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ABSTRACT: Bioorthogonal chemistry has gained widespread use
in the study of many biological systems of interest, including protein
prenylation. Prenylation is a post-translational modification, in which
one or two 15- or 20-carbon isoprenoid chains are transferred onto
cysteine residues near the C-terminus of a target protein. The three
main enzymes—protein farnesyltransferase (FTase), geranylgeranyl
transferase I (GGTase I), and geranylgeranyl transferase II (GGTase
II)—that catalyze this process have been shown to tolerate
numerous structural modifications in the isoprenoid substrate. This
feature has previously been exploited to transfer an array of farnesyl
diphosphate analogues with a range of functionalities, including an
alkyne-containing analogue for copper-catalyzed bioconjugation
reactions. Reported here is the synthesis of an analogue of the
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isoprenoid substrate embedded with norbornene functionality (C10NorOPP) that can be used for an array of applications, ranging
from metabolic labeling to selective protein modification. The probe was synthesized in seven steps with an overall yield of 7% and
underwent an inverse electron demand Diels—Alder (IEDDA) reaction with tetrazine-containing tags, allowing for copper-free
labeling of proteins. The use of C10NorOPP for the study of prenylation was explored in the metabolic labeling of prenylated
proteins in HeLa, COS-7, and astrocyte cells. Furthermore, in HeLa cells, these modified prenylated proteins were identified and
quantified using label-free quantification (LFQ) proteomics with 25 enriched prenylated proteins. Additionally, the unique chemistry
of C10NorOPP was utilized for the construction of a multiprotein—polymer conjugate for the targeted labeling of cancer cells. That
construct was prepared using a combination of norbornene—tetrazine conjugation and azide—alkyne cycloaddition, highlighting the
utility of the additional degree of orthogonality for the facile assembly of new protein conjugates with novel structures and functions.

B INTRODUCTION

Chemical probes infixed with bioorthogonal functionality have
become particularly important tools for the study of biological
processes. Such probes are used for substrate identification,
site-selective modification, or to give insights into enzyme
function. Bioorthogonal probes have been highly useful in the
study of protein prenylation, a post-translational modification
involved in cellular signaling and regulation. Dysregulation of
prenylation has been implicated in several diseases, including
cancer, Alzheimer’s disease (AD), malaria, and progeria.F6
During prenylation, either farnesyl or geranylgeranyl groups
(Figure 1A) from the corresponding diphosphates (farnesyl
diphosphate (FPP) and geranylgeranyl diphosphate (GGPP),
respectively) are transferred onto a cysteine present in a
distinctive C-terminal amino acid motif. That motif is typically
CaaX, CCXX, CXC, or CC, where C is the site of modification
(a cysteine residue), a is generally an aliphatic amino acid, and
X is a variable amino acid.”” The specific sequence determines
whether the protein is a substrate for farnesyltransferase
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(FTase), geranylgeranyl transferase I (GGTase 1), geranylger-
anyl transferase II (GGTase II), or geranylgeranyl transferase
Il (GGTase III) (Figure 1B).*” The enzymes that catalyze
prenylation have demonstrated structural flexibility regarding
their isoprenoid substrate."’™"” This allows for the transfer of
FPP analogues with bioorthogonal functionalities to putative
prenylated proteins for site-specific modification, visualization,
or drug delivery.

Previous work on prenyltransferases has focused on the
transfer ofalkyne-functionalizedisoprenoids,suchas C15SAIkOPP
(Figure 1A), to prenylated proteins for labeling with azide-
containing reagents through copper-catalyzed azide—alkyne
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Figure 1. Isoprenoids and the reactions using them catalyzed by prenyltransferases. (A) The structures of the natural substrates farnesyl
diphosphate (FPP) and geranylgeranyl diphosphate (GGPP). The structures of the well-studied C1SAIkOPP analogue and a previously reported
analogue of FPP-capable tetrazine ligation, C10TcoOPP, and the norbornene-modified analogue (C10NorOPP, 1) developed here are also shown.
(B) Prenylation reaction catalyzed by farnesyltransferase and geranylgeranyl transferase type 1. Note: Compound 1 is a mixture of inseparable
diastereomers indicated by the wavy bond. The diastereomers can be distinguished in 'H NMR with the endo diastereomer designated 1a and the
exo diastereomer as 1b. That 8:2 mixture of the two is designated as 1 throughout the manuscript.

