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Abstract
Protein prenyltransferases catalyze the attachment of C15 (farnesyl) and C20 (geranylgeranyl)
groups to proteins at specific sequences localized at or near the C-termini of specific proteins.
Determination of the specific protein prenyltransferase substrates affected by the inhibition of
these enzymes is critical for enhancing knowledge of the mechanism of such potential drugs. Here
we investigate the utility of alkyne-containing isoprenoid analogues for chemical proteomics
experiments by showing that these compounds readily penetrate mammalian cells in culture and
become incorporated into proteins that are normally prenylated. Derivatization via Cu(I) catalyzed
Click reaction with a fluorescent azide reagent allows the proteins to be visualized and their
relative levels to be analyzed. Simultaneous treatment of cells with these probes and inhibitors of
prenylation reveals decreases in the levels of some but not all of the labeled proteins. Two-
dimensional electrophoretic separation of these labeled proteins followed by mass spectrometric
analysis allowed several labeled proteins to be unambiguously identified. Docking experiments
and DFT calculations suggest that the substrate specificity of PFTase may vary depending on
whether azide- or alkyne-based isoprenoid analogues are employed. These results demonstrate the
utility of alkyne-containing analogues for chemical proteomic applications.
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INTRODUCTION
Protein prenyltransferases catalyze the attachment of C15 (farnesyl) and C20
(geranylgeranyl) groups to proteins at specific sequences localized at or near the C-termini
of certain proteins via the reaction shown in Figure 1. Protein farnesyltransferase (PFTase)
and protein geranylgeranyltransferase type 1 (PGGTase I) alkylate simple tetrapeptide
(CAAX box) substrates while protein geranylgeranyltransferase type 2 (PGGTase II)
modifies more cryptic sequences.(1) The inhibition of protein farnesylation has been a target
for disease intervention for the past two decades and protein farnesyltransferase inhibitors
(FTIs) have been evaluated as therapeutic agents for several medical problems. These
include a number of forms of cancer, malaria and related protozoan infections, and certain
progerias; protein geranylgeranyltransferase inhibitors (GGTIs) are also in development.
(2,3) Despite copious amounts of research, much still remains unclear about protein
prenylation and its inhibition. For example, the driving force behind FTI development for
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cancer therapy has focused on the oncogenic Ras proteins, since they must be farnesylated to
be active.(4) During pre-clinical studies with these inhibitors, antiproliferative and pro-
apoptotic activity were observed in cases where oncogenic Ras was not present, suggesting
that other downstream effectors contribute to the anti-cancer activity of FTIs.(5) While
decreases in the levels of a number of prenylated proteins have been shown to occur upon
treatment with FTIs, direct evidence that these species, and not other undiscovered
prenylated proteins, are relevant to the physiological effects of FTIs is severely lacking.(6,7)
Determination of the protein farnesyltransferase (PFTase) and/or protein
geranylgeranyltransferase (PGGTase) substrates affected by the inhibition of these enzymes
is critical for enhancing our knowledge of the mechanism of action of FTIs and GGTIs.
Only a fraction of prenylated proteins have been observed experimentally despite the
hundreds predicted by bioinformatics approaches.(8,9) Clearly, comprehensive experimental
techniques designed to study the post-translational modification of proteins with isoprenoids
by protein prenyltransferases are needed. Such techniques would help provide a better
understanding of the mechanism(s) of action of FTIs and GGTIs and could assist in the
creation of more potent and selective compounds.

Recently a relatively new technique known as chemical proteomics has been developed that
allows post-translationally modified proteins to be selectively labeled or enriched for
subsequent analysis.(10,11) In this strategy, the proteins of interest are first labeled with a
small chemical tag at the site of the modification. This can be done by exploiting the cells
own machinery to label the proteins in situ with a tagged substrate analogue based on the
post-translational modification, or by post-lysis modification by chemical or enzymatic
means. The next step involves performing a bioorthogonal chemical ligation reaction with a
capture/labeling reagent. A number of such reagents have been created bearing affinity
labels (e.g.; biotin, FLAG, etc.), reporter dyes, radiolabels, oligonucleotide tags, and stable
isotope tags. The choice of capture chemistry depends on the downstream application with
the most common being the “Click” reaction and Staudinger ligation.(12) To date, chemical
proteomics have been applied towards the study of a number of post-translational
modifications including glycosylation,(13–17) phosphorylation,(18,19) myristoylation,(20–
22) palmitoylation,(21,23–25) and prenylation.(26–28)

In the prenylation field, Tamanoi, Zhang and coworkers explored the use of farnesyl azide
(3a/3b, Figure 2) in proteomics experiments as a surrogate for FPP (1b).(27) Growth of
COS cells in the presence of either alcohol 3a or diphosphate 3b resulted in incorporation of
these azide-containing analogues into proteins. This was established using a biotinylated
phosphine capture reagent that reacted with the azide-labeled proteins via Staudinger
ligation chemistry. Subsequent mass spectrometric analysis allowed them to identify a
number of farnesylated proteins. In collaboration with Invitrogen, Corp., Tamanoi and
coworkers followed up on this work and used an azide-containing analogue of GGPP (4a) to
identify a number of geranylgeranylated proteins;(26) Berry et al. extended this approach to
labeling in whole animals.(29) Other approaches for studying the “prenylome” including the
use of biotinylated substrates(28) and antibodies directed against isoprenoid analogues have
also been employed(30).

