|BC ARTICLE

L))

Check for
updates

Introducing inducible fluorescent split cholesterol oxidase to

mammalian cells

Received for publication, October 3, 2016, and in revised form, April 5, 2017 Published, Papers in Press, April 7,2017, DOI 10.1074/jbcM116.761718

Konstantin G. Chernov*, Maarit Neuvonen®', Ivonne Brock®",

Elina Ikonen®"'?, and ©® Vladislav V. Verkhusha*!' >

From the *Department of Biochemistry and Developmental Biology and SDepartment of Anatomy, Faculty of Medlcme University
of Helsinki, Helsinki 00290, Finland, *Minerva Foundation Institute for Medical Research, Helsinki 00290, Finland, and' Department
of Anatomy and Structural Biology, Albert Einstein College of Medicine, Bronx, New York 10461

Edited by George M. Carman

Cholesterol oxidase (COase) is a bacterial enzyme catalyzing
the first step in the biodegradation of cholesterol. COase is an
important biotechnological tool for clinical diagnostics and pro-
duction of steroid drugs and insecticides. It is also used for
tracking intracellular cholesterol; however, its utility is limited
by the lack of an efficient temporal control of its activity. To
overcome this we have developed a regulatable fragment com-
plementation system for COase cloned from Chromobacterium
sp. The enzyme was split into two moieties that were fused to
FKBP (FK506-binding protein) and FRB (rapamycin-binding
domain) pair and split GFP fragments. The addition of rapa-
mycin reconstituted a fluorescent enzyme, termed split GFP-
COase, the fluorescence level of which correlated with its oxida-
tion activity. A rapid decrease of cellular cholesterol induced by
intracellular expression of the split GFP-COase promoted the
dissociation of a cholesterol biosensor D4H from the plasma
membrane. The process was reversible as upon rapamycin
removal, the split GFP-COase fluorescence was lost, and cellular
cholesterol levels returned to normal. These data demonstrate
that the split GFP-COase provides a novel tool to manipulate
cholesterol in mammalian cells.

Cholesterol is an essential component of the eukaryotic cell
plasma membrane and is critical for its structural integrity (1).
It is derived either exogenously or synthesized endogenously in
the endoplasmic reticulum (ER).* A continuous flow of cholesterol
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from the ER to the plasma membrane (PM) results in an intracel-
lular gradient of cholesterol with the majority of cholesterol (60—
70%) localized in the PM (2). In the PM, cholesterol is able to
associate with saturated phospholipids and sphingolipids, forming
membrane nanodomains (3). These structures, called lipid rafts,
are enriched e.g in signal transduction molecules (4).

Several compounds such as statins, filipin, and cyclodextrins
can be used to manipulate cellular cholesterol. Statins inhibit
the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) reductase, the rate-limiting enzyme of cholesterol bio-
synthesis (5). Filipin is a cholesterol-binding fluorescent
antibiotic that permeabilizes membranes (6). Cyclodextrins
form soluble complexes with cholesterol and can be used to
extract cholesterol from or deliver cholesterol to membranes
(7). Another commonly used method to manipulate cholesterol
levels is treatment of cells with cholesterol oxidase (COase) (8).
This enzyme also has multiple biotechnological applications,
including clinical diagnostics of cholesterol content and pro-
duction of sterol drugs and insecticides (9).

Bacteria produce COases to utilize cholesterol for their
energy metabolism, which is initiated by a multistep oxidation
reaction. First, the FAD cofactor accepts hydride from choles-
terol. Then the reduced flavin reacts with dioxygen to generate
peroxide and re-oxidizes the enzyme. Finally, oxidized choles-
terol isomerizes to a final product, cholest-4en-3-one (10).
Cholesterol oxidases bind to FAD either non-covalently (class
1) or covalently (class 2). Classes differ in the kinetics of the
oxidation reaction, class 2 being faster than class 1 (11). Both
classes are described as being composed of two functional
domains: the FAD-binding domain and the cholesterol-binding
domain. Topologically they can also be considered as single do-
main proteins as the polypeptide chain meanders back and forth.
The class 1 enzymes possess the typical Rossman fold found in
nucleotide-binding proteins (12). The class 2 enzymes belong to
the vanillyl-alcohol oxidase family (13, 14). In both classes FAD
and cholesterol are buried from the solvent inside the enzyme,
although the nature of the binding pockets is different (10).

The effect of COase on the cell membrane is profound, as it
rapidly converts membrane cholesterol to cholestenone. In
cholestenone, the initial hydroxyl group is converted to a keto
group that has limited capacity for hydrogen bonding with
other plasma membrane components. This increases the flip-
flop rate of cholestenone that is in the order of magnitude
higher than that for cholesterol (15). COase treatment also
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decreases membrane order because of cholesterol lowering and
the disordering effect of cholestenone. Raft disruption leads to
a spontaneous clustering of death factor Fas, formation of Fas-
FADD complexes, activation of caspase-8, and apoptosis (16).
An additional cytotoxic effect is caused by peroxide that
increases the intracellular reactive oxygen species level (17).
Despite that, a lysosome-targeted COase has been reported to
attenuate the cytotoxicity of 7-ketocholesterol in human fibro-
blasts (18). Thus, COase activity influences multiple cellular
processes.