cycloaddition (CuAAC)."”*~"° While CuAAC is the most
prevalent bioorthogonal labeling strategy, there are many other
types of bioorthogonal labeling reactions. Those include the
strain-promoted azide—alkyne cycloaddition (SPAAC) or
inverse electron demand Diels—Alder (IEDDA) reaction,
both of which provide alternative bioorthogonal chemistry
for protein modification.'”™"? In previous work, a trans-
cyclooctene (TCO)-containing FPP analogue (C10TcoOPP)
capable of undergoing an IEDDA reaction with a tetrazine-
containing tag was reported.”” While C10TcoOPP demon-
strated full ligation with a tetrazine in as little as 15 min, the
TCO moiety is synthetically difficult to produce and the large
hydrophobic group is too large to be efficiently processed by
the enzyme. Other cyclic alkenes, such as cyclopropene (k, =
4.5x10* M~ s7" at 20 °C) or norbornene (k, = 10 M™' s7! at
20 °C), manifest reactivities with tetrazine slower than TCO
(ky = 1.3 x 10* M~! s7') but have been shown to be effective
for various in cellulo labeling applications.'®'”'

It has been previously demonstrated that probes such as
C1SAIKOPP can serve as substrates for endogenous prenyl-
transferases to generate prenylated proteins, incorporating
bioorthogonal alkyne moieties via metabolic labeling. Using
CuAAC technology, these modified proteins can then be
visualized in-gel to elucidate the levels of prenylation or
enriched via biotin pull-down for subsequent proteomic
analysis to identify specific prenylated proteins. This method-
ology using C15AlkOPP and related alkyne probes has enabled
the identification of many prenylated proteins and variations in
their levels to be tracked in disease.'>**** However, it is likely
that the existing probes do not capture the entire prenylome.
Previous work suggests that the position of the bioorthogonal
group within an isoprenoid structure impacts the efliciency of
its incorporation. Hence, it is quite possible that changing the
structure of the bioorthogonal group will also affect the
incorporation efficiency and may reveal new prenylated
proteins.

Furthermore, the development of prenylation as a tool for
selective protein modification is a burgeoning field. In the past,
analogues of FPP capable of SPAAC or CuAAC have been
employed for the creation of protein conjugates that can be
used for selective visualization of cancer cells.”**° The
assembly of protein—drug conjugates that link functional
proteins with small molecules, including fluorescent dyes and
drugs, has proven to be valuable for diagnostic and therapeutic
purposes.”’ >’ Bioorthogonal chemistry is particularly useful
for generating protein conjugates because it allows modifica-
tion to occur at a specific position on the protein, which leads
to the production of homogeneous conjugates with a uniform
structural composition. In earlier work, site-specifically labeled
protein conjugates obtained by prenylating Designed Ankyrin
Repeat Proteins (DARPins)*”*" with different orthogonal
probes allowed selective labeling and killing of cancer cells.
While, in the past, different azide—alkyne strategies have been
used, combining these two strategies to form more complex
conjugates can be difficult due to cross-reactivity. However,
combining an IEDDA probe with established azide/alkyne
chemistry eliminates this cross-reactivity issue.

Reported here is the synthesis and application of an FPP
analogue, incorporating a norbornene moiety (C10NorOPP, 1
Figure 1A) for the study of prenylation. This new FPP
analogue is a useful addition to the toolbox of bioorthogonal
isoprenoid substrate analogues since it is smaller in size and
more stable than TCO, which facilitates a number of new
biological applications. Initial in vitro enzymatic assays
indicated that CI0NorOPP could serve as a potentially useful
probe by metabolic incorporation into cells and subsequent in-
gel fluorescence and label-free chemical proteomic analyses.
Additionally, the synchronous application of complementary
IEDDA and CuAAC labeling strategies allowed for the creation
of new multifunctional protein—drug conjugates. This broad
utility makes C10NorOPP a useful multi-tool for both direct
investigation of protein prenylation and the development of
prenylation-based therapeutic agents.
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Scheme 1. Synthesis of C10NorOPP, 1, from Geraniol over Seven Steps
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B RESULTS AND DISCUSSION

