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ABSTRACT: Protein prenylation is a post-translational
modification that is responsible for membrane association
and protein—protein interactions. The oncogenic protein Ras,
which is prenylated, has been the subject of intense study in
the past 20 years as a therapeutic target. Several studies have
shown a correlation between neurodegenerative diseases
including Alzheimer’s disease and Parkinson’s disease and
protein prenylation. Here, a method for imaging and
quantification of the prenylome using microscopy and flow
cytometry is described. We show that metabolically incorpo-
rating an alkyne isoprenoid into mammalian cells, followed by
a Cu(I)-catalyzed alkyne azide cycloaddition reaction to a
fluorophore, allows for detection of prenylated proteins in
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several cell lines and that different cell types vary significantly in their levels of prenylated proteins. The addition of a
prenyltransferase inhibitor or the precursors to the native isoprenoid substrates lowers the levels of labeled prenylated proteins.
Finally, we demonstrate that there is a significantly higher (22%) level of prenylated proteins in a cellular model of compromised
autophagy as compared to normal cells, supporting the hypothesis of a potential involvement of protein prenylation in abrogated
autophagy. These results highlight the utility of total prenylome labeling for studies on the role of protein prenylation in various

diseases including aging-related disorders.

he post-translational modification known as protein

prenylation occurs on approximately 2% of all mammalian
proteins." Prenylation involves the covalent attachment of a
farnesyl or geranylgeranyl isoprenoid moiety to the cysteine
residue of proteins bearing a C-terminal CaaX box, where C is
cysteine, a is an aliphatic amino acid, and X is a residue that
determines whether the protein is farnesylated (by the enzyme
farnesyltransferase, FTase) or geranylgeranylated (by the
enzyme geranylgeranyltransferase type I, GGTase-I).” A third
form of prenylation involves digeranylgeranylation of Rab
proteins, catalyzed by geranylgeranyltransferase type II
(GGTase-II), at C-terminal sequences including CC, CXC,
and CCXX.” Protein prenylation has been the focus of
numerous studies since its discovery in the early 1990s due
to its connection with cancer, mainly through Ras proteins.
Members of the Ras family of proteins are naturally prenylated,
and mutated forms of Ras are involved in as many as 30% of all
human cancers.’ Inhibition of prenylation using farnesyltrans-
ferase inhibitors has been investigated clinically for anticancer
therapies, with limited success."”” Paradoxically, farnesyltrans-

-4 ACS Publications  © 2016 American Chemical Society

2820

ferase inhibitors have no effect on some patients, while they are
effective in others.”

In addition to the cancer association noted above,
prenylation inhibitors may be useful as therapeutic agents in
other diseases. Prenylated proteins have been shown to be
important for the progression of some viral and parasitic
diseases. A number of studies indicate the potential utility of
prenylation inhibitors against malaria, Chagas disease, and
hepatitis.*'* Protein prenylation has also been implicated in
neurodegenerative diseases. For example, the farnesylated
protein UCH-LI is linked to Parkinson’s disease, and inhibition
of farnesylation of this protein has been suggested as a possible
therapy for this disease.'' A potential connection to Alzheimer’s
disease (AD) has been revealed based on the finding that the
levels of farnesyl diphosphate (FPP) and geranylgeranyl
diphosphate (GGPP), which are substrates of prenyltransferase
enzymes, are elevated in the brains of AD patients.lz_14 In vitro,
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Figure 1. Workflow for the metabolic incorporation of an isoprenoid analog and subsequent derivatization with a fluorophore for monitoring the

global prenylome.

acute treatment of mouse brain slices with a statin enhanced
long-term potentiation (LTP) in the CAl region of the
hippocampus and LTP enhancement was shown to be caused
by FPP depletion and the inhibition of protein farnesylation."”
In vivo, chronic statin treatment rescued cognitive function in a
transgenic AD mouse model and improved learning and
memory in nontransgenic mice without affecting A and total
brain cholesterol levels.'® In aggregate, these results illustrate
why studies that seek to identify prenylated proteins and
quantify their levels are important.