The rapid rate of the Cu(I)-catalyzed click reaction has made it the method of choice for
many proteomic profiling protocols. However, as noted by Cravatt and coworkers in related
activity-based profiling experiments, background labeling does occur in the click reaction
when the alkyne reagent is present in excess.(31) Significantly lower levels of nonspecific
reaction occur when the azide partner is employed in high concentration. Thus, for
proteomic analysis of prenylated proteins, it would be advantageous to use isoprenoid
analogues that incorporate alkyne functional groups so that subsequent labeling could be
performed with the more selective azide-containing reagent present in excess.
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In 2007, we reported the synthesis of alkyne-containing analogues 6b(32) and 7b(33) and
demonstrated that 6b was an alternative substrate for PFTase while 7b was an alternative
substrate for both PFTase and PGGTase-I; related alkyne-containing analogues have also
been reported by other groups.(34,35) In light of their potentially greater specificity, we
decided to investigate the utility of our alkyne-functionalized analogues for proteomics
applications. Here, we explore the use of these probes as reporters of protein prenylation in
the presence of various inhibitors in a number of different mammalian cell lines and
compare these molecules with the aforementioned azides.

MATERIALS AND METHODS
General

Protease inhibitor cocktail and benzonase were purchased from Sigma Aldrich (St. Louis,
MO, USA). PFTase inhibitor L-778,834 (FTI), PGGTase-I inhibitor GGTI-286 (GGTI) and
ProteoExtract protein precipitation kits were obtained from Calbiochem (EMD Chemicals,
Gibbstown, NJ, USA). TAMRA-azide and TAMRA-alkyne were purchased from Invitrogen
(Carlsbad, CA, USA). Detergent compatible protein assay reagents and Tris-HCl SDS-
PAGE Protean™ II Ready gels were obtained from Bio-Rad (Hercules, CA, USA).
Immobline™ DryStrips and and ampholyte buffer were purchased from GE Healthcare
(Piscataway, NJ, USA). 1D gels were visualized using a BioRad FX Molecular Imager. 2D
electrophoresis was performed using an Ettan™ IPGphor™ IEF apparatus and the resulting
fluorescent spots visualized using a Typhoon 8610 scanner both obtained from GE
Healthcare. Fluorescent spots were picked using an Investigator ProPic™ instrument
(Genomic Solutions, Ann Arbor, MI, USA). The Paradigm Platinum Peptide Nanotrap
precolumn and Magic C18 AQ RP column were purchased from Michrom Bioresources
(Auburn, CA, USA). LC-MS/MS analysis was performed using Paradigm 2D capillary LC
system (Michrom Bioresources) interfaced with a linear ion trap spectrometer (LTQ,
Thermo Scientific, Waltham, MA, USA). For data analysis, Sequest embedded in BioWorks
Browser (v 3.3) was obtained from Thermo Scientific and Scaffold (v_2_00_03) was
licensed from Proteome Software (Portland, OR, USA). Large scale (1 L) growth of HeLa
cell was performed by Biovest International Inc./ NCCC (Minneapolis, MN, USA).
Compounds 5a,(36) 6a,(32) 7a and 7b(33) were prepared as previously described.

General cell growth and lysis for in-gel fluorescence experiments—All cell lines
except for MCF10A were routinely cultured in DMEM supplemented with 10% FBS;
MCF10A cells were grown in DMEM/F-12 supplemented with 5% horse serum, 0.5 ug/mL
hydrocortisone, 10 ug/mL insulin, 20 ng/mL EGF (epidermal growth factor), 0.1 ug/mL
cholera toxin, 100 units/mL penicillin/streptomycin, 2 m M L-glutamine and 0.5 ug/mL
fungizone. For labeling experiments, cell media (40–50% confluence) was supplemented
with 25 µM lovastatin, and 50 µM 5a, 6a, 7a or 7b. In some cases, the PFTase inhibitor
L-778,834 at 10 µM (FTI) or the PGGTase-I inhibitor GGTI-286 (GGTI) at 5.0 µM were
included in the cell media. The cells were allowed to reach 80–90% confluence (~ 24 h) and
then washed with PBS. Cells were then suspended in PBS, placed in 1.5 mL microcentrifuge
tubes, and pelleted by centrifugation at 2,000 × g, 4°C, for 5 min. After discarding the
supernatant, a PBS solution containing 0.10% SDS, 0.20% Triton X-100, protease inhibitor
cocktail, Benzonase and 2.4 µM PMSF was added to the cell pellet. After vigorous
vortexing, cell lysate was harvested by sonicating 4 times for 10 sec each with 20 sec
intervals between sonication cycles. The concentration of protein in the lysate was
determined using a detergent compatible protein assay reagent kit.

