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Abstract 

Post-translational farnesylation or geranylgeranylation at a C-terminal cysteine residue 

regulates localization and function of over 100 proteins, including the Ras isoforms, and is a 

therapeutic target in diseases including cancer and infection. Here we report global and 

selective profiling of prenylated proteins in living cells enabled by development of novel 

isoprenoid analogues YnF and YnGG in combination with quantitative chemical proteomics. 

Eighty prenylated proteins were identified in a single human cell line, 64 for the first time at 

endogenous abundance without metabolic perturbation. We further demonstrate that YnF and 

YnGG enable direct identification of post-translationally processed prenylated peptides, 

proteome-wide quantitative analysis of prenylation dynamics and alternative prenylation in 

response to four different prenyltransferase inhibitors, and quantification of defective Rab 

prenylation in a model of the retinal degenerative disease Choroideremia. 

Introduction 

Protein prenylation is a class of irreversible post-translational modification predicted to affect 

hundreds of proteins in the human proteome1. Farnesyl transferase (FTase) and 

geranylgeranyl transferase type 1 (GGTase-1) catalyze attachment of a single farnesyl or 

geranylgeranyl isoprenoid to a canonical C-terminal CXXX-motif (C = Cys; X = any amino acid) 

on proteins including Ras and Rho GTPases, nuclear lamins and gamma subunits of 

heterotrimeric G-proteins (Figure 1a). RabGGTase (GGTase-2) attaches one or two 

geranylgeranyl chains to members of the Rab family at a variety of cysteine-containing C-

terminal motifs, with the assistance of Rab Escort Proteins, REP1 or REP2. Prenylation plays 

an important role in all normal cells, and in numerous human pathologies including cancers2, 

cardiovascular3 and retinal4 diseases, viral infections5,6 and Hutchinson-Gilford progeria 

syndrome (HGPS)7.  

Prenyl transferase inhibitors (PTIs) have been proposed as inhibitors of Ras signaling in 

cancer, but despite extensive clinical trials none of these agents has yet been approved for 



clinical use2. Further development is hampered by limited validation of the cellular targets of 

prenylation, and poor understanding of the dynamic interplay between prenyl transferases and 

their substrates in response to inhibition which can drive certain substrates to ‘switch’ between 

farnesylation and geranylgeranylation, making patient selection highly challenging1. Recently, 

farnesyl transferase inhibitors (FTIs) have shown positive clinical results in HGPS7 and chronic 

hepatitis delta virus (HDV) infection6, diseases in which FTI efficacy is thought to occur mainly 

through a specific prenylated protein. To explain past failures and set future directions there is 

a need to understand the prenylated proteome in specific cellular contexts, and to determine 

which proteins are targeted by inhibition of each prenyl transferase2.  

Chemical proteomics is a powerful methodology to decipher substrates of post-translational 

modifications (PTMs), particularly for analytically challenging PTMs such as lipidation8-10. 

Several useful chemical probes for protein prenylation have been reported11-16, but currently-

available methodologies provide limited coverage of the prenylated proteome and poor 

selectivity for farnesylation vs. geranylgeranylation pathways. There thus remains a need for 

chemical probes which can enable high-throughput quantification of specific changes in 

prenylation in disease models or in response to PTIs, at the whole proteome level.  

Here we report a high-throughput approach for exploration of protein prenylation in living cells, 

exploiting a pair of novel alkyne-tagged prenyl probes coupled with multifunctional capture 

reagents and a quantitative chemical proteomics workflow (Figure 1b). We demonstrate that 

this methodology can be used to identify novel prenylated proteins at proteome-wide scale and 

at endogenous cellular abundance, and to quantify substrate-specific inhibition of prenylation 

upon treatment with different classes of PTIs, enabling system level validation and invalidation 

of widely-used tool inhibitors. We further show the broad utility of these probes to quantify 

“rescue” prenylation induced by treatment with a potent FTI, directly identify post-translational 

processing of prenylated C-termini, and quantify the complex effect on geranylgeranylation 

resulting from REP1 knock-out in a model of the X-linked retinal disease Choroideremia. 

Together, these probes and capture reagents significantly extend the existing tools available 



for metabolic prenyl labeling (Supplementary Table 1), enabling new applications in the 

exploration of protein prenylation in living cells. 

Results 

Novel alkyne-tagged isoprenoid analogues YnF and YnGG enable identification and 

quantification of prenylated proteins 

We reasoned that structural similarity of chemical probes to the natural products farnesol 

(FOH) and geranylgeraniol (GGOH) should lead to high fidelity incorporation into cellular 

prenylated targets. Accordingly, we developed two prenyl probes designed to target 

farnesylation and geranylgeranylation selectively, termed YnF and YnGG, respectively (Figure 

1b, synthetic methodology in Supplementary Information), in which an alkyne moiety enables 

post-incorporation coupling of functional ‘capture reagents’ bearing fluorophores and/or affinity 

tags through copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) (so-called ‘click’) 

chemistry17,18. The corresponding pyrophosphates of each probe (YnFPP and YnGGPP, 

Supplementary Figure 1) were also synthesized, and their incorporation into peptides 

mimicking prenylated protein substrate C-termini was compared against FPP and GGPP, for 

FTase and GGTase-1 (Supplementary Figure 1), using a biochemical enzyme assay 

(Supplementary Information). In line with the biomimetic design of the probes, transfer of each 

probe was found to exhibit rates of incorporation and Km values aligned with those of the 

canonical native prenyl pyrophosphate for FTase (RHEB) and GGTase-1 (RHOA) peptide 

substrates, with no cross-reactivity with the non-substrate peptide/transferase pair 

(Supplementary Figure 2).  

Probe incorporation in cells was first examined in an endothelial cell line (EA.hy92619), adding 

YnF or YnGG at a range of concentrations to cells in culture over 24 hours, followed by isolation 

of protein and ligation by CuAAC to AzTB (Supplementary Figure 8), an azide-tagged capture 

reagent bearing a TAMRA fluorophore and a biotin handle18. Analysis by in-gel fluorescence 

showed excellent incorporation of the probes at low micromolar concentration, with labeling 



evident at 1 µM probe, and increasing at 10 µM (Figure 1c). Previous studies using prenyl 

probes have typically pretreated cells with a HMG-CoA reductase inhibitor (statin) to deplete 

endogenous isoprenoids and enhance labeling11,15,16; however, statins exert widespread 

effects on metabolism, including changes in the levels of cholesterol metabolites and of 

prenylated proteins20. In contrast, incorporation of YnF and YnGG proceeds with high 

efficiency without statin treatment, enabling study of prenylation under unperturbed conditions. 

Both probes showed strong labeling in the 20-25 kDa region by in-gel fluorescence, consistent 

with labeling of small GTPases, but each probe also labeled an orthogonal set of bands, 

suggesting that selective farnesyl and geranylgeranyl probes may provide enhanced coverage 

of the whole complement of prenylated proteins. Consistent with selective labeling, probe 

incorporation was sensitive to competition by the respective natural isoprenoid substrate, 

farnesol (FOH) or geranylgeraniol (GGOH) (Supplementary Figure 3). 

We next employed a quantitative chemical proteomics strategy to identify and validate protein 

targets labeled by the probes, using competition against natural isoprenoids. EA.hy926 cells 

were treated with 10 µM YnF or YnGG in the presence of increasing concentrations of FOH 

(0, 5, 25 µM) or GGOH (0, 2.5, 10 µM), and cell lysates spiked with SILAC lysate dual labeled 

with 13C615N4-Arg and 13C615N2-Lys (R10K8) and the relevant prenyl probe, providing a mass 

standard against which competition could be quantified21. Following CuAAC ligation, affinity 

enrichment and on-bead tryptic digest, samples were analyzed by nanoLC-MS/MS on a high 

resolution Orbitrap mass spectrometer (Supplementary Data 1 and 2). Although some overlap 

in protein identification between the two probes was evident, 75% of proteins which 

significantly responded to competition were uniquely detected by one probe only 

(Supplementary Figure 3), underlining the advantages of a dual farnesyl and geranylgeranyl 

probe system. All proteins sensitive to competition by natural isoprenoids carried a potential 

prenylation motif, with the exception of four proteins known to interact with Rabs (COPA, CD9, 

CD151, PODXL), enabling robust identification of prenylated proteins over background (Figure 

2a and 2b, Supplementary Figure 4, Supplementary Data 1 and 2). The probes discriminate 



with high selectivity between known non-prenylated or prenylated proteins, with only the latter 

showing significant changes in the presence of competing canonical substrate (FOH or 

GGOH). YnF also identified 7 novel farnesylated proteins which showed identical competition 

behavior to the set of known farnesylated proteins (Figure 2a), including serine-threonine 

kinase ULK3, DDB1- and CUL4-associated factor 8 (DCAF8/WDR42A), centrosomal protein 

CEP85, leucine-rich repeat protein LRRFIP1, nuclear assembly protein NAP1L4, RhoBTB 

subfamily member RHOBTB3, and protein DPCD. Our approach also enables objective 

identification of CXXX motif proteins which are not substrates for probe incorporation (Figure 

2a and 2b). For example, ubiquitin C-terminal hydrolase L1 (UCHL1), an abundant 

deubiquitinase previously reported to be farnesylated22, was not identified as a substrate for 

either probe in EA.hy926 cells. A UCHL1 C-terminal peptide was also not a substrate for 

prenylation in biochemical assays with any prenyl pyrophosphate (FPP, YnFPP, GGPP or 

YnGGPP; Supplementary Figure 2). Of the 80 prenylated proteins identified here with high 

confidence, 64 are shown to be prenylated at endogenous cellular abundance for the first time, 

without the use of disruptive protein overexpression or treatment with a statin (Supplementary 

Data 1), providing the most comprehensive set of prenylated proteins for a single cell type 

determined to date. A further putative 3 farnesylated and 6 geranylgeranylated proteins were 

identified for which competition resulted in non-detection of the protein even at the lowest 

concentration of natural isoprenoid (Supplementary Data 1, ‘low confidence’ substrates). 

Competition experiments are widely-used in chemical proteomic analyses to differentiate 

between selective labeling and non-specific pull-down (e.g. due to interaction with the affinity 

resin)17,23,24; however these data do not differentiate between competition at the levels of 

pyrophosphate biosynthesis or transferase recognition. We therefore further probed 

concentration-dependent probe incorporation into farnesylated and geranylgeranylated 

substrates in cells in the absence of competing FOH or GGOH, comparing incorporation in 

cells treated with 1, 2, 5 or 10 µM YnF or YnGG using a 10-plex tandem mass tag (TMT10) 

methodology to enable relative quantification between all concentrations across both probes, 



and against a vehicle (DMSO) control (Supplementary Data 3). A clear probe- and 

concentration-dependent response was observed for known and novel farnesylated or 

geranylgeranylated substrates identified in competition experiments (Supplementary Figure 5), 

with strong selectivity for YnF or YnGG for FTase or GGTase-1 substrates, respectively 

(Supplementary Figure 5). These data mirror the biochemical selectivity of the probes, and 

further support transferase-selective incorporation of each probe in cells. 