In early work, prenylated proteins were identified via
experiments that monitored the incorporation of tritiated
forms of FPP, GGPP, or mevalonic acid.'” This approach
suffers from low intrinsic sensitivity requiring exposure times as
long as several months during autoradiography analysis."®
Additionally, efforts to use such experiments to quantify the
level of prenylated proteins are complicated by metabolic flux
of these substrates into other pathways including cholesterol
biosynthesis making fractionation prior to analysis a require-
ment."” Recently, Spielmann and co-workers have developed an
elegant mass spectrometric method to quantify prenylation, but
that approach requires extensive sample preparation to yield the
requisite prenylcysteine analytes.”” In 2004, Kho et al. reported
the use of farnesyl azide in metabolic labeling experiments to
identify prenylated proteins.”' In their work, cell culture was
performed in the presence of farnesyl azide followed by lysis
and subsequent Staudinger ligation with a biotin-containing
reagent. The resulting labeled proteins could be visualized via
Western blotting or identified using pull-down experiments.
Since that time, numerous groups have employed this approach
to label and identify prenylated proteins.””~>" Efforts to use
isoprenoid analogues that contain pre-existing reporter groups
have also been developed, but those methods each have distinct
limitations. Analogues containing biotin moieties are limited to
in vitro experiments and/or cell lines transfected with mutant
prenyltransferases,”® while those containing BODIPY groups
are only efficiently incorporated by GGTase 11>
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The development of the Cu-catalyzed alkyne azide cyclo-
addition reaction, CuAAC, has revolutionized metabolic
labeling. Since it is significantly faster than the Staudinger
ligation, it is much easier to obtain quantitative labeling.”” This
has also opened up the possibility of incorporating alkynes in
lieu of azides into alternative enzyme substrates. Since it is
generally agreed that lower levels of background labeling are
obtained when the detection reagent (the species in large
excess) is an azide, alkyne-containing substrate analogues have
become the norm for metabolic labeling.”**"

Accordingly, our group and others have previously reported
on the development of alkyne isoprenoid analogs®**~>* and
employed them for identification of prenylated proteins present
within cells.”>">*” Here, we extend the use of one of the
alkyne-containing analogs for imaging and quantification of the
global prenylome through the use of the CuAAC in situ (Figure
1). This method allows for the localization of prenylated
proteins to be visualized, with our results highlighting the
distribution of most of the labeled prenylated proteins in the
endoplasmic reticulum (ER). Extending the method to flow
cytometry, we show that relative quantification of the
prenylome in cells is possible and gives results similar to
those obtained via in-gel fluorescence analysis. This new
method, however, is more facile and less time-consuming
compared to in-gel fluorescence analysis. Importantly, the
method is applicable to a variety of cell types, including primary
astrocytes. Lastly, using a cellular model of compromised
autophagy (via siRNA-mediated knockdown of BECNI gene)
as a surrogate to study aging disorders, we show that the levels
of prenylated proteins are increased upon autophagy inhibition.
This may indicate the potential involvement of protein
prenylation in aging disorders such as AD and PD, as these
diseases have been shown to involve compromised and/or
deficient autophagy.”

B RESULTS AND DISCUSSION

Characterization of C15Alk Substrate. In earlier work,
we established that a diphosphate version of C15Alk (C15Alk-
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OPP, Figure S2) is an efficient substrate for yeast FTase and
human GGTase-I using in vitro spectrofluorimetric assays.>”
Similar experiments revealed that CISAIk-OPP is also a
substrate for rat FTase with a k./Ky value only 3.2-fold
lower relative to FPP (using N-dansyl-GCVLS as the
isoprenoid acceptor, Table S1, Figure S1). In addition, results
using combinatorial libraries and focused peptide libraries show
that rat FTase can use C15Alk-OPP to prenylate a wide range
of CaaX sequences.””*” Consistent with these in vitro results,
our group and others have demonstrated that C15Alk-OPP and
C15Alk become incorporated into a diverse range of
prenyltransferase substrate proteins in mammalian cells,
confirming that this analogue is a substrate for all three protein
prenyltransferases.”> >’ This latter point is important since it
underscores why C15Alk can be used to report on the total
level of prenylation.