Docking Analysis of a Norbornene Analogue into the
Active Site of Farnesyltransferase. To gain insight into
whether a norbornene-containing analogue of FPP could be
accommodated into the active site of farnesyltransferase, both
the endo (la) and exo (1b) diastereomers of compound
C10NorOPP were docked into the active site of rat FTase
(rFTase). Inspection of the docked structures superimposed
onto the natural substrate FPP bound to the enzyme shows
very good alignment of the diphosphate moieties and the first
isoprene units. The conformation of the second isoprene unit
in 1a closely tracks that of FPP, while 1b exhibits a significant
rotation of nearly 180° of the C-7 methyl group. Interestingly,
the norbornene group in la does not extend past the terminal
carbon (C-12) of FPP, while in 1b, it extends modestly (1.7 A)
beyond that point. These observations indicate that C10Nor-
OPP can be readily accommodated into the rFTase active site
and suggest that it can act as an effective FPP surrogate.

Synthesis of C10NorOPP (1). The synthesis of C10Nor-
OPP was completed in seven steps from commercially
available geraniol (2) (Scheme 1). Alcohol 4 was prepared
as previously reported."’ Bromide § was synthesized by allylic
bromination of compound 4 using N-bromosuccinimide and
dimethylsulfide. A mixture of endo (6a) and exo (6b) S-
norbornene-2-methanol was deprotonated with NaH, followed
by the addition of alkyl halide 5 to give the ether-linked
norbornene isoprenoid 7.

Deprotection of that species gave alcohol 8, and its
subsequent activation to the corresponding bromide allowed
the incorporation of a diphosphate moiety to yield the target
compound, 1, in 7% overall yield over seven steps (Scheme 1).
It should be noted that since compound 6 was an inseparable
4:1 diastereomeric mixture of endo (6a) and exo (6b)

stereoisomers, compounds 7, 8, and 1 are all mixtures of
endo (7a, 8a, and 1a) and exo (7b, 8b, and 1b) isomers, with
the endo isomers present as the main components (~80%).
This was confirmed via "H NMR spectroscopy of 7, 8, and 1.
For example, in the 'H-analysis of 7 (Figure S1), the ratio of
the endo/exo isomers was 82:18. This ratio was determined by
comparing the integration for the endo hydrogen peak at 6.14
ppm with the smaller exo signal at 6.07 ppm. 'H NMR analysis
of 8 and 1 revealed a similar ratio (Figure S1). Since 1a and 1b
were not separable, that mixture is referred to as C10NorOPP
(1). While identification of both the endo and exo components
was important for the characterization of the above
compounds, the presence of this mixture was not deemed to
be a significant concern for subsequent applications since the
endo and exo norbornene moieties are known to undergo
tetrazine ligation at similar rates, although it is worth noting
that the exo isomer of norbornene-containing compounds does
react modestly (~3-fold) faster.”"** Conversely, based on the
aforementioned docking experiments (Figure 2), endo la
appears to manifest fewer conformational differences (relative
to FPP) compared with exo 1b and binds in a conformation
that is more similar in length to FPP, suggesting that 1a may be
a more eflicient substrate for farnesyltransferase.

Analysis of C10NorOPP as a Substrate for FTase.
While it was expected that C10NorOPP would be a suitable
alternative substrate for farnesyltransferase, given previous
results with other probes with moieties of a similar size such as
1 and others, it was still necessary to establish whether
C10NorOPP was efficiently incorporated by the enzyme. To
accomplish that, an in vitro prenylation reaction using yeast
farnesyltransferase (yFTase) and the well-characterized pep-
tide substrate, N-dansyl-GCVIA (DsGCVIA, 9), was analyzed
via liquid chromatography-mass spectrometry (LC-MS). It is
important to note that while initial docking experiments were
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Figure 2. Conformations of 1a (endo) and 1b (exo) docked into the
active site of rFTase. Compounds 1a and 1b are superimposed on the
physiological ligand FPP. The protein structure (JCR) is omitted for
clarity. FPP: blue; 1a: carbon (yellow), oxygen (red), and phosphorus
(orange); 1b: carbon (white), oxygen (red) and phosphorus