Comparison of azide- and alkyne-modified isoprenoid analogues—To 100 µg
(0.83 mg/mL) of HeLa lysate protein was added 25, 50, or 100 µM TAMRA-azide or
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TAMRA-alkyne, 50 mM TCEP, and 100 µM TBTA. After vortexing, 1.0 mM CuSO4 was
added and the reaction was allowed to proceed at rt for 1 h. Excess reagents were removed
by protein preciption with a ProteoExtract protein precipitation kit. Protein pellets were
suspended in 1x Laemmli SDS-PAGE loading buffer and sonicated in a water bath for 20
min to insure dissolution. A 12% acrylamide gel was loaded with 15 µg of protein for in-gel
fluorescence scanning and visualized on a BioRad FX Molecular Imager.

Analysis of changes in protein prenylation upon exposure to an inhibitor—To
the cell lysate (1–2 mg/mL of protein) from one 60 mm dish of cells was added 50 µM
TAMRA-azide or TAMRA-alkyne, 50 mM TCEP, and 100 µM TBTA. After vortexing, 1.0
mM CuSO4 was added and the reaction was allowed to proceed at rt for 1 h. Excess reagents
were removed by protein preciption with a ProteoExtract protein precipitation kit. Protein
pellets (200–300 µg of total protein) were suspended in 1x Laemmli SDS-PAGE loading
buffer and sonicated in a water bath for 20 min to insure dissolution. A 12% acrylamide gel
was loaded with ~ 10 µg of protein for in-gel fluorescence scanning and visualized with a
BioRad FX Molecular Imager.

HeLa cell growth, lysis and labeling for identification of prenylated proteins—
Large scale (1 L) cultures of HeLa cells were grown in Joklik’s modified MEM with 5.0%
FBS. For metabolic labelling, cells at mid log phase were treated with 25 µM Lovastatin and
50 µM C10-alkyne (6a) or C15-alkyne (7a), and allowed to grow for 24 h. Cells were
collected by centrifugation at 2500 × g, followed by two washes in cold PBS (Ca/Mg free).
Cell pellets were resuspended in PBS containing 1.0% SDS, protease inhibitor cocktail and
benzonase and sonicated on ice for 2 min total (10 sec pulse, 10 sec rest). The concentration
of protein in the lysate was determined using detergent compatible protein assay reagents.
Proteins in the lysate were precipitated using a TCA/acetone protocol. Briefly, a 100% TCA
solution (100 g TCA in 45.4 mL water) was added to the lysate so as to obtain a 10% final
concentration of TCA in the solution which was vortexed and stored on ice for 1 h. HPLC
grade acetone (4x lysate volume) was then added to the mixture and maintained at −20°C
overnight. The lysate was then centrifuged at 10,000 × g for 30 min to obtain a protein
pellet. The supernatant was discarded and the pellet was washed twice with acetone and air
dried for 5 min. Precipitated proteins were resuspended in PBS containing 0.20% SDS by
brief vortexing and sonication. Protein concentration was measured using detergent
compatible protein assay reagents. For protein labeling, 3.0 mg (1.9 mg/ml) of HeLa lysate
protein was treated with TAMRA-azide, TCEP, and TBTA at final concentrations of 25 µM,
1.0 mM and 100 µM, respectively. After vortexing, CuSO4 (1.0 mM, final concentration)
was added and the reaction was allowed to proceed at rt for 1 h. Excess reagents were
removed by protein preciption using above mentioned TCA/acetone protocol and the
resulting protein pellet was stored at −20 °C prior to subsequent use.

2D gel electrophoresis—Two-dimensional gel electrophoresis was performed at the
Center for Mass Spectrometry and Proteomics, University of Minnesota, Twin Cities using a
standard procedure.(37) In brief, the protein pellet was resuspended in IPG running buffer
(7.0 M urea, 2.0 M thiourea, 2.0 % CHAPS, bromophenol blue, 0.50 % (v/v) ampholyte
buffer, 1.0 % n-dodecyl β-D-maltoside and 12 mM DTT). Samples containing 800 µg of
protein were rehydrated into 18 cm pH 3–10 Immobline™ DryStrips overnight under low
current, and resolved in an Ettan™ IPGphor™ IEF apparatus per manufacturer’s protocol.
Strips were then equilibrated in SDS equilibration buffer (50 mM Tris, pH 8.8, 8.0 M urea,
30% glycerol (v/v), 4.0 % SDS, 1.0 % DTT) for 0.5 h, and resolved on 8–16% Tris-HCl
SDS-PAGE Protean™ II Ready gels. TAMRA labelled proteins on the gel were visualized
with Typhoon 8610 scanner using an excitation wavelength of 532 nm and a 580BP30
emission filter (580 nm). Gel images were imported into a Genomic Solutions® Investigator
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ProPic™ instrument for robotic excision and robotic trypsin digestion of excised spots.(38)
Tryptic peptides were then lyophilized and stored at −20 °C prior to subsequent use.