For metabolic labeling of cells, the alcohol form of the analog
is often used owing to its better cell penetration kinetics
compared to the negatively charged diphosphate form. While
phosphorylation of farnesol and geranylgeraniol is not part of
the normal biosynthetic pathway for FPP and GGPP,
exogenously provided isoprenoid alcohols are readily converted
to the corresponding isoprenoid diphosphates inside cells by
alternative pathways and are used by prenyltransferase
enzymes.”’ We first sought to determine how well C15Alk is
incorporated compared to the natural isoprenoid, FPP, in
cultured cells. To study this, we examined the prenylation state
of H-Ras, a prototypical farnesylated protein, which can be
detected in processed (prenylated, proteolyzed and methy-
lated) and unprocessed forms using a Western blot. COS-1
cells were incubated with lovastatin, an HMG-CoA reductase
inhibitor, to deplete the endogenous isoprenoids in the cells;
Hohl and co-workers have previously noted that lovastatin
treatment of NIH 3T3 cells results in a substantial decrease in
cellular FPP and GGPP concentrations (69% and 77%,
respectively).”® Consequently, H-Ras prenylation is inhibited,
seen as processed H-Ras being reduced by approximately 45%
(Figure S3, lane 2) compared to approximately 90% processed
under normal conditions (Figure S3, lane 1). When farnesol
(FOH), the precursor to the native substrate FPP, was
administered along with lovastatin, H-Ras processing was
completely restored (Figure S3, lane 3) to the levels seen in the
negative control (Figure S3, lane 1). When lovastatin was given
in combination with C15Alk, H-Ras became approximately
70% processed (Figure S3, lanes S). Thus, while C15Alk does
not completely rescue H-Ras processing, it is clear that
significant amounts of C15Alk are metabolically incorporated,
suggesting that it is suitable for studies of prenylated proteins
involving intact cells.

Cellular Labeling and Imaging. We next set out to
determine if it was possible to use the CuAAC to fluorescently
label and visualize the distribution of alkyne-labeled prenylated
proteins in mammalian cells. HeLa cells were incubated with
C15Alk (10 uM) for 24 h, in the presence or absence of
overnight pretreatment with lovastatin (25 uM) followed by
fixation, permeabilization, and washing to remove unincorpo-
rated alkyne. Next, the CuAAC was performed in situ by adding
the reagents directly to the cells for 1 h together with 5-Fam-
PEG-Nj. The cells were then rinsed several times to remove
excess fluorescent reagent and imaged using confocal
microscopy. These experiments revealed a large amount of
cellular labeling (Figure 2B), with a higher degree of labeling
following pretreatment with lovastatin (Figure 2C). Impor-
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Figure 2. Imaging of prenylated proteins in mammalian cells via
confocal microscopy. This indicates that a majority of C15Alk-labeled
proteins localize in the endomembrane including the ER. Upon
metabolic labeling (specified for each panel), cells were fixed and
permeabilized. After several rinses, the cells were subjected to the
CuAAC for 1 h with 5-Fam-PEG-N; and imaged using a 60X
objective. The green channel shows prenylated proteins “clicked” to S-
Fam-PEG-N3, and the blue channel shows the cell nucleus stained with
Hoechst 34580. (A) Control reaction in which HeLa cells were treated
with DMSO only. (B) HeLa cells were treated with 10 uM C1S5Alk for
24 h in the absence of lovastatin pretreatment. (C—I) HeLa cells
treated overnight with 25 uM lovastatin, followed by 10 uM C15Alk
for 24 h. (E) Red channel showing staining of ER by ER Tracker Red.
(F) Overlay of images from D and E, along with nuclear stain (blue),
showing significant colocalization of the green fluorescence with the
ER. A zoomed in view of a region from this image is provided in
Figure S4. (H) Red channel showing staining of PM by Wheat Germ
Agglutinin conjugated to Alexa Fluor 594. (I) Overlay of images from
G and H, along with nuclear stain (blue), indicate that the majority of
the green fluorescence does not colocalize with PM. Size bar
represents 10 ym.

Alexa Fluor 594

tantly, the background labeling (Figure 2A) was almost
nonexistent, which was essential to verify that nonspecific
labeling with the fluorophore azide was not occurring. The
flexible, hydrophilic PEG linker in the fluorescent azide was
found to be critical, as using a less flexible, shorter, or more
hydrophobic linker results in a much higher background signal
(data not shown). Finally, it should be noted that since the cells
are permeabilized and fixed (4% paraformaldehyde, 0.1%
Triton X-100) prior to the CuAAC derivatization step, it is
likely that some cellular lipids are washed away,” thereby
providing access to the alkyne groups which would typically be
buried within the bilayer. Additionally, given the cross-linking
that typically occurs upon fixation, modification of the alkyne-
functionalized lipid group is unlikely to cause a change in
cellular localization of the lipidated protein. Overall, this
strategy for imaging prenylated proteins using alkyne-modifed
isoprenoids is similar to methods previously reported for
visualizing cholesterol itself and fatty acid-modified pro-
teins. """’