Reconstitution of enzymatic activity through the noncova-
lent association of complementing fragments has been widely
used to monitor dynamic protein-protein interactions (PPI)
and to discover drugs modifying them (19). Development of
split GFP and other fluorescent proteins enabled the visualiza-
tion of PPI in a wide variety of organisms (20). Recently, a split
horseradish peroxidase was developed to detect PPI in the
extracellular space for studying communication between dif-
ferent cell types (21). Beyond that, complementing fragments
are used in chemically induced dimerizers to restore enzymatic
activity and trigger biological responses. In this case one frag-
ment of an enzyme is fused with FRB (rapamycin-binding
domain of kinase mammalian target of rapamycin) and the
other with FKBP (FK506-binding protein), which form a pair
upon the addition of rapamycin, reconstituting the functional
enzyme (22, 23). For example, split Cre and Cas9 nucleases are
versatile tools for genome editing and transcriptional regula-
tion (24—26). Split ubiquitin and tobacco etch virus protease are
broadly used to regulate protein degradation and apoptosis (27,
28). Additionally, splitting may increase spatiotemporal precision
of enzymatic reactions and make them tissue-specific (24, 29).

In this study we engineered a rapamycin-inducible fluores-
cent cholesterol oxidase from Chromobacterium sp. DS-1 (split
GFP-COase) that belongs to class 2 of COase enzymes (13, 30).
Induction by rapamycin allows temporal control over COase
activity and rapidly leads to an efficient reduction of intracellu-
lar cholesterol. After rapamycin removal, the cells loose the
holoenzyme expression and recover their cholesterol levels. We
propose this drug-inducible split GFP-COase as a new tool to
manipulate the cellular cholesterol content and gain insights
into cholesterol-dependent proteins and cholesterol-related
cell pathologies.

Results
Engineering of split GFP-COase enzyme

COase from Chromobacterium sp. strain DS-1 is composed
of 21 a-helices and 20 B-strands that form four structural
domains (13). We used two approaches to find successful sites
for the split of the COase. Assuming that protein domains fold
independently, we decided on three split sites that would sepa-
rate entire domains and may complement in restoring enzy-
matic activity (Fig. 14). Our second approach was to split
COease in the loops with maximum flexibility. We chose several
loop regions with maximal temperature B-factor that reflects
their maximal mobility (Fig. 14) (13). Presumably, splitting at
these sites should preserve a-helices and B-sheets as well as
bind to FAD and cholesterol.
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Figure 1. Structure of COase and mapping of putative split sites. A, sche-
matic diagram of cholesterol oxidase domain structure and positions of split
sites. Split sites that separate domains are shown as green squares, and sites
located in the loops are shown as red circles. B, cholesterol oxidase structure
(PDB ID: 3JS8) generated with PyMol software. The range of B-factor values is
shown with a color scale from blue to red, where red corresponds to the most
disordered regions, and blue corresponds to most ordered regions. The black
arrows depict the split sites; the corresponding amino acid number is
indicated.

We first tested the activity of split COase in bacteria, co-ex-
pressing both fragments from a single plasmid. To induce com-
plementation of the separated N- and C-terminal fragments,
they were fused to coils with oppositely charged amino acid
residues (named E-coil and K-coil). These coils electrostatically
interact with each other with high affinity (31) and bring COase
fragments together, restoring their enzymatic activity. COase
activity in bacterial extracts was detected for the constructs
split at positions 75, 95,415, and 485 (Fig. 2A4). Notably, all these
splits located in close proximity to N-terminal or C-terminal
ends of the protein. The most active split at the position 485 had
a 20-fold lower enzymatic activity than the full-length enzyme.
The remaining active constructs (splits at positions 75, 95, and
415) were even less active. This result was expected because split-
ting may decrease solubility and destabilize protein structure.
Importantly, no enzymatic activity was detected when only one
COase part was expressed in the cells (data not shown).

We further tested four splits with maximum activity (75, 95,
415, 485) in mammalian cells. For this purpose we fused the
N-terminal COase part with FRB and the respective C-terminal
part with membrane-targeted FKBP constructs (Fig. 2B).
COase activity was only detected in splits 75 and 95, whereas
splits 415 and 485 were inactive in HeLa cell lysates (Fig. 2C).
COase activity in splits 75 and 95, however, was detected even
in the absence of rapamycin (Fig. 2C).
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Figure 2. Reconstitution and evaluation of the split COase constructs. A, reconstitution of split COase from E-coil and K-coil fusion constructs expressed in
bacteria. Split constructs 75, 95, 415, and 485 had the highest initial reaction rates and were chosen for further evaluation in HeLa cells. F//, full-length COase;
Mut, COase H63A mutant. Error bars, S.D. (n = 3). B, schematic diagram of the FRB and FKBP fusion constructs for the splits 75, 95,415, and 485. C, COase activity
of FRB and FKBP fusion constructs expressed in HelLa cells. Only splits 75 and 95 possessed activity. Error bars, S.D. (n = 3). a.u., arbitrary units. Schematic diagram
(D) and COase activity (E) of rapamycin-inducible split EGFP-COase expressed in Hela cells. Error bars, S.D. (n = 3).

Detection of COase activity in living mammalian cells
requires incubation of cells with dichlorofluorescin diacetate,
which does not react directly with peroxide but with hydroxyl
radicals generated by the Fenton reaction (32). Therefore,
dichlorofluorescin diacetate-dependent fluorescence reflects
the release of redox-active metals from lysosomes or cyto-
chrome ¢ from mitochondria rather than accumulation of per-
oxide. A better detection method would involve the co-trans-
fection of cells with HyPer peroxidase biosensor (33), but this
biosensor is very pH-sensitive, posing another drawback.