MS analysis of protein spots—LC-MS analysis was performed using a Michrom
Bioresources Paradigm 2D capillary LC system interfaced with a linear ion trap
spectrometer using a standard procedure.(37) Lyophilized tryptic peptides disolved in water/
CH3CN/formic acid (95:5:0.1) were desalted and concentrated with a Paradigm Platinum
Peptide Nanotrap (Michrom Bioresources) precolumn, and eluted onto a Magic C18 AQ RP
column at a flow rate of ~ 250 nL/min. A 60 min (10–40% CH3CN) linear gradient was
used to separate the peptides. The peptides were ionized with a voltage of 2.0 kV applied
distally on the column, and analyzed on the LTQ instrument set to positive polarity and
data-dependent acquisition method (one survey MS scan followed by MS/MS (relative
collision energy of 35%) on the four most abundant ions detected in the survey scan).
Dynamic exclusion was employed for 30 s time intervals.

Database searching and protein identification—The MS/MS data were searched
with Sequest embedded in BioWorks Browser (v 3.3, Thermo Scientific) against the
database of human, mouse, and rat [NCBI (http://www.ncbi.nlm.nih.gov)] non-redundant
protein sequences, in addition to 179 common contaminant proteins (Thermo Scientific), for
a total of 263,677 proteins. Fragment ion mass tolerance and parent ion tolerance were set at
1.00 Da. The search parameters were as follows: trypsin digestion, fixed carbamidomethyl
modification of cysteine, and variable oxidation of methionine, three missed trypsin
cleavage sites allowed. The dta/out files generated by Bioworks were analyzed in Scaffold
(v_2_00_03, Proteome Software, Portland, OR, USA) to validate MS/MS based peptide and
protein identifications. Peptide identifications were accepted if they could be established at
>95.0% probability as specified by the Peptide Prophet algorithm.(39) Protein
identifications were accepted if they could be established at >99.0% probability by the
Protein Prophet algorithm,(40) and contained at least three identified peptides.

Docking of 5b and 6b in the active sites of PFTase—For modeling compounds 5b
and 6b in the active site of PFTase (pdb file 1D8D), docking was performed using Glide
(Schrodinger, version 5.5). The PFTase crystal structure was prepared using the default
settings in the protein preparation wizard as part of the Maestro 9.0 package. A receptor grid
large enough to encompass the entire binding site for compounds 5b and 6b was generated
from the prepared PFTase enzyme. A standard precision docking parameter was set and
10,000 ligand poses per docking were run. The 20 top poses with the lowest docking score
were then further subjected to post-docking minimization. The conformations with overall
lowest energy were chosen for display for each probe.

Electrostatic potential calculations of 1b, 5b and 6b—Structures of 1b, 5b and 6b
were generated in Gaussian View and the geometries were optimized at the b3lyp/6-31G(d)
level using Gaussian 03 (M.J. Frisch, G.W. Trucks, H.B. Schlegel et al., Gaussian 03,
Revision E.01, Gaussian, Inc., Wallingford, CT, 2004). The extended conformation of each
molecule was produced by constraining all dihedral angles of the backbone. A map of
electrostatic potential and a map of the electron density were generated for each molecule.
To generate the molecular electrostatic potential (MEP), the electrostatic potential was
plotted on an isodensity surface (MO = 0.02 and density = 0.02) using Gaussian View. The
minimum and maximum potentials were set to −0.05 and 0.2, respectively.
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RESULTS AND DISCUSSION
Comparison of azide- and alkyne-modified isoprenoid analogues for studying the protein
prenylome

To examine the utility of alkyne-containing isoprenoid analogues, HeLa cells were treated
with the alcohol forms (unphosphorylated forms) of the C10-alkyne probe (6a), the C15-
alkyne probe (7a) or the C15-dh-azide probe (5a) in the presence of lovastatin to suppress
the production of endogenous FPP and GGPP for 24 h. The resulting cells were then lysed
and treated with excess azido- or propargyl-labeled tetramethylcarboxyrhodamine
(TAMRA) fluorophore via the Cu(I)-catalyzed click reaction. Separation of the proteins was
accomplished by SDS-PAGE and the labeled proteins were visualized by in-gel
fluorescence. The labeling of specific proteins in the crude cell lysate obtained with
compounds 5a, 6a, and 7a is shown in Figure 3. First, it should be noted that significant
labeling was observed with all three probes indicating that both the azide- and alkyne-
containing isoprenoid analogues are incorporated into proteins. While this has been
demonstrated before for related azide-based probes 3a and 3b, this is the first reported
example for the incorporation of alkyne-containing isoprenoid analogues in live cells; the
fact that these molecules become incorporated indicates that the alcohols must be effectively
phosphorylated to the corresponding diphosphates to convert them into substrates for the
protein prenyltransferases.