The fluorescence observed in the cells appeared to be
punctate in nature and distributed throughout the cells in the
endomembrane although absent from the nucleus. It is known
that prenylated proteins undergo the isoprenoid modification in

DOI: 10.1021/acschembio.6b00421
ACS Chem. Biol. 2016, 11, 2820-2828


http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://dx.doi.org/10.1021/acschembio.6b00421

ACS Chemical Biology

the cytosol and are subsequently trafficked to the ER and Golgi
for further processing before becoming localized to the plasma
membrane (PM).*” To explore if this was indeed what was
being observed, HeLa cells were counterstained with ER
Tracker Red to visualize the ER (Figure 2E) and Wheat Germ
Agglutinin conjugated to Alexa Fluor 594 to visualize the PM
(Figure 2H). The results show almost complete colocalization
between the S-FAM and ER Tracker Red fluorescence with a
Pearson correlation coefficient of 0.833 (Figure 2F). This
indicates significant localization of the labeled proteins to the
ER, consistent with the established mechanism of prenylated
protein transport. It should be noted that while treatment with
lovastatin does alter the localization of prenylated proteins, that
effect is typically reversed upon the addition of exogenous
isoprenoids.””~* To confirm this, the localization of the
C15Alk-modified proteins was examined in the absence of
lovastatin where they were observed to colocalize predom-
inantly with the ER with a Pearson’s coefficient of 0.711 (see
Figure S4); those results are similar to those obtained after
statin pretreatment, noted above, indicating that lovastatin has a
minimal effect on the localization of prenylated proteins.
Quantitative Analysis Using Flow Cytometry. Having
established the ability to label prenylated proteins in cells, we
next sought to develop a method to quantify the total labeling
in order to measure the levels of prenylation. To accomplish
this, cells were incubated with C15Alk followed by fixation and
permeabilization of cells, and then CuAAC with 5-Fam-PEG-
N; for 1 h. Next, the cells were rinsed and analyzed by flow
cytometry to measure the fluorescence intensity of each cell.
We first optimized the conditions for cell permeabilization and
the concentration of 5-Fam-PEG-Nj for in situ CuAAC (Figure
SS). To examine whether background labeling due to the
reaction of 5-Fam-PEG-N; with an unincorporated alkyne
probe present inside cells was occurring, HeLa cells were
treated with an alkyne-containing analog of farnesol, farnesyl
alkyne, that is not a prenyltransferase substrate (Figure 1). As
seen in Figure S6, no cellular labeling was observed above the
minimal labeling present in the control sample (cells treated
with only DMSO), suggesting that the excess alkyne probe is
effectively removed in the washing steps. Overall, these
experiments showed that incubation with C15Alk resulted in
a significant amount of protein labeling compared to the
control sample, and that excess isoprenoid analog and
fluorescent azide could be removed during wash steps.
Optimizing Conditions for Metabolic Labeling. To
optimize the conditions for metabolic incorporation, HeLa cells
were treated with 10—50 uM of CI15Alk for 24 h.
Quantification via flow cytometry revealed a concentration-
dependent increase in labeling (Figure 3, light gray columns);
labeling at 100 and 200 pM C15Alk (Figure S7) was also
observed. However, at those higher concentrations, C15Alk was
found to be somewhat toxic to cells. Metabolic labeling of
prenylated proteins is often carried out in the presence of an
HMG-CoA reductase inhibitor to reduce endogenous levels of
isoprenoids and thereby increase the incorporation of
isoprenoid analogs. A recent study also suggests that the
metabolism of exogenously added isoprenoid alcohols (con-
version to isoprenoid diphosphate and incorporation into
prenylated proteins) increases upon inhibition of HMG-CoA
reductase.”” Flow cytometry analysis indeed revealed increased
incorporation of CISAlk at any given concentration in the
presence of lovastatin (Figure 3, dark gray columns).
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Figure 3. Flow cytometry analysis demonstrating a concentration
dependent increase in the incorporation of C15Alk. HeLa cells were
incubated with C15Alk at indicated concentrations (10, 25, or 50 uM)
in the presence or absence of overnight pretreatment with 25 uM
lovastatin, followed by fixation, permeabilization, and CuAAC with 5-
Fam-PEG-Nj for 1 h. The cells were analyzed via flow cytometry, and
the results are expressed as the mean fluorescence intensity of 10 000
cells + standard error of the mean of at least three replicates. For
statistical analysis, a two-way ANOVA using Sidak’s multiple
comparisons test was performed. Results were considered significant
if p < 0.05 (*), p < 0.01 (**), or p < 0.001 (***).