Validation of known and novel substrates was performed by affinity enrichment of labeled 

proteins followed by immunoblot analysis, and mirrored the results obtained in the proteomics 

analysis. Known farnesylated protein HRAS and novel target ULK3 were preferentially labeled 

by YnF, known geranylgeranylated proteins (RHOA, RAB8A and RAB22A) preferentially 

incorporated YnGG (Figure 2c), and labeling was sensitive to competition with the relevant 

natural isoprenoid. Furthermore, ULK3 and CEP85 mutants in which the CXXX cysteine was 

mutated to serine or alanine (CS and CA mutants) were not labeled by YnF, confirming that 

probe modification is dependent on the predicted site of prenylation (Figure 2d).  

We next confirmed that the probes are effective in a range of different cell types, including 

cervical cancer (HeLa), breast cancer (MCF7) and monocytes (THP1). In each case and for 

each probe labeling could be readily observed, without addition of statin, at concentrations 

from 1 to 10 µM, although with some variations in apparent efficiency of incorporation 

(Supplementary Figure 6). Selectivity towards farnesylated (ULK3) and geranylgeranylated 

(RHOA) substrates was maintained across all cell types, as demonstrated by affinity 

enrichment and immunoblot analyses (Supplementary Figure 7). 

YnF and YnGG enable direct detection of prenylation by mass spectrometry 

Direct detection of the site of protein lipidation by mass spectrometry is notoriously challenging 

and a general proteome-wide approach has not been reported for protein prenylation, which 

for many substrates is further complicated by a cascade of post-translational proteolysis and 

methylation (Figure 1a). Building on our previous demonstration of direct identification of 



protein myristoylation using multifunctional capture reagents17,18,25, we employed AzRB, 

AzRTB and Az3MRB18 (Supplementary Figure 8) to the direct analysis of protein prenylation. 

Each of these reagents harbors an enzyme-cleavable sequence to enhance release and 

detection of modified peptides upon protein digestion with trypsin, or lysarginase, a 

thermophilic proteinase which can enhance identification of C-terminal peptides26 (Figure 3a). 

Analysis of the MS/MS spectra of identified YnF- and YnGG-modified peptides revealed 

characteristic C-S bond scission marker ions analogous to canonical prenylated peptides 

(Supplementary Figures 9 and 10)27, and cross-validation against orthogonal marker ions from 

each capture reagent enabled robust sequence assignment (Figure 3b).  

The 26 distinct prenylated peptides identified in our analysis (Figure 3c, Supplementary Data 

4) mapped to the C-terminal CXXX motif of one of 18 distinct proteins, including both well-

established prenylated substrates (e.g. nuclear lamins, Rho, and Ras protein family members) 

and novel prenylated proteins ULK3, DCAF8 and NAP1L4. 12 peptides had undergone C-

terminal hydrolytic cleavage generating a prenylated C-terminal cysteine, a further 4 peptides 

were cleaved and methylated, and the remaining 10 featured unprocessed C-termini 

(Supplementary Data 4). These findings demonstrate that YnF and YnGG labeling is 

compatible with endogenous post-prenylation processing by Ras-converting enzyme 1 (RCE1) 

and Isoprenylcysteine carboxyl methyltransferase (ICMT)28. Interestingly, we also found strong 

evidence for novel C-terminal processing of geranylgeranylated RAB3B, RAB3D, and RAB7A, 

in which the two terminal amino acids of the canonical XCXC motif have been removed 

(Supplementary Figure 10). Taken together, these data provide the first example of direct 

identification of numerous prenylated and processed prenylation sites at endogenous 

abundance, at the whole proteome level.  

Chemical proteomics enables proteome-wide quantification of protein prenylation in response 

to prenyl transferase inhibition 



As noted above, intense effort has been put into the development of inhibitors of 

prenyltransferases and enzymes involved in biosynthesis or processing steps up- or 

downstream of protein prenylation1,2. However, inconsistent efficacy in clinical trials2 suggests 

that the mode of action of PTIs is more complex than initially supposed, and the selectivity and 

impact of these inhibitors on prenylation has not been explored at the whole proteome level. 

We used YnF and YnGG to compare and quantify changes in prenylation in response to 

perturbation by four tool compounds widely used in cell and animal studies: FTI-277 (a FTase 

inhibitor)29 and GGTI-2133 (a GGTase-I inhibitor); the natural product Manumycin A (reported 

to be an inhibitor of FTase)30; and the drug Tipifarnib31, which is representative of sub-nM 

potency FTIs that have entered over 30 clinical trials2. EA.hy926 cells were labeled with probe 

in the presence of increasing concentrations of PTI, and analyzed and quantified using spike-

in SILAC methodology.  

Consistent with their known potencies, the FTase inhibitors Tipifarnib and FTI-277 exhibited 

low nanomolar and micromolar mean in-cell IC50 responses, respectively (Figure 4a and 4b). 

Quantitative chemical proteomics enabled dose-response relationships to be determined for 

each individual FTase substrate in the cell, revealing a wide range in estimated IC50. Notably, 

all novel farnesylated proteins identified above responded to farnesyltransferase inhibitors, 

further validating them as bona fide FTase substrates (Figure 4b, Supplementary Data 1 and 

5), and immunoblot analysis of HRAS, ULK3 and DCAF8 confirmed that YnF labeling of all 

three proteins is sensitive to Tipifarnib (Supplementary Figure 11). In contrast, there was no 

evidence that Manumycin A impacted farnesylation up to the highest concentration tested 

(10 µM, Figure 4c, Supplementary Data 5); acute cell toxicity was evident above this 

concentration (data not shown), strongly suggesting that phenotypes previously observed with 

this compound are unlikely to be directly related to prenylation and may be due to off-target 

effects and/or cytotoxicity. YnGG was similarly used to interrogate the effect of GGTase-1 

inhibitor GGTI-2133 (Figure 4d, Supplementary Data 6), providing an in-cell dose-response for 

14 known geranylgeranylated proteins. 



YnF and YnGG describe dynamic response of prenylation to inhibition in living cells 

Some proteins are thought to be substrates for both FTase and GGTase-1 under physiological 

conditions, or to switch to GGTase-1 upon inhibition of FTase1 (Figure 5a). We used our two-

probe system to explore the balance between farnesylation and geranylgeranylation in the 

unperturbed cellular environment, and in response to FTI treatment. Spiking lysates with a 

reference sample labeled with R10K8 and both prenyl probes enabled relative quantification 

of probe preference, confirming strong preferential incorporation of YnF or YnGG into 

farnesylated and geranylgeranylated substrates, respectively (Figure 5b, Supplementary 

Figure 12). Interestingly, RRAS2 was found to be prenylated by both probes, consistent with 

the observation that recombinant RRAS2 is a FTase and GGTase-1 substrate in vitro32.  

Having established a method to quantify relative levels of probe incorporation we interrogated 

the dynamics of prenylation in response to PTI treatment. The failure in the clinic of FTIs as 

anticancer agents has been attributed in part to “rescue prenylation” by GGTase-1 of 

substrates such as KRAS and NRAS1,2. However, the prevalence of alternative prenylation of 

proteins other than the Ras isoforms remains largely unexplored, despite its potentially 

important impact on the clinical efficacy and tolerability of FTIs. We compared proteome-wide 

changes in the ratio of YnF/YnGG incorporation to inhibition of YnF labeling in response to 

treatment with the clinically relevant FTI Tipifarnib over a range of inhibitor concentrations 

(Figure 5c, Supplementary Figure 12, Supplementary Data 7). KRAS, NRAS and RRAS2 

displayed robust dose-dependent increases in YnGG labeling, with a maximum effect evident 

at 10, 5 and 1 nM Tipifarnib, respectively. The increase in YnGG incorporation mirrored the 

dose-dependent decrease in YnF labeling over the same concentration range (Figure 5c), 

indicating switch-like behavior for these three proteins on treatment with an FTI. The previously 

identified robust response of RRAS2 YnGG labeling to GGTI-2133 (Figure 4d) further suggests 

that this protein is prenylated by both FTase and GGTase-1 in cells, and it appears that 

inhibition of FTase can shift this balance towards geranylgeranylation. Remarkably, no other 

farnesylated protein showed a significant or robust response to inhibition (Supplementary 



Figure 12, Supplementary Data 7), showing for the first time that rescue prenylation is 

restricted to a small set of specific proteins at the whole proteome level. 

YnGG quantifies reduced geranylgeranylation of a specific subset of Rab proteins in a REP-1 

knock-out model of Choroideremia 

Choroideremia is an X-linked genetic disease caused by loss-of-function mutations in the CHM 

gene, which encodes Rab Escort Protein 1 (REP-1)4,33. Loss of REP-1 function affects 

approximately 1 in 50,000 people, and causes degeneration of the choroid, retinal pigment 

epithelium and photoreceptors, leading to gradual loss of vision in affected patients34. REP-2 

is apparently unable to compensate for loss of REP-1 in the eye35, and ongoing gene therapy 

trials aim to prevent loss of vision by adding functional CHM cDNA36,37. REP proteins are 

required for prenylation by RabGGTase, and loss of REP-1 results in accumulation of non-

prenylated Rab proteins (Figure 6a); however, the quantitative impact on Rab protein 

prenylation at the whole proteome level in a disease-relevant model remains unknown.  

To interrogate which Rab substrates are most dependent on REP-1 for efficient prenylation, 

we applied YnGG to quantify differences in Rab geranylgeranylation levels in mouse 

embryonic fibroblasts (MEFs) derived from the conditional mouse Rep-1 knock-out model of 

Choroideremia38. Note that here as elsewhere, by convention gene/protein names are in 

lowercase for mouse (e.g. Rep-1), and uppercase for human (REP-1). Rep-1 knock-out (FLOX 

TM) or control (FLOX) MEFs were incubated with YnGG (10 µM, 24 hours), the resultant lysate 

was spiked with a heavy standard generated from MEF cell line NIH 3T3 labeled with both 

R10K8 and YnGG, and processed for quantitative proteomic analysis as described above to 

generate relative quantification of changes in prenylation across 29 Rab proteins in Rep-1 

knockout cells vs. wild type control (Figure 6b, Supplementary Figure 13, Supplementary Data 

8). The prenylation of 10 Rab proteins was significantly reduced upon Rep-1 knock-out, with 

prenylation of Rab12 and 27b reduced to 10% and 24%, respectively, of the level observed in 

Rep-1 functional cells. As expected, YnGG incorporation into GGTase-1 substrates was 



largely unaffected by Rep-1 knock-out (Supplementary Figure 13). Protein levels in whole cell 

lysates were further quantified by proteomics (Supplementary Figure 14), demonstrating no 

significant changes in the expression of Rabs or CXXX substrate proteins, including Rab7a, 

5c and 21, each of which showed significantly reduced levels of prenylation in Rep-1 knockout 

cells. Immunoblot analysis of Rab22a, Rab7 and a GGTase-1 substrate (RhoA) recapitulated 

the results obtained through quantitative proteomics, confirming that only Rab7 YnGG labeling 

is affected by Rep-1 knockout, with no changes in overall expression (Figure 6c and 

Supplementary Figure 13). 