Next, we examined the relative amount of background labeling when lysates were treated
with a fluorescent azide or alkyne reagent. Lanes 1 through 3 (Figure 3) contain lysates
treated with excess TAMRA-azide, while lanes 4 and 5 (Figure 3) contain lysates treated
with excess TAMRA-alkyne. Despite equal amounts of proteins being loaded in each lane,
significant background labeling was observed in cell lysate not treated with any isoprenoid
analogues and treated with excess TAMRA-alkyne (Lane 4). Remarkably, lysate not treated
with isoprenoid analogues and reacted with excess TAMRA-azide shows virtually no
background labeling. This reduced background is consistent with previous studies where
comparisons between azide- and alkyne-based labeling were performed(31) and serves to
highlight the utility of these probes. It should also be noted that some proteins appear to be
labeled by both of the alkyne probes while others are labeled by only one. This is probably a
reflection of the fact that the C15-alkyne probe is a substrate for both PFTase and PGGTase
whereas the C10-alkyne probe is incorporated only by PFTase and is consistent with earlier
in vitro work with these compounds.

Visualizing prenylated proteins across various cell lines and changes in prenylation status
upon exposure to protein prenyltransferase inhibitors

With the utility of the alkyne probes established from experiments described above, we next
employed them for the analysis of protein prenylation in a number of cultured mammalian
cell lines. Through simultaneous treatment with either an FTI or GGTI, the targets and
specificity of these inhibitors could also be observed. HeLa cells, an immortal cell line
derived from cervical cancer, were treated with C15-dh-azide probe (5a) or C15-alkyne
probe (7b), the lysates were allowed to react with the corresponding TAMRA capture
reagent and subjected to in-gel fluorescence analysis (Figure 4). Proteins ranging in
molecular weights from 15 to 100 kDa were labeled with 5a (Figure 4A: lane 2). Treatment
with the FTI (Figure 4A: lane 3) resulted in diminished labeling of one labeled protein at ~
70 kDa while treatment with the GGTI (Figure 4A: lane 4) did not affect the labeling
pattern. This latter result is not particularly surprising since it is unlikely that 5a is
efficiently incorporated into geranylgeranylated proteins via PGGTase. Interestingly, labeled
proteins at ~ 25 and 30 kDa appeared to be labeled to a greater extent in the presence of the
FTI; the origin of that effect is unclear. In contrast, the C15-alkyne probe 7b manifests a
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very different labeling pattern with only a few proteins being labeled (Figure 4B: lane 2)
from ~ 20–30 kDa and ~ 40–70 kDa. As was seen in HeLa cells treated with probe 5a, little
change was observed upon treatment with the GGTI (Figure 4B: lane 4). In contrast, the
protein at ~ 70 kDa was diminished and the protein at ~ 30 kDa was enhanced upon
treatment with the FTI, as evidenced by the increase in fluorescence (Figure 4B: lane 3); this
latter result is similar to what was observed with 5a. It should also be noted that in this
experiment, the phosphorylated form (7b) of the C15-alkyne analogue was employed
instead of the free alcohol form (7a) used in the intial experiments described first (Figure 3).
The fact that the phosphorylated analogue can enter the cells and become incorporated into
proteins is consistent with earlier observations with azide-based probe 3b where that
phosphorylated compound was shown to enter cells and serve as a protein prenyltransferase
substrate.(27)

Next, MCF10A cells, a non-tumorigenic epithelial cell line, were treated with the C15-dh-
azide probe (5a) or C15-alkyne probe (7b) and analyzed to see how cancerous and non-
cancerous derived cell lines vary in prenylation levels (Figure 5). A significantly different
labeling pattern was observed in these cells treated with azide probe 5a (compared to HeLa
cells). Two proteins in particular (one just under 50 kDa in molecular weight, the other
above) appear to predominate (Figure 5A: lane 2). Interestingly, neither of these proteins, or
any of the other proteins in MCF10A cells are affected by treatment with the FTI or the
GGTI (Figure 5A: lanes 3 and 4). Treatment with the alkyne analogue 7b showed a pattern
very similar to that observed with the same probe in HeLa cells, including the proteins
affected by treatment with the FTI (Figure 5B: lane 3).

While isoprenoids themselves may play a role in Alzheimer’s disease given their elevated
levels(41), a recent study points towards the involvement of a yet unknown prenylated
protein in Alzheimer’s disease neuropathophysiology.(42) To explore the applicability of the
alkyne-containing probes reported here for the study of prenylated proteins in brain cells,
astrocytes were treated with C15-dh-azide probe (5a) or C15-alkyne probe (7b). Astrocytes
are cells found in the brain and spinal cord that serve a variety of functions.(43) The labeling
patterns observed upon treatment with either probe (Figure 6) are similar to those observed
in the HeLa cell line (Figure 4) although close inspection reveals subtle differences which
undoubtedly reflect the presence of different populations of prenylated proteins in the
different cell lines.