To avoid these obstacles, we decided to monitor COase activ-
ity by generating chimera of the COase fragments fused to split-
halves of a fluorescent protein (FP). Consequently, fusion of the
COase fragments would induce fluorescence and allow the
detection of cells expressing the active COase by microscopy
and cell sorting. Thus, we fused the COase parts with rapa-
mycin-inducible split EGFP constructs (Fig. 2D). The addition
of EGFP parts only slightly decreased the enzymatic activity of
both 75 and 95 splits. More importantly, the fusion of the EGFP
parts to split 95 abolished background activity in the absence of
rapamycin (Fig. 2E). This effect might be explained by the lower
amount of expressed protein and increased solubility of the
chimeric constructs. In conclusion, the split 95 COase frag-
ments (split-EGFP COase) generated the most promising com-
bination to allow efficient control of COase enzymatic activity
by rapamycin induction.

SASBMB

To investigate the kinetics of split-EGFP COase reconstitu-
tion in living HeLa cells, we induced cells continuously with
rapamycin and analyzed them by flow cytometry. Unexpect-
edly, the EGFP signal was barely detected by flow cytometry and
was too dim to be detected by fluorescence microscopy (Fig. 3,
A and B). This is explained by the very low amount of reconsti-
tuted split-EGFP COase as shown in Fig. 3C.

To increase construct brightness, we replaced parts of EGFP
with the corresponding fragments of super-folder GFP (sfGFP)
(Fig. 3A), which has been shown to fold very efficiently with a
high chromophore formation rate (34). However, a split sStGFP
construct gave a strong fluorescent signal even in the absence of
rapamycin due to spontaneous self-association of the comple-
menting fragments (Fig. 3B). This self-association was elimi-
nated by using a pair that contained the N-terminal fragment of
sfGFP and C-terminal fragment of EGFP (Fig. 3, A and B). This
construct, termed split GFP-COase, possessed the same
brightness as stGFP after 4 h of continuous induction but was
practically undetectable in the absence of rapamycin (0 h) (Fig.
3, Band C). Both the protein amount of the complemented split
GFP-COase chimera and its COase activity increased linearly
after induction, reflecting a constant rate of protein synthesis
(Fig. 4, A-C). Finally, we compared the enzymatic activity of
split GFP-COase with full-length EGFP-COase. The specific
activity (ratio of resorufin to GFP fluorescence) of split GFP-
COase was about half that of the full-length enzyme (Fig. 4D).
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Figure 3. Fluorescent properties of split cholesterol oxidase in cultured cells. A, schematic diagram of constructs. B and C, flow cytometry analysis of
transfected Hela cells incubated continuously with rapamycin. Shown are mean cell brightness (B) and total amount of complemented protein (C). Error bars,

S.D. a.u., arbitrary units. (n = 3).

Intracellular distribution and activity of split GFP-COase

We next studied the intracellular distribution of split COase
in transfected HeLa cells after 2 and 4 h of rapamycin induction.
Split GFP-COase was rather uniformly distributed over the
cytoplasm and was not detected in the nucleus, in contrast to
split EGFP control that was found in both cytoplasm and
nucleus (Fig. 5, A and B). The absence of cytoplasmic aggrega-
tion suggested correct folding of the protein. Exclusion of split
GFP-COase from the nucleus indicated that the chimeric pro-
tein exceeds the diffusion limit of nuclear pores.

To determine the amount of oxidized cholesterol, we stained
rapamycin-induced cells with filipin. This fluorescent antibi-
otic detects both plasma membrane and endomembrane pools
of cholesterol and allows their quantification in fixed cells (35).
Upon the induction of split GFP-COase, filipin largely disap-
peared from the plasma membrane region within 2 h, whereas
intracellular accumulation still remained intense (Fig. 54). This
remaining signal corresponded to ~40% of filipin intensity
compared with control cells expressing split EGFP (Fig. 5C).
Within 4 h of induction, filipin almost totally disappeared from
cells with the highest level of split GFP-COase expression (Fig.
5B), with the average remaining signal being ~20% (Fig. 5C).
Because the binding of filipin to residual cholesterol can be
blocked by some membrane components (36), we confirmed
this finding by biochemical cholesterol determination. We
sorted cells expressing split GFP-COase using FACS and
extracted lipids and analyzed them by thin layer chromatogra-

8814 J Biol. Chem. (2017) 292(21) 8811-8822

phy (TLC). This verified that the cholesterol amount of the
COase-expressing cells was about half that in split-EGFP trans-
fected or non-transfected cells after 2 h of rapamycin induction
(Fig. 5D; supplemental Fig. S1). To assess if intra-endo-
somal/lysosomal cholesterol is protected from oxidation, we
incubated split GFP-COase-expressing cells with U18666A, an
inhibitor of the late endosomal cholesterol transporter NPC1
(37). This resulted in a filipin-staining pattern typical of storage
lysosomes (Fig. 5E) and elevated filipin intensity compared with
control split GFP-COase-expressing cells (Fig. 5F). This sug-
gests that the enzyme did not access intra-endosomal/lyso-
somal cholesterol.

Split GFP-COase promotes apoptosis

The accumulation of cholestenone is highly toxic to cells and
organisms (38). In most cells lipids are distributed asymmetri-
cally in the plasma membrane, with phosphatidylserine found
in the inner leaflet of the plasma membrane (39). Upon induc-
tion of apoptosis, phosphatidylserine becomes translocated to
the outer surface of the membrane and exposed to annexin V
(40). To assess the effect of cholesterol oxidation on phosphati-
dylserine exposure, we stained split GFP-COase-expressing
CHO cells with annexin V and propidium iodide (41). Cells
expressing split GFP-COase showed a time-dependent increase
in the fraction of annexin V- and propidium iodide-positive
cells compared to control split EGFP cells (Fig. 6). These results
suggest that COase expression changes membrane asymmetry

SASBMB

/T0Z ‘ST Jqusdeq uo IUEJqﬂ BUIDIPB A JO [00YdS NAN /ﬁJO'Oq fMN\M//dllL| wioJj papeojumoqg


http://www.jbc.org/cgi/content/full/M116.761718/DC1
http://www.jbc.org/

Split cholesterol oxidase

A B

—0O=—split GFP-COase —0O=—split GFP-COase

5x10"