Discussion 

In this study we present a methodological approach to identify and quantify protein prenylation 

using a combination of alkyne-tagged prenylation probes and quantitative proteomics. Novel 

prenyl probes YnF and YnGG show preferential incorporation into farnesylated and 

geranylgeranylated proteins, respectively, maintaining selectivity for each transferase by 

mimicking overall chain length and hydrophobicity. Previous studies using prenyl analogues 

which depart significantly from the native lipid structure (for example by direct integration of a 

fluorophore or branching in the isoprenoid chain) have variously reported negligible13 or 

significant39 impact on the biochemical efficiency of transfer to specific peptide or protein 

substrates, although these studies did not explore incorporation in a cellular setting. Here we 

have presented multiple lines of evidence supporting transferase selectivity and substrate 

fidelity of YnF and YnGG, including enzyme kinetics, whole-proteome competition and 

concentration-dependent incorporation in cells for known and predicted farnesylated or 

geranylgeranylated proteins, cross-confirmation for known and novel substrates by 

immunoblot analyses in a range of cell lines, dose-dependent responses to selective FTase 

and GGTase-1 inhibitors including recapitulation of known prenyl switch responses, and direct 

mass spectrometric detection of specific probe incorporation into sites of prenylation, 

compatible with downstream processing. Taken together, these data strongly support YnF and 

YnGG as useful probes for exploring protein prenylation in cells. 



The large proportion of substrates detected uniquely by either YnF or YnGG highlights the 

advantages of a two-probe system to maximize discovery of the prenylated proteome and 

provides substantially greater coverage than studies using previous probes, which vary probe 

chain length, introduce hydrophilic linkers, and rely on pretreatment with statins in order to 

achieve probe incorporation (see Supplementary Table 1 for a comparison with previous 

probes and studies). These probes cause no overt cytotoxicity and the degree of incorporation 

is probably modest as a proportion of total prenylated protein, which is likely to minimize 

phenotypic effects of probe incorporation; nevertheless, all metabolic labeling approaches 

involve a perturbation of the biological system. Several of the seven novel farnesylated 

proteins identified in this study are known to have important biological roles. CEP85 plays a 

role in controlling centriole duplication40, whilst ULK3 regulates cytokinetic abscission41, 

autophagy and Gli signaling42. LRRFIP1, a cytosolic nucleic acid binding protein, is a key 

mediator of Wnt/β-catenin signalling43. Prenylation data compare favorably with bioinformatic 

predictions using PrePS44, a widely used predictor of non-Rab prenylation motifs, with the 

majority of experimentally determined substrates predicted to be prenylated by at least one of 

the prenyl transferase enzymes (Supplementary Data 1). Conversely, CXXX proteins that did 

not respond to competition are not predicted substrates, nor do they respond to inhibition by 

any PTI tested, further suggesting that these proteins (including previously hypothesized 

substrates UCHL1 and annexin ANXA1) are not prenylated45.  

The present study is the first proteome-scale analysis to identify a large number of prenylated 

and processed peptides from substrates at endogenous abundance (i.e. without substrate 

overexpression), and the first to demonstrate the compatibility of prenyl probes with the 

cascade of post-prenylation processing in cells. Furthermore, the novel discovery of C-terminal 

processing of Rab proteins which normally carry a double geranylgeranyl CXCX motif (RAB3B, 

RAB3D, and RAB7A) may indicate the existence of a previously unknown mechanism to 

control prenylation stoichiometry of Rab family members, a phenomenon which merits further 

investigation. Identification of prenylated peptides is technically challenging for multiple 



reasons; the high frequency of Arg/Lys-rich stretches proximal to the prenylation site coupled 

with post-prenylation processing results in short peptides which have sub-optimal 

chromatographic separation and can be difficult to assign, and this is further compounded by 

the generally poor ionization of C-terminal tryptic peptides46. Identification of an even greater 

range of modified peptides might be achieved in future through adaptation of the analytical 

approach to enhance detection of short C-terminal tryptic peptides, partially addressed here 

by the application of lysarginase. We note that discovery of intact CXXX peptides may be due 

to detection of substrates prior to cleavage or native retention of the XXX motif, since recent 

studies demonstrate that not all prenylated proteins are subject to quantitative processing47. 

Recent reports using protein overexpression and peptide biochemical assays suggest that 

CXXXX motif proteins may also be substrates for FTase48; we have undertaken careful and 

detailed inspection of our data in search of CXXXX motif proteins, including both proteomic 

analyses and direct site identification, but could not find evidence for this non-canonical 

prenylation motif in this mammalian cell line. 

Quantitative analysis of prenylation in response to PTIs demonstrates a range of sensitivity 

across substrates, which may correspond to differential efficiency of prenylation at each 

substrate in the complex environment of the cell. Similar nuances have been observed in vitro 

using peptide substrates (e.g. Tipifarnib IC50 of 0.86 nM and 7.9 nM for farnesylation of peptide 

substrates based on lamin B and KRasB, respectively31), and may influence the mode of action 

of these compounds in a given disease context. Probes selective towards each transferase 

enabled the first quantitative whole-proteome analysis of the phenomenon of dynamic 

switching of FTase substrates to prenylation by GGTase-1 in response to FTI treatment, 

uncovering the novel and intriguing finding that the large majority of substrates show no change 

in geranylgeranylation at concentrations of Tipifarnib sufficient to eliminate FTase activity. The 

switching propensity of a given protein cannot be reliably predicted based on sequence, and 

further studies will be required to understand the regulatory mechanisms leading to this 

surprising result. Whilst FTI-277 and particularly Tipifarnib were confirmed as potent tool 



inhibitors with excellent selectivity at the whole proteome level, our data provide compelling 

system-level evidence that any effects on prenylation observed with Manumycin A are likely to 

be due to off-target cytotoxic effects, leading to the conclusion that this compound is ineffective 

as a chemical probe. Although Manumycin A is a weak FTI (IC50 5 µM) and less widely applied 

than FTI-277 or Tipifarnib, it has been used as a tool inhibitor in over 100 previously published 

studies; we suggest that previous conclusions drawn using Manumycin A as an FTI should be 

treated with caution, unless cross-validated with complementary approaches or more selective 

tool compounds.  

In summary, the novel probes YnF and YnGG provide a unique window on the prenylated 

proteome, providing enhanced coverage and selectivity in metabolically active model systems, 

and complementing in vitro ‘re-prenylation’ approaches13. In combination with optimized 

capture reagents and quantitative proteomic workflows, this method offers a new perspective 

on prenylation dynamics, prenylated protein processing, and inhibitor selectivity, and will be 

useful for identifying potential novel therapeutic uses for PTIs and for understanding the role 

and regulation of prenylation in health and disease.  

Methods 

Full materials and methods and details for the synthesis and characterization of all compounds 

are provided in Supplementary Information. 

Data Availability Statement 

All relevant data are available from the authors, and proteomics datasets have been deposited 

to public repositories, as detailed below. 

Accession codes 

The mass spectrometry proteomics data have been deposited to the ProteomeXchange 

Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository49 

with the dataset identifier PXD009155. 
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Table of content summary 

Chemical probes YnF and YnGG in combination with quantitative chemical proteomics 

technologies enable global analysis of protein prenylation, identification of prenylated peptides, 

interrogation of prenylation dynamics in response to pharmacological inhibition of prenyl 

transferase enzymes and quantification of defective Rab prenylation in a model of the retinal 

degenerative disease Choroideremia. 

Figure 1. Global labeling of prenylated proteins using novel alkyne-tagged isoprenoid 

analogues. (a) Prenylation, the covalent attachment of a farnesyl or geranylgeranyl isoprenoid 

to a cysteine near the protein C-terminus, is catalyzed by FTase or GGTase-1 on proteins 

bearing a C-terminal CXXX motif (C = Cys; X = any amino acid), or by RabGGTase at the C-

terminus of Rab proteins. Some CXXX proteins undergo further processing by RCE-1 

(cleavage of the C-terminal -XXX residues) and ICMT (carboxyl methylation). (b) Schematic 

of metabolic labeling workflow by novel alkyne-tagged prenyl probes YnF and YnGG. Probe-

labeled proteins can be processed by Cu(I)-catalyzed click chemistry to attach capture 

reagents with various functionality such as affinity tags or fluorophores to enable enrichment 

for mass spectrometric analysis or (c) visualization by in-gel fluorescence in EA.hy926 cells. 

Figure 2. Prenylated protein discovery in EA.hy926 cells using prenyl probes YnF and 

YnGG. (a) YnF and (b) YnGG labeling of prenylated CXXX substrates (Known F, Novel F and 

Known GG) and Rab proteins show dose-dependent sensitivity to competition with natural 

isoprenoid substrates farnesol (FOH) or geranylgeraniol (GGOH), quantified by spike-in 

SILAC. Proteins lacking a CXXX motif (No motif) and non-substrate CXXX proteins (Other 

CXXX) do not respond to isoprenoid competition. Kruskal-Wallis test with Dunn’s post-test 

(***p<0.01). Box and whisker plots represent median values (center lines) and 25th and 75th 

percentiles (box limits) with Tukey whiskers. (c) Immunoblot analysis validates selective 

labeling of known (HRAS) and novel (ULK3) farnesylated proteins and geranylgeranylated 

proteins (RHOA, RAB8A and RAB22A). (d) Transient expression of wild-type (WT) or cysteine 

mutant (CA and CS) proteins validate dependence of YnF-labeling on the C-terminal cysteine 



of novel farnesylated CXXX motif substrates ULK3 and CEP85. PD, pulldown; SN, 

supernatant; TL, total lysate. Note that addition of capture reagent AzTB alters the 

electrophoretic mobility of some probe-labeled substrates, accounting for the double band 

pattern apparent in some TL blots. 

Figure 3. Direct detection of post-translational processing of prenylated peptides by LC-

MS/MS. (a) Enzyme-cleavable capture reagents allow release of YnF- and YnGG-labelled 

peptides after enrichment on NeutrAvidin beads, and subsequent identification by LC-MS/MS 

analysis. Note: Upon digest with lysarginase the arginine linker residue remains bound on the 

beads. (b) MS/MS spectrum of cleaved and methylated C-terminal tryptic peptide belonging to 

prelamin-A/C (LMNA) in EA.hy926 cells, modified by YnF and capture reagent AzRB. (c) List 

of proteins for which modified peptides were detected in EA.hy926 cells, grouped according to 

their apparent post-prenylation processing. Modification and number of unique peptides 

detected for each protein is indicated in brackets (Supplementary Data 3). *Peptides identified 

for proteins under more than one grouping. 