We next sought to compare the results obtained above to
those observed using a previously established in-gel fluo-
rescence method to visualize prenylated proteins.”’ For in-gel
analysis, HeLa cells were incubated with 10—50 uM C15Alk for
24 h, followed by lysis and CuAAC with TAMRA-PEG-N; in
the cellular lysate. After removal of the excess reagents by
protein precipitation, proteins were resolubilized and separated
using an SDS-PAGE gel, which was subsequently scanned to
visualize and quantify the fluorescently labeled proteins by
densitometry. Consistent with the flow cytometry results, in-gel
fluorescence analysis showed a concentration dependent
increase in labeling of HeLa cell-derived proteins (Figure 4,
left panel, lanes 2, 4, 6 and 8; Figure 4, right panel, gray
columns). Lovastatin pretreatment caused an increase in
labeling of proteins with C15Alk (Figure 4, right panel, black
columns).

In general, the protein labeling pattern observed with C15Alk
was similar to that previously reported using tritiated
mevalonolactone or farnesol.'”*® However, in-gel fluorescence
revealed differences in labeling patterns in the presence of
lovastatin at various concentrations of CI15Alk; this concen-
tration dependence has not been studied with tritiated
substrates. While very little labeling was observed in the
absence of lovastatin at S M and 10 uM C15Alk (Figure 4, left
panel, lanes 2 and 4), intense bands appeared in the presence of
lovastatin, specifically in the 20—25 kDa region of the gel
(Figure 4, left panel, lanes 3 and S). Small GTPases of the Ras
superfamily, many of which are prenyltransferase substrates,
have molecular masses in this range.47 At 25 uM and 50 uM
C15Alk, several protein bands in the 30—75 kDa region were
labeled in the absence of lovastatin (Figure 4, left panel, lanes 6
and 8). However, the intensity of those bands did not change
significantly in the presence of lovastatin; the most prominent
effect of lovastatin pretreatment again was the increase in
labeling in the 20—25 kDa region (Figure 4, right panel, lanes 7
and 9). Overall, these experiments indicate that labeling in the
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Figure 4. In-gel fluorescence analysis demonstrating the effects of lovastatin pretreatment on incorporation of C15Alk at various concentrations. Left
panel: HeLa cells were incubated with C1SAlk at indicated concentrations, in the presence or absence of overnight pretreatment with 25 yM
lovastatin. Cells were then lysed, and lysates were subjected to the CuAAC to TAMRA-PEG-Nj; and fractionated on a 12% polyacrylamide gel. The
gel was scanned for TAMRA fluorescence and stained with Coomassie Blue to obtain the total protein stain image. Right panel: Densitometry
analysis of the gel (in 20—150 kDa regions of each lane) shown in the left panel using Image]. Background labeling (lane 1) was subtracted from

other lanes, and data were normalized to the total protein stain.

20—25 kDa region increases in the presence of lovastatin,
whereas C15Alk-labeling of many other proteins is much less
sensitive to lovastatin treatment. Importantly, these results
show that the percentage of lovastatin-induced labeling
(attributable to prenyltransferase-dependent incorporation)
decreases as the concentration of C15Alk employed is increased
(Figure 4, right panel, diagonal shading) and underscore the
importance of performing metabolic labeling at lower probe
concentrations to maximize the specificity of incorporation.
Given that the concentrations of FPP and GGPP in NIH 3T3
cells have been estimated to be approximately 1-2 M in the
absence of lovastatin,®® it is not surprising that the level of
labeling obtained using 5S—10 uM C15Alk is relatively low, but
detectable (see Figure 4, left panel), without lovastatin
treatment. However, there is a dramatic increase (~60% at
10 uM C15Alk, see Figure 4, right panel) in labeling upon
lovastatin treatment. It is also worth noting that prenyltrans-
ferases manifest Ky, values for their isoprenoid substrates of less
than 0.5 uM, suggesting the enzymes are likely to be saturated
using 10 uM C15Alk.** In vitro experiments employing 10 uM
FPP have been used to estimate k/Ky; values for a range of
different, CaaX box-containing peptides representing sequences
found in the human proteome that span a 500-fold range in
reactivity.49