(orange).

carried out using rFTase, the kinetic parameters and enzymatic
tests were performed with yFTase. This was performed
because yFTase is a more efficient enzyme and hence is
more suitable for enzymatic protein modification; therefore,
determining these parameters for yFTase and the specific CaaX
sequence used in the protein constructs is more useful on a
practical level. Unfortunately, there is no X-ray structure of
yFTase. Although there is only a 39 and 29% sequence identity
between rFTase and yFTase for their # and a subunits,
respectively, both have the capabilities to transfer bioorthog-
onal probes.’**

Inspection of the chromatogram (Figure S2) revealed a
change in the retention time between the norbornene-modified
product (DsGC[Nor]VIA (10), r, = 13.9 min) and unmodified
DsGCVIA (r, = S5.99 min, 9), resulting from increased
hydrophobicity due to the addition of the modified isoprenoid.
The m/z value of the later-eluting product was also consistent
with the formation of the expected product (10: caled [M +
2H]*" = 477.1; found [M + 2H]*" = 477.2). To investigate
whether DsGC[Nor]VIA, 10, retained reactivity for the
reaction, the modified peptide was purified and reacted with
benzyl amino tetrazine, 11, for 2 h. Analysis by LC-MS analysis
showed a mixture of unreacted DsGC[Nor]VIA (r, = 13.9
min) and the desired tetrazine-modified product (DsGC[Nor-
Tet]VIA, 12, r, = 8.24 min; caled [M + 3H]*" = 371.2, found
[M + 3H]* = 371.5), confirming that the transfer to peptide
10 did not hinder the iEDDA reaction between the
norbornene and tetrazine.

After the confirmation that C10NorOPP was a viable
substrate for yFTase, a continuous spectrofluorimetric activity
assay was used to measure the prenylation rate using
C10NorOPP and 10 as substrates. This assay has been used
extensively to determine kinetic constants for a variety of FPP
analogues, including CI1SAIkOPP and C10TcoOPP, and it
relies on the increase in dansyl group fluorescence that occurs
when its environment becomes less polar due to the covalent
attachment of hydrophobic isoprenoid moieties. Direct curve
fitting of the plot (Figure S3) of rate versus the concentration
of C10NorOPP using the Michaelis—Menten equation yielded
values for Ky, (0.88 uM) and k_, (4.6 s™') that were similar to
those obtained for FPP (Table 1). Overall, the catalytic
efficiency obtained using C1I0NorOPP was ~2-fold higher than
that observed with FPP. In contrast, a comparison of
C10NorOPP with C10TcoOPP showed that while they both

manifested comparable Ky values, the k., value for the former

Table 1. Kinetic Values for the yFTase-Catalyzed Reaction
between DsGCVIA and C10TcoOPP, C10NorOPP, or FPP

rel keoo/ Kt
Ky (M) ke 571 ke (M~ s™)
FPP“ 0.76 + 0.03 22+ 0.1 1 29 + 0.1
C10NorOPP, 1¢ 0.88 + 0.03 46 +£03 2.1 52 +04
C10TcoOPP? 0.77 0.1 0.05 0.13

“All values are presented for FPP and 1, which are apparent kinetic
parameters since they were determined at a single peptide
concentration (2.4 uM). The values reported are the averages and
standard deviations from three separate replicates. YThe results for
C10TcoOPP were previously reported and were determined using 5
UM peptide.”’

(4.6 s7') was dramatically (46-fold) higher than that of the
latter (0.1 s™"). This observation is particularly important since
it suggests that C10NorOPP should be effective at labeling
protein substrates inside cells, where endogenous FPP is also
present, in contrast to C10TcoOPP, which reacts ~40-fold
slower. Thus, C10NorOPP represents a considerable improve-
ment in the design of bioorthogonal FTase substrates.