Figure 4. Global in-cell characterization of prenyl transferase inhibitors by quantitative 

chemical proteomics in EA.hy926 cells. Dose-response curves for YnF labeling of (a) all 

farnesylated substrates and (b) novel farnesylated substrates, in response to treatment with 

FTase inhibitors FTI-277 or Tipifarnib. (c) YnF-labeling of selected known and novel 

farnesylated substrates is insensitive to treatment with Manumycin A. (d) Dose-response 

curves of YnGG labeling in response to treatment with GGTase-1 inhibitor GGTI-2133. NI, no 

inhibitor. All data sets are presented as mean (n=3); error bars in (b) and (c) represent standard 

deviation. For visual clarity individual data points and error bars were omitted in (a) and (d); 

this data is available in Supplementary Data 5 and 6. 

Figure 5. Interrogation of alternative prenylation in response to PTI treatment in 

EA.hy926 cells. (a) Upon pharmacological inhibition of FTase some farnesylated substrate 

proteins undergo alternative prenylation by GGTase-1 and are thought to retain biological 



function. (b) CXXX substrates that are farnesylated under physiological conditions, including 

DNAJA1, KRAS and NRAS show preferential incorporation of YnF, whereas 

geranylgeranylated CXXX substrates and Rab proteins preferentially incorporate YnGG. 

RRAS2, which is a substrate of both FTase and GGTase-1, shows a balanced probe 

preference. Data are presented mean (n=3) ± standard deviation. (c) Upon inhibition of FTase 

by Tipifarnib treatment, only KRAS, NRAS and RRAS2, but not DNAJA1, show a sustained 

dose-dependent increase in YnGG labeling, concomitant with loss of YnF labeling. Data points 

represent mean (n=3) ± standard deviation. 

Figure 6. Rep-1 knockout reduces geranylgeranylation of a subset of Rab proteins in 

mouse embryonic fibroblasts. (a) Schematic of REP-1/2 mediated geranylgeranylation of 

Rab proteins by RabGGTase. Loss of REP-1 is only partially rescued by REP-2, resulting in 

accumulation of unprenylated Rab substrates. (b) Relative quantification of YnGG labeling in 

Rep-1 knockout mouse fibroblasts (FLOX TM) versus control (FLOX) shows that a sub-set of 

Rab proteins display reduced prenylation upon Rep-1 loss. Data are presented as mean (n=3) 

± standard deviation. ANOVA analysis (Permutation-based FDR=1%, S0=1); N.S., not 

significant. (c) Immunoblot analysis confirms that loss of Rep-1 affects geranylgeranylation of 

Rab7, but not Rab22a, without significantly altering overall expression. Note that convention 

has been followed whereby mouse genes are given lower case names (e.g. Rep), whilst 

human proteins are in capitals (REP). 
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Supplementary Figure 1. Structure of YnFPP and YnGGPP and peptide substrates used 
in biochemical enzyme assays. a) Structure of alkynyl-farnesyl pyrophosphate (YnFPP) and 
alkynyl-geranylgeranyl pyrophosphate (YnGGPP). b) Amino acid sequences of fluorescein 
amide (FAM)-labeled peptide substrates and prenylated product peptide used in FTase and 
GGTase-1 biochemical enzyme assays (Supplementary Figure 2). FAM-GerGer-RHOA(188-
193) incorporates a geranylgeranyl cysteinyl thioether modification. FAM, 5/6-
carboxyfluorescein; GerGer, geranylgeranyl.  
 
 

 
  

Peptide Sequence
FAM-UCHL1(218-223) FAM-βAALCKAA-CO2H
FAM-RHEB(179-184) FAM-βASSCSVM-CO2H
FAM-RHOA(188-193) FAM-βASGCLVL-CO2H
FAM-GerGer-RHOA(188-193) FAM-βASGC(GerGer)LVL-CO2H

a

b
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Supplementary Figure 2. FTase and GGTase-1 biochemical enzyme assays. Peptide 
prenylation was measured using fluorescence anisotropy (FA) as described in Biological 
Methods & Proteomics. Assays were performed with FAM-labeled peptides (1 µM), FTase or 
GGTase-1 (25 nM) and FPP, YnFPP, GGPP or YnGGPP (5 µM). Real-time analysis of in vitro 
prenylation of RHEB (a & b), RHOA (c & d) and UCHL1 (e & f) substrate peptides show that 
YnFPP and YnGGPP mimic the enzyme/peptide selectivity of the natural isoprenoid substrates. 
UCHL1 was found not to be a substrate for prenylation by FTase or GGTase-1 in vitro. g) Vmax 
and Km values for FPP and YnFPP or GGPP and YnGGPP prenylation reactions with FAM-
RHEB(179-184) and FTase or FAM-RHOA(188-193) and GGTase-1, respectively (n = 2-3). 
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Peptide substrate Isoprenoid Vmax (fmol/min) Km (μM)

FAM-RHEB(179-184) FPP 6.9 (6.5-7.2) 0.042 (0.027 - 0.056)

YnFPP 3.1 (2.8-3.5) 0.022 (0.00034 - 0.043)

FAM-RHOA(188-193) GGPP 13.0 (12.0-14.0) 0.016 (0.0060 - 0.027)

YnGGPP 8.4 (7.7-9.0) 0.026 (0.0094 - 0.042)
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Supplementary Figure 3. Validation of YnF and YnGG labeling. a) EA.hy926 cells were 
cultured in medium supplemented with YnF (10 μM) +/- FOH or YnGG (10 μM) +/- GGOH for 
24 hours. The lysate was subjected to CuAAC ligation with capture reagent AzTB, separated 
by SDS-PAGE and labeled proteins visualized by in-gel fluorescence (channel Cy3). Protein 
loading was assessed by Coomassie Blue staining. b) Overlap in protein identifications by YnF 
and YnGG. 
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Supplementary Figure 4. YnF and YnGG labeling shows dose-dependent sensitivity to 
competition with natural isoprenoid substrate. EA.hy926 cell lysate labeled as above 
(Supplementary Figure 1a) was combined with a spike-in standard dually labeled with prenyl 
probe (YnF or YnGG) and R10K8 SILAC label. Following CuAAC to capture reagent AzRB-
labeled proteins were enriched on NeutrAvidin agarose and subjected to on-bead trypsin 
digest. The resultant peptides were analyzed by nanoLC-MS/MS and the data processed in 
MaxQuant. The data was filtered to retain proteins identified with a minimum of 2 razor+unique 
peptides and 2 valid values in at least 2 replicates of the non-competition samples. A two-
sample t-test was performed to compare the log2 L/H ratios of isoprenoid competition samples 
versus non-competition samples (n=3, Permutation-based FDR=0.02, S0=0.5). 
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Supplementary Figure 5. YnF and YnGG show concentration- and substrate-dependent 
incorporation into prenylated proteins. EA.hy926 cells were treated with increasing 
concentrations of YnF or YnGG (1, 2, 5, 10 µM) or DMSO vehicle for 16 hours. Following 
CuAAC to capture reagent AzRB, labeled proteins were enriched on NeutrAvidin agarose and 
subjected to on-bead trypsin digest. The resultant peptides were labeled with 10-plex tandem 
mass tag (TMT) reagents and analyzed by nanoLC-MS/MS. The data was normalized as 
described in Biological Methods & Proteomics and proteins grouped according to their 
prenylation status as in Figure 2a and 2b. a) Known and novel farnesylated proteins show a 
dose-dependent increase in YnF labeling. b) Known geranylgeranylated and Rab proteins 
show a dose-dependent increase in YnGG labeling. Centre lines of box and whisker plots show 
the median and the box limits the 25th and 75th percentiles as calculated by GraphPad Prism, 
with Tukey whiskers. A Kruskal-Wallis test with a Dunn’s post-test was performed to compare 
the log2 fold response at the highest probe concentration; * p<0.05, *** p<0.001. Dose-
response curves of selected protein substrates show preferential incorporation of (c) YnF and 
(d) YnGG into farnesylated and geranylgeranylated substrates, respectively. Data points 
represent mean values (n=3). 
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Supplementary Figure 6. In-gel fluorescence analysis of YnF and YnGG labeling in 
different cell types. HeLa, MCF7 and THP1 (monocytes) cells were cultured in medium 
supplemented with 1, 2, 5 or 10 μM YnF or YnGG for 16 hours. The lysate was subjected to 
CuAAC ligation with capture reagent AzTB, separated by SDS-PAGE and labeled proteins 
visualized by in-gel fluorescence (channel Cy3). Protein loading was assessed by Coomassie 
Blue staining. 
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Supplementary Figure 7. Immunoblot analysis of YnF and YnGG labeling in different 
cell types. EA.hy926, HeLa, MCF7 and THP1 (monocytes) cells were cultured in medium 
supplemented with 1, 2, 5 or 10 μM YnF or YnGG for 16 hours. The lysate was subjected to 
CuAAC ligation with capture reagent AzTB and labeled protein immobilized on NeutrAvidin 
resin. Protein pulldowns (PD) and total lysates before pulldown (TL) were analyzed by Western 
blot. 
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Supplementary Figure 8. Structures of capture reagents AzTB, AzRB, AzRTB and 
Az3MRB. Az = azide for CuAAC ligation, T = TAMRA fluorophore, B = biotin affinity handle, R 
= arginine for enzymatic cleavage, 3M = trimethyl-lysine. Trypsin (black arrow) and lysarginase 
(green arrow) cleavage sites are indicated. 
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Supplementary Figure 9. Structures and m/z values of characteristic fragment ions of 
capture reagent-probe adduct in MS/MS spectra of modified peptides. 
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YnF 460.3 494.3 392.2 630.4 - - -

YnGG 528.4 562.3 - 698.5 630.4 372.2 542.4
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Supplementary Figure 10. MS/MS spectra of probe-modified peptides. Probe labeling 
(YnF/YnGG), capture reagent (AzRB/AzRTB/Az3MRB) and digest (trypsin/lysarginase) 
conditions are indicated in figure. Structures and m/z values of characteristic fragment ions 
(M1-M7) are detailed in Supplementary Figure 9. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 

 



 