Follow-up studies examined the lovastatin-independent
labeling obtained with C15Alk, to gain additional insight into
this phenomenon. Flow cytometry analysis indicated that the
presence of 25 uM FOH and geranylgeraniol (GGOH),
precursors to the physiological substrates FPP and GGPP, did
not reduce labeling obtained using 25 yM C15Alk (Figure S8,
left). In-gel fluorescence analysis indicated that inclusion of
those isoprenoid competitors (25 yM FOH and GGOH)
reduced labeling only in the 20—2S5 kDa region with a slight
increase observed in the 30—7S kDa region (Figure S8, right
panel, lanes 6 and 7). Next, cells were treated with 2,3-dihydro-
C15Alk (C15-DH-Alk, Figure 1). Despite its resemblance to
C15Alk, C15-DH-Alk cannot act as a substrate for prenyl-
transferases since it lacks the allylic feature necessary for
enzymatic processing even once it is phosphorylated.
Interestingly, S0 uM treatment of C15-DH-Alk gave rise to
significant protein labeling as observed by in-gel fluorescence
analysis (Figure S9, left panel) and flow cytometry (Figure S9,
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right panel). This labeling was not affected by the presence of
lovastatin, which is expected given that it is not a substrate of
protein prenyltransferases. Importantly, this result also removes
the possibility that the lovastatin-induced variations in labeling
with C15Alk are due to changes in protein levels since no such
variations were observed using C15-DH-Alk. Overall, these
findings suggest that a significant fraction of the labeling
obtained using 25—50 uM C15Alk, which is not affected by the
presence of lovastatin, occurs via a protein prenyltransferase-
independent process. Such off-target labeling of proteins by
metabolic cross-talk has been reported for other chemical
reporters of post-translational modifications, such as protein
glycosylation.™

To decrease the extent of this prenyltransferase-independent
process, the use of a lower concentration of C15Alk (10 uM)
was explored in more detail. Flow cytometry analysis showed
that cotreatment with 10—-50 uM FOH and GGOH
significantly decreased labeling obtained using 10 uM C15Alk
treatment (Figure S, light gray columns). Co-treatment with 25
#M FOH and GGOH led to suppression of C15Alk labeling of
proteins up to ~50%. At 50 uM FOH and GGOH, labeling did
not decrease any further, which may result from enhanced
cellular entry of C15Alk due to solubilizing effects of FOH and
GGOH; some cellular toxicity and changes in cellular
appearance were also noted at these higher isoprenoid
concentrations. In-gel fluorescence analysis and subsequent
densitometry gave similar results (Figure S, black columns);
under those conditions, it was particularly noteworthy that
labeling in the 20—25 kDa region was abolished (Figure S10).
Similarly, cotreatment with prenyltransferase inhibitors resulted
in a reduction of labeling of HeLa and COS-7 cells of up to
60% and 40% (Figure S11), respectively, further demonstrating
that the observed protein labeling was the result of metabolic
incorporation of C15Alk into prenylated proteins. In aggregate,
these experiments suggest that a significant fraction (approx-
imately 50%) of the labeling obtained with C15Alk at a lower
concentration (10 uM) is derived from prenylated proteins and
that this labeling can be used to quantify the levels of protein
prenylation in cells.

Having established that the labeling obtained using C15Alk
at 10 uM is largely due to incorporation into prenylated
proteins, the time-dependence of probe incorporation was
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Figure S. Flow cytometry and in-gel fluorescence analysis showing that
farnesol and geranylgeraniol significantly compete away C15Alk
labeling. HeLa cells were treated for 24 h with 10 yuM CI15Alk, in
the presence or absence of 25 uM lovastatin overnight pretreatment.
Various concentrations of farnesol and geranylgeraniol (10, 25, or SO
uM) were added simultaneously with C15SAlk to compete away cellular
labeling of prenylated proteins. Densitometry measurements of in-gel
fluorescence images were performed using Image] and plotted along
with in situ analysis via flow cytometry of similarly treated cells,
subjected to the flow cytometry quantification method described
above. The results are displayed as the normalized maximum
fluorescence labeling in which each sample was divided by the
maximum value to give a percentage of fluorescent labeling. Both sets
of data have been background-subtracted, and the densitometry data
are normalized to the total protein stain.