Upon treatment with the C15-dh-azide (5a), a variety of proteins ranging from ~ 15 to 100
kDa in molecular weight were labeled (Figure 6A, lane 2). While treatment with the GGTI
had no effect on the labeling (Figure 6A, lane 4), treatment with the FTI results in
significant diminishment in labeling of nearly every protein (Figure 6A, lane 3). This
decrease in labeling, however, was not observed in the HeLa cell line, suggesting that
prenyltransferases found in astrocytes are particularly sensitive to the FTI. Only proteins
from ~ 20–30 kDa and ~ 50–100 kDa were labeled with the C15-alkyne (7b) (Figure 6B,
lane 2), as was observed in the other cell lines tested. Additionally, proteins from ~ 50–100
kDa were affected by FTI treatment (Figure 6B, lane 3) while none of the proteins were
affected by treatment with the GGTI (Figure 6B, lane 4).

Incorporation of 6a and 7a into prenylated proteins in the absence of lovastatin, an
inhibitor of isoprenoid biosynthesis

Proteomic experiments employing isoprenoid analogues have often been performed in the
presence of lovastatin, an inhibitor of HMG-CoA reductase. This reduces the level of
endogenous FPP and hence increases the incorporation efficiency of the desired analogue.
However, in order to use alkyne-based probes 6a and 7a to monitor real changes that occur
in the presence of various inhibitors and drugs, it would be preferable to avoid the
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perturbing effects of simultaneous treatment with lovastatin. Accordingly, the effect of
lovastatin on the incorporation of 6a and 7a was evaluated by growing HeLa cells in media
containing the alkyne probes in the absence or presence of lovastatin. Cells were cultured,
lysed, reacted with TAMRA-azide, analyzed by SDS-PAGE and the results are presented in
Figure 7. For probe 6a, comparison of lane 1’ (without lovastatin) with lane 2’ (with
lovastatin) shows only a small increase in the labeling pattern. Similar results were observed
with 7a (compare lanes 3’ and 4’). In total, these experiments suggest that both 6a and 7a
can be efficiently incorporated even in the absence of lovastatin.

Identification of prenylated proteins from HeLa cells via 2D electrophoretic separation and
tandem mass spectrometry

While azide-based probes 3a and 4a have been used to label and identify specific prenylated
proteins, to date, alkyne-based isoprenoid analogues have not been employed for this
purpose. Such studies provide a broad overview of the protein prenylome and a qualitative
look as to which proteins are affected by prenyltransferase inhibitors. Thus, to examine the
utility of these molecules for the profiling and identification of specific prenylated
polypeptides, HeLa cells were grown in the presence of C10-alkyne 6a and C15-alkyne 7a
for 24 h. After cell disruption in the presence of detergent, the resulting lysate was reacted
with TAMRA-azide followed by fractionation by 2D electrophoresis and visualization of the
labeled prenylated proteins by in-gel fluorescence scanning. Examination of the images
from those gels (Figure 8) reveals a large number of labeled proteins of varying intensity.

To identify a subset of the labeled proteins, 20 spots from the 2D gel shown in Figure 8A
were excised and subjected to in-gel tryptic digestion. Following concentration and
desalting, the resulting peptides were then analyzed by LC-MS/MS to obtain peptide
sequence information. From those 20 samples, 7 proteins were identified (Table 1) with a
confidence level of >99%. Several additional proteins were identified at lower confidence
levels.

Of the seven proteins identified here, one, GNBP, has not been previously labeled using
azide-based probes although it has been determined to be a bona fide PFTase substrate based
on in vitro biochemical evaluation.(44) Five of the seven labeled proteins observed here
have been previously detected in experiments employing either 3a or 4a. Interestingly,
Lamin B1 was labeled with the FPP analogue 3a while the various Rab proteins were all
detected with the larger GGPP-based probe 4a. In contrast, in the experiment reported here,
all of these proteins were visualized in cells treated with 6a. This may result from the
phosphorylated form of the C10-alkyne (6b) acting as an alternative substrate for farnesyl-
or geranylgeranyl synthase or PGGTase-II (the enzyme that normally prenylates Rab
proteins). The seventh protein identified here was Annexin A3. Interestingly, the closely
related protein Annexin A2 was previously identified using the C15-azide probe 3a.(27)
However, both of these proteins contain a non-canonical C-terminal sequence that has never
been experimentally verified as a substrate for protein prenyltransferases. Moreover, recent
results from experiments employing an antibody-based approach for the detection of
prenylated proteins suggested that annexin proteins are not substrates for prenylation.(30)
Evidently, more work is required to address this issue.