19 
 

Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 10 cont. 
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Supplementary Figure 11. Immunoblot analysis of YnF labeling in response to Tipifarnib 
treatment. EA.hy926 were pre-treated with increasing concentration of Tipifarnib for 1 hour. 
YnF (10 µM) was added to the medium and the cells were cultured for a further 8 hours. Protein 
lysates were subjected to CuAAC with capture reagent AzTB and labeled proteins immobilized 
on NeutrAvidin beads. Purified proteins were eluted and subjected to immunoblot analysis. PD 
= pulldown, TL = total lysate input. 
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Supplementary Figure 12. YnF/YnGG probe preference analysis and prenylation switch 
in response to Tipifarnib treatment. EA.hy926 cells were cultured in the presence of YnF or 
YnGG (10 µM) for 24 hours. For Tipifarnib-treated samples cells were pre-treated with 
increasing concentrations of inhibitor for 1 hour before addition of YnGG. Cell lysates were 
combined with spike-in lysate triply labeled with YnF, YnGG and R10K8 SILAC label. Following 
CuAAC to capture reagent AzRB labeled proteins were enriched on NeutrAvidin agarose and 
subjected to on-bead trypsin digest. The resultant peptides were analyzed by nanoLC-MS/MS 
and the data processed in MaxQuant. a) Volcano plot summarizing the result of a two-sample 
t-test comparing the log2 L/H ratios of YnF versus YnGG labeled samples in the absence of 
inhibitor treatment (n=3, Permutation-based FDR=0.01, S0=1). b) Assessment of YnGG 
incorporation relative to YnF in response to Tipifarnib treatment for all farnesylated substrates 
quantified. Data points represent mean values (n=3) ± standard deviation. 
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Supplementary Figure 13. Rep-1 knockout pulldown analysis. Rep-1 knock-out (FLOX 
TM) and control (FLOX) MEFs (mouse embryonic fibroblasts) were cultured in medium 
supplemented with YnGG (10 μM) for 24 hours. The protein lysates were combined with an 
aliquot of spike-in lysate prepared from NIH 3T3 cells dually labeled with YnGG and R10K8 
SILAC label. The samples were subjected to CuAAC ligation, enrichment on NeutrAvidin 
beads and on-bead trypsin digest. The resultant peptides were analyzed by nanoLC-MS/MS 
and data processed in MaxQuant. a) Volcano plot summarizing the result of a two-sample t-
test comparing the log2 L/H ratios of FLOX TM versus FLOX samples (n=3, Permutation-based 
FDR=0.01, S0=1). b) Degree of YnGG labeling of CXXX substrates in FLOX TM versus FLOX 
mouse fibroblasts. Protein with a statistically significant change in YnGG labeling (n=3, 
Permutation-based FDR=0.01, S0=1) is shown in red. Data presented as mean ± standard 
deviation. c) Immunoblot analysis of YnGG-labeled Rhoa in FLOX and FLOX TM mouse 
fibroblasts. Note that by convention protein names are in lowercase for mouse (e.g. Rep-1), 
and in uppercase for human (REP-1). 
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Supplementary Figure 14. Rep-1 knockout whole proteome analysis. FLOX TM and FLOX 
cell lysates were combined with an aliquot of NIH 3T3 spike-in lysate and subjected to trypsin 
digest. The resultant peptides were analyzed by nanoLC-MS/MS and data processed in 
MaxQuant. a) Volcano plot summarizing the result of a two-sample t-test comparing the log2 
L/H ratios of FLOX TM versus FLOX samples (n=3, Permutation-based FDR=0.01, S0=1).  b) 
Comparison of relative abundance of Rabs and other prenylated proteins in FLOX TM and 
FLOX cells. Data presented as mean (n=3) ± standard deviation. Note that by convention 
protein names are in lowercase for mouse (e.g. Rep-1), and in uppercase for human (REP-1). 
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Supplementary Figure 15. 1H NMR Spectra of YnF 
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Supplementary Figure 16. 13C NMR Spectra of YnF 
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Supplementary Figure 17. 1H NMR Spectra of YnGG 

 

  



 

30 
 

Supplementary Figure 18. 13C NMR Spectra of YnGG 

 

  



 

31 
 

Supplementary Figure 19. 1H NMR Spectra of YnFPP 
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Supplementary Figure 20. 31P NMR Spectra of YnFPP 
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Supplementary Figure 21. 1H NMR Spectra of YnGGPP 
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Supplementary Figure 22. 31P NMR Spectra of YnGGPP 
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Supplementary Figure 23. Uncropped gels from a) Figure 1c and b) Supplementary 
Figure 3a 
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Supplementary Figure 24. Uncropped gels from Supplementary Figure 6 
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Supplementary Figure 25. Uncropped blots from Figure 2c 
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Supplementary Figure 26. Uncropped blots from Figure 2d 
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Supplementary Figure 27. Uncropped blots from a) Figure 6c and b) Supplementary 
Figure 13c 
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Supplementary Figure 28. Uncropped blots from Supplementary Figure 7 
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Supplementary Figure 28 cont. 
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Supplementary Figure 29. Uncropped blots from Supplementary Figure 11 
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Supplementary Table 1. Comparative summary of probes used for whole-proteome 
metabolic labeling and mass spectrometry-based proteomic analysis of protein prenylation in 
mammalian cells. Probe structures are shown below the table. Notes: a allyl azides (such as 
AzF and AzGG) have been shown to be inherently unstable, undergoing spontaneous allylic 
rearrangement to yield a mixture of products1,2; b inhibition quantified for two spots identified 
by low-throughput 2D gel electrophoresis; c Structures of previously reported alkynyl probes 
Alk-FOH2/3 are included for comparative purposes, but are excluded from the table summary 
as they have not been tested in mass spectrometry-based applications3. N.D., not 
demonstrated at the whole proteome level. 
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F-azide 18 xa Yes N.D. x x x x Ref 4 

GG-azide 10 xa x N.D. N.D. x x x Ref 5 

Alk-GOH 7 Yes x x x x x x Ref 6 

Alk-FOH 22 Yes Yes x x xb x x Ref 7; Ref 8 

YnF/YnGG 80 Yes Yes Yes Yes Yes Yes Yes This study 
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Biological Methods & Proteomics 

Reagents 

FTI-277, GGTI-2133, Manumycin A, mevastatin, farnesol (FOH) and geranylgeraniol (GGOH) 
were obtained from Sigma-Aldrich. Due to low purity GGOH was re-purified by column 
chromatography prior to use. Tipifarnib was obtained from Biorbyt Ltd. Dulbecco’s Modified 
Eagle’s Medium (DMEM) was obtained from Sigma-Aldrich. Fetal bovine serum (FBS) and 
penicillin/streptomycin were obtained from Gibco®. R10K8 DMEM for SILAC cell culture was 
obtained from Dundee Cell products and dialyzed serum from Sigma-Aldrich. Sequence grade 
modified porcine trypsin was obtained from Promega. Lysarginase was obtained from 
Proteolysis Lab, IBMB-CSIC Barcelona Science Park. YnF, YnGG, YnFPP and YnGGPP were 
synthesized as described in chemical synthesis. FAM-labelled peptides were synthesized by 
solid phase peptide synthesis. Farnesyl pyrophosphate ammonium salt (FPP) and 
geranylgeranyl pyrophosphate ammonium salt (GGPP) were purchased from Sigma-Aldrich. 
FTase and GGTase-I enzymes were purchased from Jena Bioscience. Ultrapure water was 
obtained on a MilliQ water purification system (Millipore).  

The syntheses of capture reagents AzTB, AzRB, AzRTB and Az3MRB have been described 
previously9. 

List of primary antibodies used: 

Target Species Dilution Catalogue no. Supplier 
β-ACTIN Mouse 1:5000 ab6276 Abcam 
DCAF8 (WDR42A) Mouse 1:1000 ab54746 Abcam 
HA-tag (C29F4) Rabbit 1:1000 3724 Cell Signaling Technology 
HRAS Mouse 1:750 MAB3291 Millipore 
HSP90 Mouse 1:1000 sc-69703 Santa Cruz Biotechnology 
RAB22A Rabbit 1:1000 ab137093 Abcam 
RAB7 Rabbit 1:1000 9367 Cell Signaling Technology 
RAB8A Rabbit 1:1000 ab188574 Abcam 
RHOA Mouse 1:250 sc-418 Santa Cruz Biotechnology 
ULK3 Rabbit 1:1000 ab124947 Abcam 

 

FTase and GGTase-1 enzyme assay 

Details of our biochemical enzyme assay will be reported fully elsewhere. Briefly, FAM-labeled 
peptides were solubilized in 1 mM DTT in H2O and peptide concentrations were determined 
through A495 measurement in 0.1 M Tris-HCl (pH 8.0) on a Nanodrop ND-100 
spectrophotometer (PerkinElmer, Waltham, MA) using a FAM molar extinction coefficient of 
83,000 M−1cm−1.10 Assays were performed with FAM-labelled peptides (1 µM), FTase or 
GGTase-1 (25 nM) and FPP, YnFPP, GGPP or YnGGPP (5 µM) in reaction buffer (50 mM 
TRIS, 20 mM KCl, 1 mM DTT, 50 µM ZnCl2, 0.1% DDM (w/v), pH 7.5) at room temperature in 
black 384-well plates (Corning 3575, Corning, NY). Isoprenoid Km values were determined 
using a two-fold serial dilution of FPP, YnFPP, GGPP or YnGGPP from 10 μM to 40 nM, and 
background corrected to reactions without prenyl pyrophosphates. Vmax values were estimated 
using known ratios of FAM-RHOA(188-193) : FAM-GerGer-RHOA(188-193) peptide at a total 
concentration of 1 μM. Fluorescence measurements were recorded on an EnVision Xcite 2104 
(PerkinElmer) for 1 hour using a FITC FP D505fp mirror module, FITC FP 480 nm excitation 
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filter (30 nm bandwidth), FITC FP P-pol 535 nm first emission filter (40 nm bandwidth), and 
FITC FP S-pol 535 nm second emission filter (40 nm bandwidth) using measurement 
height = 9.52 mm, 8 flashes/well, PMT gain = 319, and G-factor = 1.09.  

Cell culture 

Immortalized human umbilical vein endothelial cells (cell line EA.hy926) were cultured in 
DMEM supplemented with 10% FBS, 100 units/mL penicillin and 100 µg/mL streptomycin. 
SILAC-labelled EA.hy926 cells were grown in R10K8 DMEM supplemented with 10% dialyzed 
serum and penicillin/streptomycin as above. HEK-293, HeLa, and MCF7 cells were cultured in 
DMEM supplemented with 10% FBS. THP1 cells were cultured in RPMI supplemented with 
10% FBS. 

FLOX and FLOX TM mouse embryonic fibroblast cells (MEFs) were prepared from embryos 
of CHM Flox, MerCreMer mice11. CHM Flox allele is modified by insertion of 2 loxP-sites 
around exon 4 which on its own does not lead to changes in Rep1 expression in comparison 
to wild type. MerCreMer is a tamoxifen (TM)-inducible Cre-recombinase transgene which 
causes recombination of the CHM Flox allele into CHM knock-out (KO) in the presence of TM. 
‘FLOX TM’ are CHM Flox, MerCreMer cells treated with TM; ‘FLOX’ are control non-treated 
cells.  

MEFs were cultured in DMEM F12 Nutrient mixture (Ham) [+] Glutamate (Invitrogen) 
supplemented with 15% FBS. SILAC-labelled NIH-3T3 cells were cultured in R10K8 DMEM 
supplemented with 10% dialyzed serum.  

All cells were maintained in a humidified incubator (37°C, 5% CO2). Cells were seeded on 
plates at least 24 hours before experiment. SILAC-labelled cells were maintained in SILAC 
medium for a minimum of 6 passages prior to use in experiments. 