S
8
1,4x10° <
-~ X
5 1,2x10° 2 ’ o)
S 4x10"
2 1,0x10°; 3 /
Q 5 4
£ 8,0x10°* g 3x107
£ I
2 " % :
5 6,0x10%; 2 2x10';
8 4,010 S )
N ° 2 1x10%4
8 20x10'] /@/ e O/
0,0 . : : . g o= : : :
0 1 2 3 4 z 0 1 2 3 4
rapamycin time (hours) E rapamycin time (hours)

C D

5 | =O—split GFP-COase
2,5x10° 804 j
S 2,0x10° E
s 8 0
Z 1,5x10° ,g
3 g 401 !
5 ©
; 1,0x10° 9 -
© ©
8 5,0x10' g %
0,0 ; ; , . -
0 1 3 3 ) O~ EGFP- split GFP-

- - COase COase
rapamycin time (hours)
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(n = 3). C, measurement of COase activity in cell extracts. Error bars, S.D. (n = 3). D, comparison of activity of non-split EGFP-COase and split GFP-COase. HeLa
cells were transfected for 4 h (EGFP-COase) or induced continuously with rapamycin for 4 h after 24 h transfection (split GFP-COase). Samples were analyzed by
flow cytometry, and activity was measured in cell extracts. Bars represent COase activity divided by total amount of complemented protein. Error bars, S.D. a.u.,
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split EGFP ili split EGFP
100-X3

& 80+

2z
% 604

split GFP- et split GFP- £
COase COase £ 401
54 i 20-
0,

01 2 3 4
time (hours)

D E F
split EGFP filipin
S
{1004 8 1004
= Q 9
S 804 © = 804
Z 35 z
S Z
60 2 60
H + 5%
S 40 s < 401
2 o =
5 20+ = i 20
0- B 0
Q/OQQ $®®° $@0° N - + + rapamycin
NN - - + U18666A
) <

I ——
split GFP-COase

Figure 5. Effect of cholesterol oxidase on cholesterol levels in HeLa cells. A and B, images of split EGFP or split GFP-COase expressing Hela cells induced
with rapamycin for 2 h (A) or 4 h (B) and stained with filipin are shown. C, quantification of filipin staining for split GFP-COase expressing HeLa cells. A total of
70-136 cells for each time point were analyzed. Data show the mean = S.E. for three independent experiments. D, measurement of cholesterol content in
FACS-sorted split GFP-COase expressing HelLa cells by TLC. Data show the mean =+ S.D. from two independent experiments. £, HelLa cells were transfected with
split EGFP and split GFP-COase constructs for 16 h in the presence of 2 ug/ml U18666A and induced for 2 h with rapamycin. F, quantification of filipin staining
for split GFP-COase expressing Hela cells with and without U18666A treatment. Intensities were normalized to the value of the non-induced sample (defined
as 100%).

U

§ASBMB J. Biol. Chem. (2017) 292(21) 8811-8822 8815

A

/TOZ ‘8T queoeq uo AriqiaupipsiA 4o |00YydS NAN e /B10°oq [ mmmy/:dny wol papeojumoq


http://www.jbc.org/

Split cholesterol oxidase

rapa Oh

Pl

B
, 141 —o— split GFP-COase
split EGFP 12
10
v :
3 8 |
2 6 ‘
]
split GFP-COase g 4 i
< 2
0

o
N
EN
(]
©

Annexin V

time (hours)

Figure 6. Analysis of apoptosis induced by split GFP-COase. A, CHO cells expressing split EGFP or split GFP-COase were induced with rapamycin (rapa),
stained with annexin V and propidium iodide, and subjected to flow cytometry analysis. Pl, propidium iodide. B, quantification of data from three independent

experiments. Error bars, S.D. (n = 3).

and enhances apoptosis over time. The precise mechanism(s)
involved remains to be elucidated, but the rapid flip-flop and
membrane-disordering effects of cholestenone (15) may con-
tribute to phosphatidylserine translocation.

Recovery of cellular cholesterol after short induction of split
GFP-COase

Analysis of split GFP-COase showed that it rapidly and effi-
ciently reduces cellular cholesterol in a few hours after induc-
tion. The longer the COase is active, the more cells become
apoptotic. To evaluate the potential recovery of cholesterol lev-
els after a short oxidation by split GFP-COase, we pulsed trans-
fected HeLa cells with rapamycin for 30 min, washed it out, and
then continued cultivation in the absence of the drug. The
intensity of the green signal of split GFP-COase increased rap-
idly and linearly reached its maximum at 2 h, followed by an
exponential decrease. The calculated half-life time of split GFP-
COase complex was 6 h (Fig. 7A). For control cells expressing
split EGFP the mean cell brightness was ~5-fold higher than
for split GFP-COase-expressing cells (Fig. 7B). In addition,
the intensity of the green signal of split EGFP increased and
decreased more slowly than of the split GFP-COase. The
half-life time of split EGFP was 12 h, i.e. double that of split
GFP-COase (Fig. 7B).