Comparison by computational analysis of the properties of azide- and alkyne containing
isoprenoid analogues

While the results presented above clearly show that azide- and alkyne-based analogues can
be used to label many of the same proteins within cells, it does not appear that these probes
are interchangeable. For example, comparison of the labeling obtained using 5a with that
seen with 6a (compare lanes 2’ and 5’, Figure 3) shows that while both of these probes label
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many of the same proteins, the relative intensities of the labeled protein bands vary
depending on the probe employed. Recently, it has been noted that modifications in prenyl
group structure can alter the peptide specificity of PFTase.(45) This occurs because the
isoprenoid and peptide substrates extensively contact each other when bound in the enzyme
active site as noted in Figure 9A.(46) Accordingly, 5b and 6b were docked into the active
site of PFTase. The lowest energy pose for each of these two analogues superimposed on the
cystallographically determined structures of FPP and a substrate peptide CVIM are shown in
Figures 9B and 9C. The side view (Figure 9B) illustrates that both the azide and alkyne
analogues remain in close contact with the peptide substrate in the docked structures. The
top view (Figure 9C) provides a clearer picture of how the conformation of alkyne 6b may
differ in the active site. Such a difference would alter the contacts between the isoprenoid
and peptide that would, in turn, affect peptide substrate specificity. It is interesting to note
that in a least one case, crystallographic evidence exists for an isoprenoid analogue in the
active site of PFTase that adopts a conformation significantly different from that of FPP.(47)

Another important difference between azide and and alkyne analogues can be seen by
examining their electrostatics. Accordingly, DFT calculations were employed to calculate
molecular electrostatic potential (MEP) maps for FPP, 5b and 6b. CPK representations and
MEP maps of the distal regions (beyond the first isoprene unit) for these molecules are
presented in Figure 10. Given the differences in heteroatom and functional group content
between these three molecules, it is not surprising that their MEP maps differ significantly.
One striking difference concerns the region of greatest negative electrostatic potential. In
compound 5b, the nitrogen attached directly to C-12 bears the greatest negative charge
(except for the diphosphate which is not shown). In contrast, the most negatively charged
atom in 6b is the oxygen attached to C-8. These differences in charge distribution
significantly affect the interface between the isoprenoid and peptide substrate and may be
important for modulating substrate specificity. Finally, it should be noted that while the
computational analysis described above was performed with compounds 5b and 6b, it is
likely that similar conclusions would be reached if 7b was included in the study. Overall,
given that the isoprenoid and peptide substrates interact extensively over a large interface, it
is likely that each probe will manifest a distinct pattern of incorporation into the prenylome;
that conclusion is consistent with the experimental results reported above.

CONCLUSIONS AND FUTURE DIRECTIONS
In an effort to develop improved probes that can be used for chemical proteomic
experiments, alkynecontaining analogues of isoprenoid diphosphates 6 and 7 have been
studied here. These analogues readily penetrate mammalian cells in culture and become
incorporated into proteins that are normally prenylated. Derivatization via Cu(I) catalyzed
Click reaction with a fluorescent azide reagent allows the proteins to be visualized and their
relative levels to be analyzed. Simultaneous treatment of cells with these probes and
inhibitors of prenylation reveals decreases in the levels of some but not all of the labeled
proteins. Two dimensional electrophoretic separation of these labeled proteins followed by
mass spectrometric analysis allowed several labeled proteins to be unambiguously
identified. Docking experiments and DFT calculations suggest that the sequence specificity
of PFTase (the efficiency by which C-terminal CAAX box sequences are prenylated) may
vary depending on whether azide- or alkyne-based isoprenoid analogues are employed.
These results demonstrate the utility of alkyne-containing analogues for chemical proteomic
applications. A variety of experiments that monitor the levels of prenylated proteins in
various disease state models are currently underway using these probes.
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Abbreviations