General procedure for preparation of cell lysate tagged with YnF or YnGG 

Near-confluent (ca. 90%) plates of cells were cultured in medium (as above) supplemented 
with YnF or YnGG (1-10 µM, from 1000x stock in DMSO) or DMSO only for 8-24 hours. Cells 
were washed twice with cold PBS, aspirated and lysis buffer added (0.6 mL per 10 cm plate, 
1% Triton X-100, 0.2% SDS in PBS supplemented with 1x Complete EDTA-free protease 
inhibitor cocktail (Roche)). Cells were scraped, transferred to a microcentrifuge tube and lysed 
on ice for 30 min. The lysate was clarified by centrifugation (14,000 x g, 4°C, 30 min) and the 
supernatant recovered. The protein concentration was determined using the DC™ protein 
assay (Bio-Rad) following the manufacturer’s protocol. 

Preparation of isoprenoid competition spike-in SILAC cell lysates 

Spike-in standard cell lysate was prepared from EA.hy926 cells grown in R10K8 medium 
supplemented with YnF or YnGG (10 µM) for 24 hours. EA.hy926 cells were incubated with 
YnF (10 µM) + FOH (0, 5 or 25 µM) or YnGG (10 µM) + GGOH (0, 2 or 10 µM) for 8 hours. 
Biological triplicates were prepared for each isoprenoid concentration. After cell lysis each 
sample (600 µg) was mixed with spike-in lysate (200 µg). Protein concentration was 
normalized across all samples by addition of lysis buffer. 
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Preparation of samples for direct detection of prenylation site by LC-MS/MS 

Cell lysates were prepared from EA.hy926 cells supplemented with YnF or YnGG (10 µM) for 
24 hours. 1 mg of each protein lysate was subjected to click chemistry with each capture 
reagent (AzRB, AzRTB, Az3MRB) following the standard click chemistry protocol (see below). 
For the pull-down, 50 µL of NeutrAvidin® Agarose resin (Thermo Scientific) and after the 
reduction (see protocol described below for the preparation of samples for MS-based 
proteomics analysis) half of the samples was digested with trypsin (1 µg) and the other half 
with Lysarginase (1 µg in 50 µL Lysarginase buffer).    

Preparation of spike-in SILAC cell lysates for inhibitor evaluation 

Spike-in standard cell lysate was prepared from EA.hy926 cells grown in R10K8 medium 
supplemented with YnF or YnGG (10 µM) for 24 hours. Inhibitor treated EA.hy926 cells were 
pre-incubated in normal medium containing inhibitor (FTI-277, GGTI-2133, Manumycin A, 
Tipifarnib or DMSO control) for 1 hour. The medium was supplemented with 10 µM of YnF 
(FTI-277, Manumycin A, Tipifarnib or DMSO control samples) or YnGG (GGTI-2133 or DMSO 
control samples) and the cells incubated for a further 8 hours. Biological triplicates were 
prepared for each inhibitor concentration. After cell lysis each inhibitor treated sample (1 mg) 
was mixed with spike-in lysate (500 µg). Protein concentration was normalized across all 
samples by addition of lysis buffer. 

Preparation of spike-in SILAC cell lysates for evaluation of YnF/YnGG probe preference 

Spike-in standard cell lysate was prepared from EA.hy926 cells grown in R10K8 medium 
supplemented with YnF or YnGG (10 µM) for 24 hours. Inhibitor treated EA.hy926 cells were 
pre-incubated in normal medium containing Tipifarnib or DMSO control for 1 hour. The medium 
was supplemented YnF or YnGG (10 µM) and the cells incubated for a further 14 hours 
(overnight). Biological triplicates were prepared for each inhibitor concentration. After cell lysis 
each inhibitor treated sample (400 µg) was mixed with a YnF:YnGG spike-in lysate mixture 1:1 
(400 µg). Protein concentration was normalized across all samples by addition of lysis buffer. 

Preparation of spike-in SILAC cell lysates for quantification of Rab geranylgeranylation 
levels in a rodent model of Choroideremia 

Spike-in standard cell lysate was prepared from NIH-3T3 cells grown in R10K8 medium 
supplemented with mevastatin (10 µM) and YnGG (10 µM) for 24 hours. FLOX and FLOX TM 
MEFs were incubated with YnGG (10 µM) for 24 hours. Biological triplicates were prepared for 
each cell line. After cell lysis each sample (450 µg) was mixed with spike-in lysate (150 µg). 
For whole proteome analysis, 75 µg of each sample was mixed with 75 µg of spike-in lysate. 
Protein concentration was normalized across all samples by addition of lysis buffer.  

Click chemistry general protocol 

Protein concentrations were normalized across all samples to 1-2 mg/mL by addition of lysis 
buffer. For each 100 µL of protein lysate click reagent mixture was prepared as follows: 1 µL 
capture reagent (10 mM in DMSO), 2 µL CuSO4 (50 mM in H2O) and 2 µL 
Tris(2-carboxyethyl)phosphine hydrochloride (50 mM in H2O) were added sequentially to a 
microcentrifuge tube, mixed and left to stand for 2 min after which 1 µL Tris[(1-benzyl-1H-1,2,3-
triazol-4-yl)methyl]amine (10 mM in DMSO) was added. The click reagent mixture was added 
to the protein lysate and the lysate incubated on a shaker at room temperature for 1 hour. The 
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click reaction was terminated by addition of 0.5M EDTA (5 µL). Methanol (400 µL), chloroform 
(100 µL) and ultrapure water (300 µL) were added sequentially, the mixture vortexed and 
centrifuged (14,000 x g, 5 min, RT). The top layer was removed, leaving the protein layer at 
the phase interface intact. Methanol (800 µL) was added, the sample vortexed and the protein 
pelleted as before. All solution was aspirated, and the protein pellet washed in methanol (800 
µL) again, with vortexing and sonication to break the pellet. After a final centrifugation step and 
removal of the methanol the pellet was air-dried in an inverted tube for 5-10 min. Samples 
were re-suspended in 2% SDS, 10 mM EDTA in PBS (10 µL). Once dissolved, the samples 
were diluted to a final concentration of 0.2% SDS by addition of PBS. 

Capture reagent AzTB was used for in-gel fluorescence and WB applications. Capture reagent 
AzRB was used for proteomics applications. AzRB, AzRTB and Az3MRB were used for the 
identification of modified peptides by proteomics. Reagent quantities were scaled accordingly 
for applications requiring larger quantities of protein lysate (>100 µL). For proteomics analysis 
the click reaction performed in 2 mL microcentrifuge tubes or 15 mL tubes and all centrifugation 
steps performed at room temperature to prevent precipitation of SDS. 

SDS-PAGE and in-gel fluorescence imaging 

Protein samples were combined with LDS loading buffer (4x stock) and incubated in a heat 
block at 95°C for 5 min. 10 µg of protein was separated on 12% Bis-Tris gels using MOPS 
running buffer at 100-160 V. Gels were fixed (40% methanol, 10% acetic acid, 50% ultrapure 
water) for 5 min and then washed in water for 5 min prior to imaging on a Ettan DIGE Imager 
or Typhoon FLA 9500 (GE Healthcare). 

Protein enrichment for Western blot analysis 

Protein samples (170 µg) were subjected to click chemistry with AzTB capture reagent, 
precipitated and re-suspended as described, except the proteins were re-suspended to a final 
concentration of 1-2 mg/mL. An aliquot (20 µg) of protein was kept aside for blots of total 
protein input before enrichment. The samples were incubated with Dynabead® MyOne™ 
Streptavidin C1 resin (10 µL per 100 µg protein, Invitrogen) for 1 hour at room temperature. 
The beads were washed with 0.2% SDS in PBS (3 x 0.5 mL) and eluted by boiling in 1x LDS 
sample loading buffer (95°C, 5 min). The proteins were separated by SDS-PAGE as described 
and transferred to a PVDF membrane (Immobilon-PSQ, Millipore) by wet-tank transfer in a Tris-
Glycine transfer buffer (Novex®) supplemented with 20% methanol for 2h at 100V or by iBlot 
transfer to nitrocellulose (P3 program, 8 min, Invitrogen). Membranes were blocked in 5% 
skimmed milk in Tris-buffered saline containing 0.01% Tween-20 (TBST). Subsequent 
incubation with primary antibody in blocking buffer was performed at 4°C overnight or for 1.5 
hour at room temperature. After washing in TBST (3 x 15 min) the membranes were incubated 
with the appropriate HRP-conjugated secondary antibodies (α-mouse-HRP or α-rabbit-HRP, 
1:5000, Advansta) in blocking buffer for 1 hour at room temperature. After washing as before, 
the membranes were incubated with HRP substrate (Luminata Crescendo, Millipore) and 
imaged on an ImageQuant LAS 4000 (GE Healthcare). 

Preparation of ULK3 and CEP85 DNA constructs 

WT or mutant forms of ULK3 were cloned as N-terminal HA fusions into the multiple cloning 
site of pCR3.1 plasmid using the EcoRI and XhoI restriction sites. WT ULK3 was subcloned 
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from the previously described pCAG-GST ULK3 plasmid12. ULK3 mutants C467A and C467S 
were generated by PCR using the following primers: 

ULK3 forward: 5’-TATATAGAATTCATGGCGGGGCCCGGCTGGGGTCCCCCG-3’ 

ULK3 C467S reverse: 5’-TATATACTCGAGTCACTGAAGGGTTGCAGAGCTACG-3’ 

ULK3 C467S reverse: 5’-TATATACTCGAGTCACTGAAGGGTTGAAGAGCTACG-3’ 

WT or mutant forms of CEP85 were cloned as N-terminal HA fusions into the multiple cloning 
site of pCR3.1 plasmid using the NotI restriction site. The following primers were used to 
generate CEP85 constructs by PCR: 

CEP85 forward: 5’-ATATATGCGGCCGCATGGCCATGCAGGAGAAATATCC-3’ 

CEP85 WT Reverse: 5’-ATATATGCGGCCGCTCACTGTGTGACACAGTTTTCTCC-3’ 

CEP85 C759A Reverse: 5’-TATATAGCGGCCGCTCACTGTGTGACTGCGTTTTCTCC-3’ 

CEP85 C759S Reverse: 5’-TATATAGCGGCCGCTCACTGTGTGACTGAGTTTTCTCC-3’ 

Overexpression and prenylation analysis of ULK3 and CEP85 

HEK-293 cells were transfected with plasmid encoding for ULK3, ULK3 (C467S), ULK3 
(C467A), CEP85, CEP85 (C759S) and CEP85 (C759A) utilizing Lipofectamine 2000 
transfection reagent (7 h) according to the manufacturer’s instructions. Next, the media was 
removed and replaced by fresh culture media supplemented with YnF (10 μM). After 16 hours 
incubation, the cells were washed with PBS (2x) and then lysed (PBS, 1% Triton X-100, 0.1% 
SDS, 1 x EDTA-free complete protease inhibitor). Protein samples (100 µg) were subjected to 
click chemistry with AzTB capture reagent, precipitated and re-suspended as described, 
except the proteins were re-suspended to a final concentration of 0.25 mg/mL. An aliquot (3 
µg) of protein was kept aside for blots of total protein input before enrichment. Dynabeads® 
MyOne Streptavidin C1 (20 μL, Invitrogen) were washed with 0.2% SDS in PBS (3 x 300 μL). 
The sample (150 μL, 37.5 μg) was added to the beads and the beads were gently vortexed for 
90 min. The supernatant was removed, the beads were washed with 0.2% SDS (3 x 300 μL) 
and eluted by boiling in 1x LDS sample loading buffer (95°C, 5 min). The proteins were 
separated by SDS-PAGE followed by iBlot transfer to a nitrocellulose membrane (P3 program, 
8 min, Invitrogen). Membranes were blocked in 5% skimmed milk in TBST. Subsequent 
incubation with primary antibody in blocking buffer was performed overnight at 4 °C using HA-
Tag (C29F4) antibody. After washing in TBST (3 x 15 min) the membranes were incubated 
with α-rabbit-HRP (1:5000, Advansta) in blocking buffer for 1 hour at room temperature. After 
washing as before, the membranes were incubated with HRP substrate (Luminata Crescendo, 
Millipore) and imaged on an ImageQuant LAS 4000 (GE Healthcare). 