These findings suggested that the GFP-COase complex is
less stable than the EGFP complex, and the formation of the
GFP-COase complex might destabilize the enzyme. Conse-
quently, this property might allow cells to restore their choles-
terol level once split GFP-COase dissociates and/or is degraded
in the cells. To investigate this hypothesis, we followed the cho-
lesterol levels of HeLa cells after short rapamycin induction of
the split GFP-COase by filipin staining. We observed a rapid
decrease of filipin staining already at 2 h after the rapamycin
pulse that correlated with the formation of the GFP-COase
complex and the increase in green fluorescence (Fig. 7C). Fili-
pin intensity was minimal between 2 and 6 h. After 6 h, the
filipin signal started to gradually recover, reaching half of the
initial level at 24 h and a full recovery at 48 h of chase. This
corresponded to almost total disappearance of green fluores-
cence (Fig. 7, A-D). These data indicate that a short pulse of
rapamycin causes rapid cholesterol oxidation within few hours,
whereas replenishment of cholesterol levels is a slower process.
Notably, the transfected cells remained viable until the end of
the experiment and restored their cholesterol content (Fig. 7D).

8816 . Biol. Chem. (2017) 292(21) 8811-8822

To study the mechanisms by which the cells regain choles-
terol, we performed the chase after short split GFP-COase
induction in DMEM with 5% lipoprotein-deficient serum
(LPDS). Under these conditions, cells rely on endogenous syn-
thesis for their cholesterol supply. We found that in LPDS
medium, cells replenished ~75% of the cholesterol based on
filipin intensity (Fig. 7C). This implies that cells rely both on de
novo cholesterol synthesis and lipoprotein cholesterol uptake in
regaining cholesterol. We also noted that upon adding statin
during the recovery from split GFP-COase expression, most of
the cells actually died, implicating the necessity of cholesterol
synthesis during recovery. Accordingly, the active cleaved form
of the major transcriptional regulator sterol regulatory ele-
ment-binding protein 2 (SREBP-2) was increased upon split
GFP-COase expression (supplemental Figs. S2, A and B). The
kinetics of SREBP-2 cleavage indicated that the maximal
amount of the active form of SREBP-2 accumulated between 2
and 4 h of split GFP-COase induction (supplemental Fig. S2C).
To study whether the cleaved SREBP-2 activates transcription
of genes involved in cholesterol metabolism, we analyzed the
kinetics of mRNA expression of two representative SREBP-2
gene targets, i.e. low density lipoprotein receptor and HMG
CoA reductase. We found that the transcripts were up-regu-
lated upon induction of split GFP-COase and SREBP-2 activa-
tion (supplemental Fig. S2D), with low density lipoprotein
receptor mRNA showing a more substantial effect. The modest
up-regulation of HMG CoA reductase mRNA may be accom-
panied by post transcriptional regulation of the enzyme, con-
tributing to increasing cholesterol synthesis.

Split GFP-COase induces translocation of a cholesterol
biosensor

Because filipin staining cannot distinguish between choles-
terol residing in the cytosolic versus exofacial/luminal leaflets
of the plasma membrane, we analyzed the localization of
mCherry-D4H cholesterol biosensor. This probe has been
reported to recognize cholesterol in the cytosolic leaflet of the
plasma membrane and to dissociate upon cholesterol extrac-
tion and perturbation of its trafficking (42). Moreover, D4H did
not have affinity for cholestenone (supplemental Fig. S3). Con-
sistent with Maekawa et al. (42), mCherry-D4H mainly local-
ized at the plasma membrane of CHO cells, whereas in HeLa
cells there were also some cytoplasmic mCherry-D4H aggre-
gates (Fig. 84). When split GFP-COase was induced, we
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Figure 7.Reduction of split GFP-COase green fluorescence and recovery of cholesterol levels after rapamycin removal. Hela cells expressing split
GFP-COase were induced with rapamycin for 30 min, washed, and incubated in cultured medium for the indicated times. A and B, flow cytometry
analysis of split GFP-COase (A)- and split EGFP (B)-expressing cells. Error bars, S.D. (n = 3). C, measurement of filipin intensity in split GFP-COase- and
control (split EGFP)-expressing cells. Filipin intensity in split GFP-COase-expressing cells after 48 h of recovery in 5% LPDS medium is shown for
comparison. A total of 50-60 cells were analyzed for each time point. Data show the mean = S.E. for three independent experiments. Intensities were
normalized to the value of the non-induced sample (defined as 100%). D, images of split GFP-COase-expressing Hela cells induced with rapamycin. For
imaging, the split GFP encoding plasmids were cotransfected with mCherry to identify transfected cells when GFP expression decreased. a.u., arbitrary

units.

observed translocation of mCherry-D4H from the plasma
membrane to intracellular aggregates within 8 h in most cells
(Fig. 8, A-C). After COase induction, the cells gradually
changed their morphology and became more rounded. Disso-
ciation of mCherry-D4H suggested that prolonged COase
treatment effectively oxidizes cholesterol in the cytoplasmic
leaflet of the plasma membrane. This in turn may result in the
perturbation of actin cytoskeleton and altered cell morphology.

Discussion

Engineering of split GFP-COase included selection of active
split enzyme variants in bacteria followed by their testing and
further optimization in mammalian cells to make them induc-
ible and easily detectable. To date, only Chromobacterium sp.
DS-1 COase demonstrated ultimate stability in organic sol-
vents, detergents, and at high temperatures (30). It has an iso-
electric point of 8.6 and possesses high positive electrostatic
surface potential that increases its affinity toward negatively
charged membranes. Additionally, its activity in mammalian
cells is reported (18), providing an additional justification for
choosing this enzyme. The best splitting strategy generates sep-
arate fragments containing isolated domains that are correctly
folded and functional by themselves, as in the classical two-

SASBMB

hybrid system. COase consists of four structural domains (Fig.
1A); however, splitting between them failed to produce active
fragments, probably because they were misfolded. Splitting in
loops with maximal mobility resulted in several fragments that
were active in bacterial extracts (Fig. 24). This strategy was
also successful in generating split ubiquitin, GFP, and DHFR
(43-45).