BSA bovine serum albumin

DFT density functional theory

DMEM Dulbecco's modified Eagle's medium

DTT dithiothreitol

EDTA ethylenediaminetetraacetic acid

ESI-MS electrospray ionization mass spectrometry

FBS fetal bovine serum

FPP farnesyl diphosphate

FTI farnesyltransferase inhibitor

GGPP geranylgeranyl diphosphate

GGTI geranylgeranyltransferase inhibitor

PBS phosphate buffered saline

PGGTase I protein geranylgeranyltransferase type 1

PGGTase II protein geranylgeranyltransferase type 2

PFTase protein farnesyl transferase

SDS PAGE sodium dodecylsulfate polyacrylamide gel electrophoresis

TBTA tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl] amine

TCA trichloroacetic acid

TCEP tris(2-carboxyethyl)phosphine
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Figure 1.
Reactions catalyzed by protein prenyltransferases. For PFTase and PGGTase-I, Xm is a
tripeptide. For PGGTase-II, Xm can be a range of short sequences.
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Figure 2.
Azide- and alkyne-containing isoprenoid analogues of farnesyl diphsophate (FPP) and
geranylgeranyl diphosphate (GGPP).
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Figure 3.
Analysis of labeled proteins in crude HeLa cell lysates by Cu(I)-catalyzed click chemistry.
Lanes 1–5 show proteins stained with Sypro Ruby. Lanes 1’–5’ shown fluorescently labeled
proteins. Lanes 1/1’ and 4/4’ contain lysate from cells not treated with isoprenoid analogue.
Lanes 2/2’ and 3/3’ contain lysate from cells treated with analogues 6a and 7a respectively.
Lane 5/5’ contains lysate from cells treated with analogue 5a. Lanes 1/1’ through 3/3’ were
reacted with TAMRA-azide (100 µM) while lanes 4/4’ and 5/5’ were reacted with TAMRA-
alkyne (100 µM).
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Figure 4.
In-gel fluorescence analysis of prenylated proteins in HeLa cells. A: Treatment with C15-
dh-azide (5a) isoprenoid analogue and reacted with TAMRA-alkyne (50 µM). B: Treatment
with C15-alkyne (7b) isoprenoid analogue and reacted with TAMRA-azide (50 µM). Lane
1: no treatment control; Lane 2: treatment with isoprenoid analogue only; Lane 3: treatment
with analogue and FTI; Lane 4: treatment with analogue and GGTI.
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Figure 5.
In-gel fluorescence analysis of prenylated proteins in MCF10A cells. A: Treatment with
C15-dh-azide (5a) isoprenoid analogue and reacted with TAMRA-alkyne (50 µM). B:
Treatment with C15-alkyne (7b) isoprenoid analogue and reacted with TAMRA-azide (50
µM). Lane 1: no treatment control; Lane 2: treatment with isoprenoid analogue only; Lane
3: treatment with analogue and FTI; Lane 4: treatment with analogue and GGTI.
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Figure 6.
In-gel fluorescence analysis of prenylated proteins in astrocytes. A: Treatment with C15-dh-
azide (5a) isoprenoid analogue and reacted with TAMRA-alkyne (50 µM). B: Treatment
with C15-alkyne (7b) isoprenoid analogue and reacted with TAMRA-azide (50 µM). Lane
1: no treatment control; Lane 2: treatment with isoprenoid analogue only; Lane 3: treatment
with analogue and FTI; Lane 4: treatment with analogue and GGTI.
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Figure 7.
In-gel fluorescence analysis of prenylated proteins in HeLa cells in the absence and presence
of lovastatin. Cells were grown in the presence of the C10-alkyne, 6a (lanes 1/1' and 2/2') or
the C15-alkyne 7a (lanes 3/3' and 4/4'). Lanes 1–4 show proteins stained with Sypro Ruby.
Lanes 1’–4’ shown fluorescently labeled proteins. Lanes 1/1’ and 3/3’ contain samples from
cells not grown in the presence of lovastatin. Lanes 2/2’ and 4/4’ contain samples from cells
treated with lovastatin. Following lysis, samples were treated with TAMRA-azide (50 µM).
to allow the prenylated proteins to be visualized.
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Figure 8.
In-gel fluorescence analysis of prenylated proteins from HeLa cells after 2D electrophoretic
separation: A: 2D gel of labeled proteins obtained from HeLa cells grown in the presence of
C10-alkyne (6a). B: 2D gel of labeled proteins obtained from HeLa cells grown in the
presence of C15-alkyne (7a).
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Figure 9.
Interactions between isoprenoid substrates and a peptide substrate in the active site of
PFTase probed by docking experiments. Top (A): Structure of FPP and a peptide substrate
bound in the active site of PFTase as determined by X-ray crystallography. Note the
significant interface of interaction between the two. Middle (B): Docked structures of 5b
and 6b (lowest energy poses) superimposed on the structure of FPP and a peptide substrate
bound in the active site of PFTase from panel A. Note how isoprenoid substrates remain in
contact with the peptide. Bottom (C): 90° rotation and zoomed view of structures shown in
panel B. Major conformational differences between FPP (white), 5b (green) and 6b (aqua)
are noted with arrows. Color scheme and representations: In all panels the peptide is shown
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as a transparent surface with the structure given in a stick representation colored by element.
In panel B, FPP is presented in CPK format (C and H: white; P: orange; O: red). In panels B
and C, FPP (white), 5b (green) and 6b (aqua) are presented as sticks.
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Figure 10.
CPK models and molecular electrostatic potential (MEP) maps calculated for FPP (1b),
dihydroazide 5b and alkyne 6b. Top: CPK models of (A) FPP (1b); (B) 5b; (C) 6b. Bottom:
MEP for (D) FPP (1b); (E) 5b; (F) 6b. For clarity, only cabons distal to C-5 are shown.
Carbons 1–4 and the diphosphate groups are not shown since these are the same in all
structures. For CPK models, the following colors were used: Carbon (grey), Hydrogen
(white), Nitrogen (blue) and Oxygen (red). For MEP maps, potentials were plotted on a
surface of constant density (density = 0.02). Electronegative areas are shown in red and
electropositive areas are shown in blue.
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