studied. When HeLa cells were treated overnight with
lovastatin and then incubated with 10 uM of CI15Alk for
varied lengths of time, a time-dependent increase in labeling
was observed via both flow cytometry and in-gel fluorescence
analysis, plateauing around 24 h (Figure S12). Additionally, we
found that at 24 h, the level (via flow cytometry) and pattern of
protein labeling (via SDS PAGE) with 10 uM C1SAlk were
comparable to those obtained using the diphosphate form of
the analogue (10 uM C1SAlk-OPP, Figure S13). The plateau
observed in these experiments suggests that the pool of labeled
proteins has reached a steady state, thus allowing an accurate
measurement of the levels of prenylated proteins to be made.
Taken together, these experiments indicate that overnight
pretreatment with 25 yM lovastatin and 24 h treatment with 10
uM C15Alk result in robust and prenylation-specific protein
labeling.

Extension to Other Cell Types. After validating this
labeling method in HeLa cells, we next sought to examine its
utility in other cell lines to broaden its potential scope. In
earlier work using gel-based methods, it was noted that different
cell types including HeLa cells, MCF10A cells, and D1
astrocytes gave rise to different patterns of protein labeling.”
Using the flow cytometry method described here, significant
differences in the overall levels of prenylated proteins were also
found (Figure S14 and Figure SIS, left panels). HeLa cells
showed the largest extent of labeling, while A549 cells, derived
from human lung adenocarcinoma, had a significantly lower
level of labeling than all other cells tested. Importantly, analysis
of cell area using microscopy demonstrated only minor
differences in the size between these cell types (Figure S14,
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right panel), indicating that variations in the levels of prenylated
proteins between different cell lines are not simply a
consequence of a difference in cell size. For example, A549
cells are the same size as HeLa and MCF10A cells but displayed
a more than 2-fold lower level of prenylated proteins. However,
it is not possible to attribute these differences solely to
variations in the levels of prenylated proteins. Alternative
explanations including differences in protein turnover and
C15Alk phosphorylation rates could also affect the observed
extent of labeling.

To further expand the utility of this method, we also explored
its application to primary cells; such cells can sometimes more
accurately reflect cellular biochemistry compared with
immortalized cell lines. For this, primary astrocytes and glial
cells were isolated from mice, and the levels of prenylated
proteins in them were quantified using the methods outlined
above. These cells demonstrated efficient incorporation of 10
uM CI15Alk (Figure SIS, right panel). Taken together, these
results highlight the highly variable nature of protein
prenylation in different cell types and the ability of the flow
cytometry method reported here to quantify prenylated
proteins in a wide spectrum of systems. However, given the
points noted above, quantitative comparisons of labeling levels
are probably best restricted to experiments performed within
the same cell line.

Measurements in an Autophagy Model. Having
established a method for determining the relative levels of
prenylated proteins within cells, we next sought to test its utility
by using it to examine the levels of prenylation in a cellular
model of compromised autophagy. Autophagy is a degradation
mechanism for dysfunctional cellular components and
aggregated proteins via the lysosome. It is transcriptionally
down-regulated in the brain during normal aging,51 and
dysregulation of autophagy is involved in neurodegenerative
diseases including AD and PD.>*~>* This is correlated with a
decreased abundance of the autophagy-related protein Beclin 1
in the aging human brain.”’ Knockdown of this gene with
siRNA is widely used as a model system for defective
autophagy.”*° Furthermore, Beclin 1 expression is reduced
in early AD and it has been shown to regulate A accumulation
in mice.”® Therefore, a defective autophagy phenotype created
by knocking down the BECNI gene ofters a simplified cellular
model for investigating levels of protein prenylation in
neurodegenerative diseases.”” Interestingly, previous studies
have reported that induction of autophagy results in a decrease
in the levels of cellular isoprenoids, suggesting that cells that
cannot undergo autophagy (due to aging) have higher levels of
FPP and GGPP.*® Elevated levels of these isoprenoids have also
been observed in AD models as noted above.'”” If
concentrations of these isoprenoids are indeed increased in
those disease state models, it is likely that the levels of
prenylated proteins will be concomitantly higher as well. While
the two aforementioned examples suggest mechanisms for how
the levels of prenylated proteins may increase in aging, other
cellular events may lead to decreases. Given the importance of
prenylated proteins in regulating a diverse range of cellular
processes, the question of how the levels of these proteins vary
during aging is clearly important.