COase contains a large central water filled cavity and a chan-
nel that connects it with the surface (13). This channel serves as
an entrance for substrate and molecular oxygen to the active
site (14). The cavity consists of two oppositely charged areas
bound to a cofactor and a substrate. Negatively charged phos-
phate groups of FAD bind to a positively charged part of the
cavity, whereas a cholesterol molecule interacts with a polar
part near the channel entry (Fig. 9). The FAD is deeply buried
inside the protein structure, and movement in positions 75 and
95 allows cofactor entry into the cavity. Splitting at position 75
(or 95) removes the N-terminal part that covers the cavity
together with His-63, which makes a covalent bond with the
cofactor. In the remaining C-terminal fragment, FAD is totally
exposed to water and cannot reside in COase, whereas a cho-
lesterol-binding pocket remains intact (Fig. 9). Splitting at posi-
tion 485 also opens a substrate-binding cavity, leaving the FAD
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Figure 8. Split GFP-COase oxidizes cholesterol in the cytosolic leaflet of the plasma membrane. A, images of HeLa and CHO cells co-transfected with
Cherry-D4H and split EGFP or split GFP-COase and induced continuously with rapamycin (rapa). B and C, evaluation of Cherry-D4H localization at the plasma
membrane. A total of 100 cells from three independent experiments were analyzed. Data show the mean = S.E.

Figure 9. Schematic presentation of split COase structure. Split position
95 is indicated with an arrow, the N-terminal fragment of split COase is shown
in blue, and the C-terminal fragment is in green. An FAD molecule was present
in the original structure (PDB ID: 3JS8), and a cholesterol molecule was
inserted using PyMol software. FAD is located in the center, and cholesterol is
located in the upper left corner of the cavity. These two molecules are shown
as spheres with carbon in gray, oxygen in red, nitrogen in blue, and phospho-
rus in yellow. Reacting hydroxyl groups of cholesterol and N5 atom of FAD are
indicated in close proximity. Residues Glu-255 and Arg-403, which are located
at adjacent B-stands and form the channel, are in magenta.

binding site intact; however, this construct was inactive in
mammalian cells, likely due to its low stability.

The addition of rapamycin brings the COase fragments close
together, resulting in the formation of the roof of the FAD-
binding cavity. In the reconstituted split COase, the FAD must
be covalently bound because full-length H63A COase mutant is
inactive (Fig. 24). Typically, the activity of split enzymes is on
the order of magnitude lower than full-length proteins. The
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activity of split GFP-COase is half of the full-length enzyme,
which also indicates formation of stabilizing covalent bond
with cofactor (Fig. 4D). The maximum of fluorescence signal
for split GFP-COase was obtained at 2 h, that corresponded to
the drop of filipin intensity. After that, the fluorescence of split
GFP-Coase exponentially decreased with a half-time of 6 h,
whereas the signal for split EGFP exhibited prolonged growth
and twice slower decay (Fig. 7, A and B). This indicates lower
stability of split GFP-COase compared with split EGFP. Similar
induction and degradation kinetics were observed for split
luciferase in live mice after single administration of rapamycin
(46).

Perhaps even faster degradation of split GFP-COase could be
achieved by fusing them with a destabilizing tag, named FRB*
(47). In the FRB*-FKBP system, a half-life of the fusion protein
was 2 h, which is 3-fold shorter than for split GFP-COase.
The FRB*-tagged protein was continuously degraded, which
resulted in a loss-of-function, whereas stabilization that
occurred only upon the addition of C20-methallylrapamycin
(C20-MaRap), an improved analogue of rapamycin. However,
the complete stabilization of tagged protein was obtained after
24 h, the time much longer than observed for split GFP-COase
activity.

Our system employs two separate vectors encoding the com-
plementing parts. The enzymatic activity of a single fusion pro-
tein containing the FRB and FKBP pairs can be significantly
higher than that of two separately expressed fragments (48).
However, single fusion-based enzymes often demonstrate a
high level of background activity in the absence of rapamycin.
In our system the fragments of the final split GFP-COase
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Table 1
A list of the plasmids designed in this study
Plasmid Vector backbone Promoter Insert

pRSFDuet-N-COase-C-COase pRSFDuet-1 T7 BamHI-N-COase-Sall-XhoI-C-COase-AvrIl
FRB-N-COase pC4-RHE CMV FRB-Xbal-N-COase-Spel
FKBP-C-COase pC4M-F2E CMV Xbal-2x FKBP-C-COase -Spel
N-EGFP-FRB-COase pcDNA3.1+ CMV Nhel-N-EGFP-BamHI-linker-FRB-CQase (1-96)-Xhol
C-COase-FKBP-C-EGFP pcDNA3.1+ CMV Nhel-COase (97-538)-FKBP-BamHI-C-EGFP-Xhol
N-sfGFP-FRB-COase(1-96) pcDNA3.1+ CMV N-sfGFP-BamHI-linker-FRB-COase (1-96)-Xhol
C-COase (97-538)-FKBP-C-sfGFP pcDNA3.1+ CMV Nhel-COase (97-538)-FKBP-BamHI-C-EGFP-Xhol

construct expressed separately show no enzymatic activity,
indicating that the affinity of the fragments in the absence of
rapamycin is negligible. Therefore, the complemented split
GFP-COase provides an easily measurable fluorescent readout
that correlates with COase activity.