To study whether C10NorOPP could serve as an effective
FTase substrate in a more biologically relevant context,
labeling experiments with TAMRA-PEG4-tetrazine
(TAMRA-tetrazine, 13) were performed with in wvitro
prenylation reactions carried out in HeLa cell lysates. In this
experiment, HeLa cells were pretreated with lovastatin, 14, an
HMG-CoA reductase inhibitor that decreases the endogenous
levels of FPP and GGPP, in order to provide a pool of
unprenylated proteins that could then be labeled using
C10NorOPP in a subsequent in vitro prenylation reaction.

Cell lysates were then treated with C10NorOPP and yFTase
or rFTase in the presence of exogenously added GFP-CVIA, a
well-established full-length protein substrate.

The samples were treated with tetrazine-TAMRA, com-
pound 13, and analyzed by in-gel fluorescence (Figure 3). This
demonstrated that GFP-CVIA could be modified with
C10NorOPP by both yFTase and rFTase and be labeled
with 13, as indicated by the intense band at ~30 kDa (Figure
3, lanes 4 and 8). While there was some background
fluorescence observed in the absence of C10NorOPP (Figure
3, lanes 1 and $), additional labeling of endogenous prenylated
proteins was observed in the reactions containing C10Nor-
OPP, as evidenced by the increase in intensity of at least one
band in the 50 kDa region (Figure 3, lanes 2 and 4, highlighted
with an arrow). Taken together, these experiments demon-
strate that both full-length endogenous cellular proteins and
exogenously added proteins can be successfully prenylated
with C10NorOPP.

Metabolic Labeling and Prenylomic Analysis with
C10NorOPP. Since the experiments established that full-
length protein substrates could be labeled in vitro using
C10NorOPP, subsequent experiments focused on whether
C10NorOPP could be incorporated in cellulo via metabolic
labeling procedures. Previous work has shown that alkyne- and
azide-containing isoprenoid analogues can be incorporated
into prenylated proteins using the endogenous prenylation
machinery.'”""'>*® Here, metabolic incorporation was studied
in HeLa, COS-7, and immortalized astrocyte cells since these
cell lines have been previously studied with alkyne-based
probes and shown to manifest different levels of probe
incorporation.14 Accordingly, these cell lines were subjected to
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Figure 3. In vitro prenylation reaction in HeLa cell lysate
supplemented with exogenously produced GFP-CVIA. HeLa cell
lysate was treated with rFTase or yFTase and supplemented with
C10NorOPP or GFP-CVIA. The CVIA modification allows GFP to
be prenylated by the FTase enzymes. The top panel shows TAMRA
fluorescence, and the bottom panel shows a portion of the Coomassie
blue stained gel. Lanes 1—4 were treated with rFTase and lanes 5—8
were treated with yFTase. Lanes 1 and S are the respective controls
treated with neither GFP-CVIA nor C10NorOPP. Lanes 2 and 6 were
treated with C10NorOPP, lanes 3 and 7 were treated with GFP-
CVIA, and lanes 4 and 8 were treated with both GFP-CVIA and
C10NorOPP. All samples were subjected to tetrazine ligation for 3 h
with TAMRA-tetrazine 13.

metabolic labeling with C10NorOPP followed by in-gel
fluorescence (Figure 4A).

In this process, cells were either pretreated with or without
lovastatin prior to incubation with C10NorOPP for 24 h.*
After treatment with C10NorOPP, the cells were lysed and the
crude lysate was subjected to an in vitro iEDDA click reaction
with TAMRA-tetrazine and then analyzed via in-gel
fluorescence. In all three cell types (Figure 4B—D), it was
observed that lovastatin pretreatment (lane 3 in Figure 4B,D,
lane 4 in Figure 4C) followed by treatment with C10NorOPP
showed substantially more labeling compared to treatment
with C10NorOPP alone (Figure S4).