To examine whether the levels of prenylated proteins change
in an aging model system, C2C12 mouse myoblast cells were
transfected with siRNA against the BECNI gene for 4 h and
then incubated for 24 h to maximize gene knockdown; such
commercially available siRNAs have been widely used in aging

DOI: 10.1021/acschembio.6b00421
ACS Chem. Biol. 2016, 11, 2820—2828


http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acschembio.6b00421/suppl_file/cb6b00421_si_001.pdf
http://dx.doi.org/10.1021/acschembio.6b00421

ACS Chemical Biology

studies.””®" The cells were then treated with 25 M lovastatin

and 10 uM CI15Alk for 24 h followed by fixation,
permeabilization, and the CuAAC with S-Fam-PEG-Nj.
Lovastatin was included here to maximize alkyne incorporation.
While statins themselves have been implicated in the activation
of autophagy,”” those effects are reversed by exogenous
isoprenoids (likely including C15Alk).”® Flow cytometry
analysis revealed that C2C12 cells in which the BECNI gene
was knocked down showed a 22% increase in the levels of
prenylated proteins (Figure 6) compared to cells transfected
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Figure 6. Results of a cellular model of compromised autophagy. In a
cellular model of compromised autophagy, a surrogate for studying
aging disorders, the levels of prenylated proteins are increased over
normal control levels. In the defective autophagy cell model, the
BECNI gene controlling autophagy was knocked down with siRNA
(denoted as siRNA against Bec-1) for 24 h prior to C15Alk exposure.
Normal control cells included transfection of a scrambled siRNA. After
24 h of transfection, cells were incubated with 25 M lovastatin and 10
#M C1SAlk for 24 h, followed by fixing, permeabilizing, CuAAC with
5-Fam-PEG-N3, and analysis by flow cytometry. Results are expressed
as the mean fluorescence intensity of 10 000 cells + standard error of
the mean of at least three replicates. There is a statistically significant
(p < 0.001) increase in the level of prenylated proteins in the model of
compromised autophagy.

with a scrambled siRNA. In a separate experiment, an alternate
model was explored. For that, L6 rat myoblast cells were
transfected with an siRNA directed against the ATG7 gene
(another gene involved in autophagy) followed by treatment
with lovastatin and C15Alk. Flow cytometry analysis showed a
similar increase in the level of prenylated proteins in the cells
where ATG7 was knocked down relative to those treated with
the scrambled siRNA control (Figure S16). While preliminary,
these results suggest that the levels of prenylated proteins are
higher in cells undergoing premature aging, at least in these
model systems (BECNI and ATG7 knockdown). Whether this
observation is due to upregulation of prenyltransferase activity/
expression, variations in prenyltransferase protein substrate
levels, or changes in the half-life of prenylated proteins remains
unknown. Nevertheless, the results described here set the stage
for further investigation of this important observation and
highlight the utility of the new methods reported here for
investigating the prenylome.

B CONCLUSIONS

In summary, the flow cytometry-based method described here
allows relative quantification of the total level of prenylated
proteins in various types of cells, including primary astrocytes.
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Data from this flow cytometry method correlate well with
results obtained using a more established in-gel fluorescence
method, suggesting that this method can be employed to
measure relative protein prenylation levels. An important
advantage of the flow cytometry method, however, is that the
CuAAC is performed in situ, and the analysis and quantitation
can be completed in minutes via whole-cell flow cytometry with
fluorescence detection, as compared to the more laborious gel-
based technique. Overall, these methods serve complementary
purposes. For rapid quantification of global prenylation levels,
the flow cytometry procedure is a useful tool; when studying
individual prenylated proteins, gel-based techniques are the
preferred methods.

Using this method, we have demonstrated that many
prenylated proteins metabolically labeled with C15Alk localize
to the ER and that different cell types have significantly
different levels of prenylated proteins. Furthermore, we have
shown that the levels of prenylated proteins increase in a
cellular model of compromised autophagy; these observations
suggest a possible connection between protein prenylation and
aging disorders. The simplicity of this approach should make it
useful in a variety of studies that probe changes in isoprenoid
metabolism and prenylated protein levels.
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