Recombinant COase has been used to probe the cellular dis-
tribution of cholesterol (8). When added to cultured cells extra-
cellularly, purified COase oxidizes only about half of the cho-
lesterol in intact cells because it does not penetrate the cell
membrane (8, 17). We found a similar fraction of cholesterol
oxidized in HeLa cells expressing split GFP-COase, suggesting
that only cholesterol in the inner leaflet of the plasma mem-
brane was attacked by intracellular COase. The split GFP-
COase changes membrane organization and produces multiple
effects on cell metabolism and architecture. Previous findings
have revealed that both cholesterol depletion and peroxide gen-
eration are implicated in COase action (17). Cholesterol deple-
tion results in down-regulation of the Akt/PIK3 kinase path-
way, whereas elevation of reactive oxygen species up-regulates
BAX and increases the amount of released cytochrome c (16,
17,49). Notably, the oxidation product, cholestenone, produces
long-lasting defects in actin dynamics and cell mobility (15).
Moreover, cholesterol oxidation may indirectly affect cell
shape, e.g. via proteolysis of cytoskeletal elements induced by
apoptotic signaling (50).

Interestingly, expression of the lysosome-targeted COase
alleviated oxysterol cytotoxicity (18). Oxysterols accumulate in
lysosomes and cause membrane permeabilization and provoke
cell death in a concentration-dependent manner. Overex-
pression of lysosome-targeted COase was found to decrease
oxysterol-induced apoptosis, although the exact mechanism
of protection is unknown (18). Our observations show that
cytoplasmically expressed COase results in cellular choles-
terol reduction and plasma membrane cholesterol biosensor
translocation.

In summary, we have engineered the cytoplasmic rapa-
mycin-inducible split GFP-COase and characterized it bio-
chemically in vitro and functionally in mammalian cells. Short
expression of split GFP-COase is reversible and well tolerated
by mammalian cells. This new tool allows easy visualization of
cells expressing the active chimeric COase using microscopy
and flow cytometry and estimation of its enzymatic activity by
quantification of the fluorescence signal. In comparison to
other experimental methods of cholesterol depletion, split
GFP-COase acts more acutely than statins. Moreover, the split
GFP-COase acts exclusively from inside the cell, targeting the
cytoplasmic leaflet, as compared with cyclodextrins that also
act rapidly but target the exoplasmic leaflet. This is also the
major difference between split GFP-COase and extracellularly
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applied COase. Overall, our findings suggest that intracellu-
lar COase is a potent cellular regulator and that the inducible
split GFP-COase with improved temporal control of enzyme
activity may provide new insights into cholesterol-depen-
dent functions.

Experimental procedures
Design of plasmids

pC4-RHE and pC4M-F2E were obtained from Ariad Phar-
maceuticals. Split EGFP plasmids were obtained from S. Gamb-
hir (48). sfGFP fragments were amplified from sfGFP plasmids
provided by E. Snapp and by G. Waldo (54). Desired DNA
sequences were amplified with primers (Biomers), digested
with endonucleases (New England BioLabs) and ligated. Con-
structs were verified by sequencing. The designed plasmids are
summarized in Table 1.

Cholesterol oxidase assay in bacterial cells

Both N- and C-terminal parts of cholesterol oxidase were
co-expressed in Escherichia coli host BL21(DE3) upon over-
night induction with 0.5 mm isopropyl 1-thio-3-p-galactopyra-
noside. Cells from 20 ml of culture were collected and disrupted
in 1 ml of 1X PBS buffer, and 50 ul of clarified supernatant was
added to 1 ml of reaction buffer (50 mm sodium potassium
phosphate, 64 mm sodium cholate, 0.34% Triton X-100, 1.4 mm
4-aminoantipyrine, 21 mMm phenol, 0.89 mm cholesterol, and 5
units/ml horseradish peroxidase). Development of red color in
the assay mixture was tracked by monitoring the absorbance at
500 nm at 24 °C for 30 min.

Cholesterol oxidase assay in HeLa cell lysate

HeLa cells grown in DMEM complete medium supple-
mented with 1 units/ml of penicillin, 100 ug/ml streptomycin,
and 10% FBS were transfected with split constructs by the cal-
cium phosphate method (51) for 24 h and induced with 5 nm
rapamycin for the indicated times. Cells were washed 3 times
with PBS, cholesterol oxidase activity was assayed by the addi-
tion of reaction buffer (1X PBS, 0.5% Triton X-100, 0.1 mm
cholesterol, 20 uMm Amplex Red (fresh batch), 20 units/ml
catalase, 1 units/ml horseradish peroxidase), and cells were
incubated for 30 min at 37 °C. The addition of catalase to the
reaction buffer significantly reduced background signal. Fluo-
rescence of oxidation product resorufin (excitation/emission
maxima are at 570/585 nm, respectively) was measured on Vic-
tor X3 multilabel plate reader (PerkinElmer Life Sciences). To
compare the activity of full-length EGFP-COase with split GFP-
COase, resorufin fluorescence was divided by the total amount
of green signal.
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Filipin staining

HeLa cells grown in complete medium were seeded on glass
coverslips and transfected with split GFP-COase or split EGFP
constructs by calcium phosphate for 24 h (51) and induced with
5 nM rapamycin for the indicated times. The cells were fixed for
15 min with 4% paraformaldehyde in PBS, quenched with 50
mMm NH,Clin PBS for 10 min at room temperature, and stained
with filipin (500 wg/ml, Sigma) in PBS supplemented with 10%
FBS for 30 min at 37 °C. After washing with PBS, the cells were
mounted with Mowiol 4—88/Dabco (100 mg/ml), both from
Sigma.

Flow cytometry

Flow cytometry analysis of rapamycin-induced split protein
complementation was performed using Accuri C6 flow cytom-
eter (BD Biosciences) equipped with a 488-nm laser and a 533/
30-nm emission filter. Green cells were gated using a negative
control (0.9% of live cells in the gate). Mean fluorescence inten-
sity multiplied by a number of green cells gave an integrated
signal in the gate. Each time point was made in triplicate, and
minimum of 10* cells were analyzed per sample. The data were
analyzed using a CFlow v. 1.0.264.15 and OriginPro v. 8.6
software.