Preparation of samples for MS-based proteomic analysis of YnF and YnGG labelled 
proteins 

Proteomics samples were prepared in a dust-free area using dedicated pipettes and pipette 
tips. Only low binding microcentrifuge tubes (Eppendorf® Protein LoBind) were used. All 
solutions were prepared fresh and filtered through a 0.22 µm syringe filter before use. 
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Protein lysates were subjected to click chemistry with AzRB capture reagent as described. 
After precipitation and re-suspension, the protein solution was centrifuged (4000 x g, 10 min, 
RT) to pellet any particulates. The clarified protein samples were incubated with NeutrAvidin® 
Agarose resin (50 µL per 1 mg protein, Thermo Scientific) for 2 hours at room temperature. 
The beads were pelleted (3,000 x g, 3 min) and the supernatant was removed. The beads 
were washed sequentially in 1% SDS in PBS (3 x 0.5 mL), 4M Urea in PBS (2 x 0.5 mL) and 
50 mM ammonium bicarbonate (5 x 0.5 mL). For each wash step the beads were gently 
vortexed for 1 min followed by pelleting in a microcentrifuge (3,000 x g, 2-3 min). 

After the final wash the beads were re-suspended in 50 mM ammonium bicarbonate (50 µL). 
DL-dithiothreitol (5 µL, 100 mM in 50 mM ammonium bicarbonate) was added and the beads 
incubated at 55°C for 30 minutes in a shaker. The beads were washed with 50 mM ammonium 
bicarbonate (2 x 0.5 mL) with vortexing and pelleting as before, leaving the beads covered in 
50 µL solution after the second wash. Iodoacetamide (5 µL, 100 mM in 50 mM ammonium 
bicarbonate) was added and the beads incubated at room temperature for 30 minutes in the 
dark. The beads were washed as before. Sequence grade trypsin (5 µL, 0.2 µg/µL in 50 mM 
ammonium bicarbonate) was added and the beads incubated at 37°C overnight in a shaker. 
The beads were pelleted, and the supernatant collected. The beads were washed with 0.1% 
formic acid in ultrapure water (80 µL) with gentle shaking for 10 minutes. The beads were 
pelleted, and the supernatants pooled. The peptide solutions were purified on stage-tips 
according to a published protocol13. The peptides were eluted from the sorbent (Empore™ 
SDB-XC solid phase extraction discs, 3M) with 79% acetonitrile in water (60 µL), dried in a 
Savant SPD1010 SpeedVac® Concentrator (Thermo Scientific) and stored at -80°C until LC-
MS/MS analysis. Peptides were reconstituted in 2% acetonitrile in water with 0.5% 
trifluoroacetic acid for LC-MS/MS analysis. 

Preparation of samples for TMT MS-based proteomic analysis  

Lysate modification with AzRB with click-chemistry and pull-down on Neutravidin Agarose 
resin was performed as described above. After the incubation with Neutravidin Agarose beads, 
the beads were washed sequentially in 1% SDS in PBS (3 x 0.5 mL), and 50 mM HEPES pH 
8.0 (5 x 0.5 mL). For each wash step the beads were gently vortexed for 1 min followed by 
pelleting in a microcentrifuge (3,000 x g, 2-3 min). After the final wash the beads were re-
suspended in 50 mM HEPES (50 µL). Tris(2-carboxyethyl)phosphine (5 µL, 50 mM in 50 mM 
HEPES) and chloroacetamide (5 µL, 150 mM in 50 mM HEPES)  were added and the beads 
incubated at room temperature for 15 minutes in a shaker. Sequence grade trypsin (2 µL, 0.2 
µg/µL in 50 mM HEPES) was added and the beads incubated at 37°C overnight in a shaker. 
The beads were pelleted, and the supernatant collected.  

Isobaric labelling of the digested peptides was performed using the 10-plex tandem mass tag 
(TMT) reagents (Thermo fisher Scientific). Each TMT reagent (0.8 mg vial) was dissolved in 
400 µL acetonitrile. The digested peptides were then mixed with 40 µL (1/10 vial) of the 
corresponding TMT reagent and incubated at room temperature for 2 hours with gentle 
shaking. The reaction was quenched with 5% hydroxylamine (1 µL) and the labeled peptides 
were then combined and dried in a Savant SPD1010 SpeedVac® Concentrator (Thermo 
Scientific). 

The dried labeled peptide samples were re-suspended in 150 µL 1% TFA/H2O (v/v), 
fractionated using SCX (Polystyrene-divinylbenzene copolymer modified with sulfonic acid) 
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solid phase extraction discs (3x discs) and separated into six fractions as previously reported14. 
Fractions 1-2, were combined, as were fractions 3-4 and fractions 5-6 and dried in a Savant 
SPD1010 SpeedVac® Concentrator (Thermo Scientific) and stored at -80°C until LC-MS/MS 
analysis. Peptides were reconstituted in 2% acetonitrile in water with 0.5% trifluoroacetic acid 
for LC-MS/MS analysis. 

Preparation of samples for MS-based proteomic analysis of whole proteome 

Protein lysates (30 μg) were precipitated using the chloroform-methanol method described 
above. The protein pellet was washed with 10% water in methanol (200 μL X 2) and pelleted 
by centrifugation (14,000 x g, 16 °C, 10 min). The pellet was dissolved in 5 mM DTT in 50 mM 
ammonium bicarbonate (48 μL) and the solution incubated at 55°C for 30 minutes. Cysteines 
were alkylated by the addition of iodoacetamide (2.4 µL, 100 mM in 50 mM ammonium 
bicarbonate) at room temperature for 30 minutes in the dark. Sequencing grade modified 
trypsin (Promega, 5 µL, 0.2 µg/µL in 50 mM ammonium bicarbonate) was added to the 
solutions and the samples were incubated at 37°C overnight in a shaker. Trifluoroacetic acid 
was added to a final concentration of 0.5% (100 μL 0.75% trifluoroacetic acid in ultrapure 
water). The peptide solutions were stage-tipped according to a published protocol13. The 
peptides were eluted from the sorbent (Empore™ SDB-XC solid phase extraction discs, 3M) 
with 79% acetonitrile in water, dried in a Savant SPD1010 SpeedVac® Concentrator (Thermo 
Scientific) and stored at -80°C until LC-MS/MS analysis. Peptides were reconstituted in 2% 
acetonitrile in water with 0.5% trifluoroacetic acid for LC-MS/MS analysis. 

NanoLC-MS/MS analysis 

Peptides were separated on an EASY-Spray™ Acclaim PepMap C18 column (50 cm × 75 μm 
inner diameter, Thermo Fisher Scientific) using a binary solvent system of 2% acetonitrile with 
0.1% formic acid (Solvent A) and 80% acetonitrile with 0.1% formic acid (Solvent B) in an Easy 
nLC-1000 system (Thermo Fisher Scientific). 2 µL of peptide solution was loaded using Solvent 
A onto an Acclaim PepMap100 C18 trap column (2 cm x 75 μm inner diameter), followed by a 
linear gradient separation of 0-100% Solvent B over 2 hours at a flow rate of 250 nL/min.  

Liquid chromatography was coupled to a QExactive mass spectrometer via an easy-spray 
source (Thermo Fisher Scientific). The QExactive was operated in data-dependent mode with 
survey scans acquired at a resolution of 75,000 at m/z 200 (transient time 256 ms). Up to 10 
of the most abundant isotope patterns with charge +2 or higher from the survey scan were 
selected with an isolation window of 3.0 m/z and fragmented by HCD with normalized collision 
energies of 25. The maximum ion injection times for the survey scan and the MS/MS scans 
(acquired with a resolution of 17 500 at m/z 200) were 20 and 120 ms, respectively. The ion 
target value for MS was set to 106 and for MS/MS to 105, and the intensity threshold was set 
to 8.3 × 102. 

Proteomics data analysis in MaxQuant 

Processing of LC-MS/MS data was performed in MaxQuant version 1.5.0.25 using the built-in 
Andromeda search engine. Peptides were identified from the MS/MS spectra searched against 
the human reference proteome (Uniprot, accessed 16 July 2015). For the TMT experiment, 
TMT 10plex modifications at lysine side chains and peptide N-termini were selected as labels, 
cysteine carbamidomethylation was set as a fixed modification, and methionine oxidation was 
set as a variable modification. For spike-in SILAC experiments the multiplicity was set to 2 and 
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‘Arg10’ and ’Lys8’ chosen as heavy labels. Cysteine carbamidomethylation was set as a fixed 
modification. Methionine oxidation and N-terminal acetylation were set as variable 
modifications. ‘Trypsin/P’ was chosen as digestion mode enzyme. Minimum peptide length 
was set to 7 residues and maximum 2 missed cleavages were allowed. The ‘re-quantify’ and 
‘match between run’ options were selected. ‘Unique and razor peptides’ were chosen for 
protein quantification. Other parameters were used as pre-set in the software. Processed data 
was analyzed using Perseus version 1.5.0.9, Microsoft Office Excel 2010 and GraphPad Prism 
version 5.03. 

Proteomics data analysis with Peaks Suite  

MS data were processed with PEAKS8.515, which as a default performs de novo peptide 
sequencing prior to database searches, in order to improve the accuracy of the results. The 
software also searches for common PTMs (PEAKS PTM) and point mutations (SPIDER). The 
data were searched against the same human reference proteome (with isoforms) that was 
used in MaxQuant analyses. A modified trypsin (cleave site: after K, R or C, none non-specific 
cleavage, up to five missed cleavages allowed) or Lysarginase (cleave site: after C and before 
K or R) selected for database searches, and no enzyme was chosen in de novo searches. The 
maximal mass error was set to 5 ppm for precursor ions and 0.01 Da for product ions. Cysteine 
carbamidomethylation, methionine oxidation, methylation (C-terminus) and the lipid-derived 
adducts (any cysteine residue) detailed in the table below were set as variable modifications. 
The maximal number of modifications per peptide was set as five. The false discovery rate 
was set to 0.01 for peptides and a minimum of 1 unique peptide per protein was required.  

