table S1. (B) Mag-

(21%, 7 of 34 cells; Fig. 2, B and C). In another control, we expressed FYG-
Myc instead of FYG-C2 in the HeLa cells, and we did not observe binding
of the HeLa cells to the apoptotic Jurkat cells (Fig. 2, B and C). The extent of
the attachment of FYG-C2—expressing HeLa cells to apoptotic cells was
comparable to that exhibited by RAW264.7 cells, a mouse macrophage
cell line. In the absence of MFG-ES, 13 of 156 RAW264.7 cells (8%) bound
to apoptotic Jurkat cells, whereas in the presence of MFG-E8, 48 of 109
RAW264.7 cells (44%) bound to the apoptotic cells (fig. S18). Notably,
HelLa cells displaying FYG-C2 did not engulf the apoptotic Jurkat cells de-
spite binding to the target cells, which suggests that cell-cell interactions
alone were insufficient for the engulfment of target cells.

Inducing cell engulfment through Rac activation

The small guanosine triphosphatase (GTPase) Rac reorganizes the actin
cytoskeleton and plays a key role in the internalization of apoptotic cells
(32). Therefore, we repeated the C2 DISplay assay in the presence of active
Rac. This was achieved by expressing a constitutively active form of Rac,
Rac (CA), in HeLa or COS-7 cells. The effect of Rac (CA) on actin polymer-
ization at the cell periphery was confirmed by confocal microscopy (fig. S19).

nified view of an engulfed Jurkat cell indicated by the white square in (A).
Right and bottom micrographs indicate y-z and x-z plane images, respec-
tively. White dotted lines indicate the cell periphery of the Hel a cells. Images
in (A) and (B) are representative of at least 51 cells from two independent
experiments. Scale bar, 4 um. (C) Representative fluorescence images of
COS-7 cells (cyan) with engulfed apoptotic cells (magenta) shown in three
confocal planes (x-y, x-z, and y-2). The COS-7 cells were transfected with plas-
mids encoding CFP-Rac1 (CA), FRB-CFP-CAAX (RCh-CAAX), and FYG-C2;
treated with 200 nM rapamycin for 60 min; and incubated for 12 hours in the
presence of apoptotic Jurkat cells labeled with CellTracker Red. Images in (C)
are representative of 54 cells from two independent experiments. Statistical
analysis is summarized in tables S2 and S3. Scale bar, 20 um.
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