To confirm that the proteins being labeled were in fact
putative prenylated proteins, HeLa cells were co-treated with
either FPP or an FTase inhibitor (FTI, L-744,834, 15). Co-
treatment with exogenous FPP and C10NorOPP showed
diminished labeling (Figure 4B, lane 3) comparable to the
control sample, which is consistent with the idea that
C10NorOPP is added to otherwise prenylated proteins within
cells since the inclusion of the physiological substrate (FPP)
should competitively reduce labeling by C10NorOPP. This
was further confirmed through an inhibition assay during
which the cells were treated with C10NorOPP and an FTI
(Figure 4B, lane 4), which also resulted in a decrease in
labeling to background levels. This latter result is consistent
with specific labeling of farnesylated proteins by C10NorOPP
catalyzed by rFTase since 15 is a highly selective inhibitor of
that enzyme. Overall, when looking at the no-probe controls in
all gels (lanes 1 and 2 in Figure 4B, and lanes 1 in Figure
4C,D), there is significant background fluorescence. This is
more than what has been seen with the previously reported
azide—alkyne cycloaddition strategies, likely due to non-

specific labeling by the tetrazine moiety or as a result of the
2-fold increased amount of the fluorescent reagent used
compared to what is used with the alkyne analogues.

The development of proteomic methods to comprehensively
identify the prenylome has relied on the use of bioorthogonal
probes for protein enrichment. While prenylomic analysis
using substrates containing biorthogonal functionality has
limitations, it remains the most widely used method in the field
for characterizing the prenylome in a comprehensive
manner.'¥"> Other methods focused on enrichment of
prenylated proteins without metabolic labeling are being
developed but have not been widely used to date.***° Using
alkyne-containing isoprenoid analogues followed by conjuga-
tion with biotin-azide allows proteins modified through
metabolic labeling to be isolated via avidin enrichment. After
confirming that C10NorOPP could be used to metabolically
label protein targets of prenylation, chemical proteomics was
used to identify which prenylated proteins were modified by
C10NorOPP using the workflow shown in Figure 4A. HeLa
cells pretreated with lovastatin, 14, were then treated with
C10NorOPP or FPP control for 24 h. Three replicates of each
of these samples were prepared, lysed, and subjected to an in
vitro iEDDA click reaction with biotin-PEG4-tetrazine (biotin-
tetrazine, 16) and enriched via avidin pull-down. The enriched
prenylated proteins were digested with trypsin for a bottom-up
proteomic analysis, employing liquid chromatography with
tandem mass spectrometry (LC-MS/MS). Using label-free
quantification (LFQ), 2790 proteins were identified. These
proteins were ranked by increasing fold changes, and proteins
with a Log, fold change >1 are enriched with C10NorOPP
(Figure SA). Of the 95 proteins that meet that criteria, there
are 25 enriched prenylated proteins that were identified,
including 11 farnesylated proteins, 8 geranylgeranylated Rab
proteins, and 6 geranylgeranylated proteins (Table S1). The
number of prenylated proteins is comparable to the number
reported in a recent study, describing the prenylomic analysis
of HeLa cells treated with C1SAIkOPP (Figure SB), where 29
prenylated proteins were reported.'*

While the total number of prenylated proteins identified is
comparable between C10NorOPP and C15AIkOPP, the
identities of the enriched prenylated proteins differ. Interest-
ingly, when comparing the three types of prenylated proteins,
farnesylated proteins were the predominant ones identified in
the current study, with five distinct farnesylated proteins
identified in this work that were not found with the
C1SAIKOPP analysis in HeLa (Figure SS). Additionally,
there are four prenylated Rab proteins and two geranylger-
anylated proteins that were also found with C10NorOPP and
not with C1SAIkOPP in HeLa (Figure SSB,C). Interestingly,
when comparing the Log, fold changes for the 17 proteins that
were found in both experiments, there was no correlation
between the fold changes of the proteins found with both
probes (Figure SC). This fact, combined with the variation in
the proteins identified with each probe, suggests that
C10NorOPP is better suited to label a different subset of
prenylated proteins than C15AIkOPP. This is likely because of
two reasons. First, it reflects the fact that C10NorOPP is closer
in length to FPP than GGPP (Figure 1A). Thus, it is probably
not an effective substrate for GGTases and this is consistent
with the observation that C10NorOPP identified fewer
geranylgeranylated proteins of both types; in contrast,
C1SAIKOPP is intermediate in length between FPP and
GGPP and has been shown to be efficiently used by all protein
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