Fluorescence microscopy and quantification of fluorescence
intensity

Filipin and GFP were imaged using a Nikon Eclipse Ti-E
inverted microscope equipped with a Nikon Intensilight metal
arc light source and a 40 X 0.75 NA air objective lens (Plan-
Fluor, Nikon). mCherry-D4H imaging was performed using an
Olympus IX83 inverted epifluorescence microscope equipped
with a 200-watt metal halide arc lamp (Lumen 220PRO, Prior)
and a 100 X 1.35 NA oil immersion objective lens (UPlanSApo,
Olympus). Filipin and GFP intensities were quantified using FiJi
Image] software. Regions of interest were drawn manually, and
mean fluorescence intensities were measured. Average back-
ground mean intensities from two regions outside the cells
were subtracted from the values. Samples from at least two
independent experiments with 60-120 transfected cells per
time point were quantified. All the filipin intensities were nor-
malized to the value of the non-induced sample (defined as
100%).

Purification of GST-D4H

E. coli BL21 (DE3) cells harboring the GST-D4H plasmid
were grown in autoinduction medium (6 g/liter Na,HPO,, 3
g/liter KH,PO,, 10 g/liter NaCl, 20 g/liter Tryptone, 5 g/liter
yeast extract, 0.5 g/liter glucose, 2 g/liter lactose, 0.6% glycerol,
100 pg/ml carbenicillin) at 20 °C for 24 h (final A4y, = 5) (52).
Cells were collected by centrifugation and lysed using B-PER
(Pierce). GST-D4H was bound to glutathione-agarose (Mach-
erey-Nagel) and eluted with buffer (50 mm Tris-HCI, 5 mm
EDTA, 25 mMm glutathione). Protein fractions were dialyzed
against buffer (25 mm Hepes-KOH, 100 mm NaCl, 0.5 mm
EDTA, 1 mm DTT, pH 7.3).

8820 . Biol. Chem. (2017) 292(21) 8811-8822

Liposome preparation

Liposomes with various lipid compositions were prepared by
mixing the required amount of lipid stocks and drying them
under nitrogen gas and hydrating in the assay buffer (25 mm
Hepes-KOH, 100 mm NaCl, 0.5 mm EDTA, pH 7.3) followed by
ultrasound sonication.

Quantitative RT-PCR

Total RNA from HEK293 cells was extracted with the Nucle-
ospin RNA extraction kit (Macherey-Nagel), and cDNA was
synthesized from total RNA using ProtoScript 1II first strand
c¢DNA synthesis kit (New England BioLabs). PCR reactions
were performed using cDNA, LightCycler 480 SYBR Green I
master mix (Roche Applied Science), and the corresponding
primers (supplemental Table 1) in a LightCycler 480 system
(Roche Applied Science). Samples were heated for 5 min at
95 °C and amplified in 45 cycles of 10 s at 95 °C, 15 s at 64 °C,
and 20 s at 72 °C. Analyses were conducted using LightCycler
480 software, and the threshold cycle (CT) was extracted from
the PCR amplification plot. The ACT values were calculated to
evaluate the difference between the CT of a target gene and the
CT of the housekeeping gene SP-1, as follows: ACT = ACT
(target gene) — ACT (SP-1). mRNA expression level for each
data point was normalized to the corresponding level in split EGFP
expressing cells. All samples were analyzed in quadruplicate.

Liposome sedimentation assay

GST-D4H protein (0.2 mg/ml) was incubated with 1 mm
multilamellar vesicles for 20 min at 24 °C, and the mixture was
centrifuged at 100,000 X g for 30 min at 20 °C. Supernatants
and pellets were analyzed by 12% SDS-PAGE. The lipid
compositions (mol %) were as follows: POPE:DOPC, 60:40;
POPE:DOPC:cholesterol, 60:20:20; POPE:DOPC:cholestenone,
60:20:20.

mCherry-D4H distribution

HeLa and CHO cells were seeded on glass coverslips
and incubated with calcium phosphate-DNA complexes. The
mass ratio of split EGFP or split GFP-CQOase constructs per
mCherry-D4H construct with was 10:1. After 4 h of incubation,
CHO cells were briefly treated with 1 X PBS supplemented with
20% glycerol, media from both HeLa and CHO were replaced,
and cells were allowed to grow for 16 h. Cells were induced with
5 nM rapamycin continuously, fixed with 4% paraformaldehyde,
and mounted with UltraCruz mounting medium (Santa Cruz
Biotechnology).

Biochemical lipid analysis

Lipids were extracted according to Bligh and Dyer (53) and
separated by high performance thin layer chromatography
using hexane/diethyl ether/acetic acid (80:20:10) as the running
solvent. Lipids were visualized by dipping the TLC plate in 3%
CuSO,, 8% H,PO, and charring. Lipids were identified based
on standards, and the signal intensity was quantified using
Image] software.

Annexin V analysis

CHO cells were transfected with Turbofect (Thermo Scien-
tific) for 24 h on 12-well plates. Expression of chimeric con-
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struct was induced with 5 nm rapamycin. Cells were collected,
resuspended in 200 ul of binding buffer (10 mm Hepes-KOH,
150 mm NaCl, 1 mm MgCl,, 1.8 mm CaCl,,10 ug/ml propidium
iodide, pH 7.3), and incubated with 1 ul of annexin V-Cy5
(Abcam) for 5 min. A minimum of 10* cells were analyzed by
flow cytometry in red (excitation 488 nm, emission 585/40 nm)
and far red (excitation 640 nm, emission 675/25 nm) channels.
All experiments were performed in triplicate.
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