 YnF YnGG 
 Trypsin Lysarginase Trypsin Lysarginase 

AzRB 459.30 303.19 527.36 371.26 
AzRTB 459.30 303.19 527.36 371.26 

Az3MRB 629.44 473.34 697.50 541.40 
 
Isoprenoid competition data analysis 

The “Ratio H/L” values returned from MaxQuant processing were loaded in Perseus. The data 
was filtered to remove proteins categorized as “Only ID by site”, “Reverse” and “Potential 
contaminant”. The “Ratio H/L” was inverted and divided by 2 to obtain the “ratio L/H”. The “ratio 
L/H” values were log2 transformed and replicates grouped. The data was filtered to require at 
least 2 valid values in the non-competition group. A two-sample t-test was performed to 
compare the log2 L/H ratios of isoprenoid competition samples versus non-competition 
samples (n=3, Permutation-based FDR=0.02, S0=0.5). Further analysis was performed in 
Excel. Proteins were filtered to retain those identified with a minimum of 2 razor+unique 
peptides in at least 2 replicates of the non-competition group. To determine a mean response 
to competition the mean log2 ratio L/H of competition samples were normalized to the mean 
log2 Ratio L/H of the non-competition samples by subtraction and the sign inverted. A mean 
response to competition for each isoprenoid concentration was only determined for proteins 
with at least 2 valid values in the competition group. The standard deviation was normalized 
according appropriate rules of error propagation. 

The list of proteins was manually inspected and grouped as “F”, “Novel F”, “GG”, “RAB”, “No 
motif” or “Other CXXX” based on sequence analysis (presence of CXXX motif or member of 
RAB family) and literature annotation. CXXX proteins showing no significant response to 
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isoprenoid competition at either concentration tested were grouped as “Other CXXX”. Where 
significant responders were identified in both YnF and YnGG data-sets the protein was 
assigned to the “F” or “GG” group based on the probe preference analysis detailed below. 
High-quality data (normalized SD < 0.5) was imported into GraphPad Prism. Significance 
between the groups was determined by a Kruskal-Wallis test with Dunn’s post-test (p<0.01).  

TMT data analysis 

Protein groups and the corresponding corrected TMT intensity values returned from MaxQuant 
processing were loaded in Perseus. The data was filtered to remove proteins categorized as 
“Only ID by site”, “Reverse” and “Potential contaminant”. The values were grouped per 
condition (DMSO/YnF 1 µM/YnF 2 µM/YnF 5 µM/YnF 10 µM/YnGG 1 µM/YnGG 2 µM/YnGG 
5 µM/YnGG 10 µM) and per sample (A/B/C). The values were log2 transformed, and protein 
groups with values present in less than 2 out of 3 of samples, removed. Mean values across 
TMT channels within samples were subtracted in rows, and then median values across all 
protein groups were subtracted in columns. Protein groups were matched and the categories 
(No motif/Known F/Novel F/Other CXXX) or (No motif/Known GG/RABs/Other CXXX) mapped 
from the isoprenoid competition experiments. The unmapped protein groups were removed. 
The data was imported into GraphPad Prism to construct plots presented in Supplementary 
Figure 5. 

Prenyl transferase inhibitor evaluation data analysis 

The “Ratio H/L” values returned from MaxQuant processing were loaded in Perseus. The data 
was filtered to remove proteins categorized as “Only ID by site”, “Reverse” and “Potential 
contaminant”. The “Ratio H/L” was inverted and divided by 3 to obtain the “ratio L/H”.  The 
“ratio L/H” values were log2 transformed and the replicates grouped. The data was filtered to 
retain proteins with at least 2 valid values in the non-inhibition group. A multi-sample ANOVA 
test was performed (n=3, Permutation-based FDR=0.01, S0=1). Only proteins identified with 
a minimum of 2 razor+unique peptides were considered. 

To establish a relative response to inhibition the mean L/H ratio of each inhibitor concentration 
was normalized to the mean L/H ratio of the non-inhibitor treated sample. The standard 
deviation was normalized according to appropriate rules for error propagation. Data was 
filtered to retain proteins with a prenylation motif (proteins bearing a C-terminal CXXX-motif 
and Rab proteins). ANOVA-significant proteins with a maximum relative response to inhibition 
of <0.5 were imported into GraphPad Prism. For the purpose of IC50 calculations the non-
inhibitor treated samples were approximated at an inhibitor concentration of 3 log units below 
the lowest inhibitor concentration tested (1 nM for FTI-277, GGTI-2133 and Manumycin A 
samples, 1 pM for Tipifarnib samples). IC50 values were determined by non-linear regression 
using the “log(inhibitor) vs. response – variable slope (four parameters)” function. Top values 
were constrained to equal 1 and bottom values to be greater than 0. Proteins that returned an 
ambiguous IC50 were excluded from further analysis. 

YnF/YnGG probe preference data analysis 

The “Ratio H/L” values returned from MaxQuant processing were loaded in Perseus. The data 
was filtered to remove proteins categorized as “Only ID by site”, “Reverse” and “Potential 
contaminant”. The “Ratio H/L” was inverted and divided by 2 to obtain the “ratio L/H”. The “ratio 
L/H” values were log2 transformed and the replicates grouped. The data was filtered to retain 
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at least 2 valid values in at least one group. A two-sample t-test was performed to compare 
the log2 L/H ratios of YnF samples versus YnGG samples (n=3, Permutation-based FDR=0.01, 
S0=1). Only proteins identified with a minimum of 2 razor+unique peptides were considered. 
For CXXX-motif proteins and RABs, probe preference was assigned as follows: Proteins 
quantified with a minimum of 2 valid values per probe were assigned as “YnF” or “YnGG” if 
significantly enriched by one probe, or “no preference” if no significant enrichment was found. 
Proteins quantified with a minimum of 2 valid values by one probe only was assigned as “YnF 
only” or “YnGG only” as appropriate. 

YnF/YnGG prenylation switch in response to Tipifarnib data analysis 

The “Ratio H/L” values returned from MaxQuant processing were loaded in Perseus. The data 
was filtered to remove proteins categorized as “Only ID by site”, “Reverse” and “Potential 
contaminant”. The “Ratio H/L” was inverted and divided by 2 to obtain the “ratio L/H”. The “ratio 
L/H” values were log2 transformed and the replicates grouped. The data was filtered to retain 
at least 2 valid values in at least one group. A two-sample t-test was performed to compare 
the log2 L/H ratios of YnF samples versus YnGG samples (n=3, Permutation-based FDR=0.01, 
S0=1). Only proteins identified with a minimum of 2 razor+unique peptides were considered. 
The mean L/H ratios were normalized to the mean L/H ratio of the YnF-labeled sample group 
to obtain a value for YnGG incorporation relative to YnF. ANOVA-significant proteins with a 
minimum YnGG incorporation of 25% relative to YnF upon Tipifarnib treatment were defined 
as prenylation switch substrates. 

Rep-1 knockout data analysis (pull-down) 

The “Ratio H/L” values returned from MaxQuant processing were loaded in Perseus. The data 
was filtered to remove proteins categorized as “Only ID by site”, “Reverse” and “Potential 
contaminant”. The “Ratio H/L” was inverted and divided by 2 to obtain the “ratio L/H”. The “ratio 
L/H” values were log2 transformed and the replicates grouped. The data was filtered to retain 
proteins with at least 2 valid values in each group. A two-sample t-test was performed to 
compare the log2 L/H ratios of FLOX TM versus FLOX samples (n=3, Permutation-based 
FDR=0.01, S0=1). Only proteins identified with a minimum of 2 razor+unique peptides were 
considered. 

Rep-1 knockout data analysis (whole proteome) 

The “Ratio H/L” values returned from MaxQuant processing were loaded in Perseus. The data 
was filtered to remove proteins categorized as “Only ID by site”, “Reverse” and “Potential 
contaminant”. The “Ratio H/L” was inverted to obtain the “ratio L/H”. The “ratio L/H” values 
were log2 transformed and the replicates (n=3) grouped. The data was filtered to retain at least 
2 valid values in each group. A two-sample t-test was performed to compare the log2 L/H ratios 
of FLOX TM versus FLOX samples (n=3, Permutation-based FDR=0.01, S0=1). Only proteins 
identified with a minimum of 2 razor+unique peptides were considered. 
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Chemical Synthesis 

Synthetic route to YnF, YnGG, YnFPP an YnGGPP: 

 

General 

All reagents were purchased from commercial sources (WVR or Sigma Aldrich) and used 
without further purification. Oven-dried glassware was used for all anhydrous reactions and 
flasks flushed with inert gas (nitrogen or argon) prior to use. Reaction progress was monitored 
by thin layer chromatography (TLC). TLC was performed on TLC Silica gel 60 F254 aluminum 
sheets (MERCK) and spots were visualized by UV (where possible) or vanillin stain. 

Flash column chromatography was performed on a Biotage Isolera™ One fitted with a dual 
wavelength detector, with fraction collection at 254 nm for UV active compounds. For non-UV 
active compounds all fractions were collected, and presence of product confirmed by TLC.  

Nuclear magnetic resonance spectra were recorded at room temperature on a 400 MHz Bruker 
instrument (400 MHz for 1H, 100 MHz for 13C and 162 MHz for 31P). Chemical shifts (δ) are 
reported in parts per million (ppm) relative to the CDCl3 solvent peak (7.26 for 1H and 77.16 
for 13C) or the D2O solvent peak (4.70 for 1H). Coupling constants are reported in Hertz (Hz). 
High resolution mass spectrometry (HRMS) was performed by the Mass Spectrometry Service 
(Department of Chemistry, Imperial College London). 
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 (2E)-3,7-Dimethyl-1-(tetrahydro-2H-pyran-2-yloxy)octa-2,6-diene (1a) 

To a solution of trans-geraniol (8.34 g, 54 mmol) and pyridinium p-toluene sulfonate (1.35g, 
5.4 mmol) in anhydrous dichloromethane (10 mL) stirring under nitrogen was added 2,4-
dihydropyran (19.7 mL, 216 mmol). The solution was stirred at room temperature overnight 
after which the solvent was removed in vacuo and the resulting residue taken up in diethyl 
ether. The organic layer was washed with saturated sodium bicarbonate (x2) and brine (x2), 
dried over Na2SO4, filtered and evaporated in vacuo. The crude product was purified by flash 
column chromatography, eluting with 5% ethyl acetate in n-hexane. The isolated product was 
a clear liquid (6.73 g, 28 mmol, 52%). 

Rf = 0.42 (Hexane – Ethyl acetate, 9:1); δH/ppm (400 MHz, CDCl3) 5.40 – 5.29 (m, 1H), 5.12 – 
5.02 (m, 1H), 4.64 – 4.57 (m, 1H), 4.22 (dd, J = 11.6, 6.2 Hz, 1H), 4.02 (dd, J = 11.9, 7.4 Hz, 
1H), 3.88 (ddd, J = 11.2, 7.6, 3.5 Hz, 1H), 3.55 – 3.42 (m, 1H), 2.15 – 1.93 (m, 4H), 1.66 (s, 
6H), 1.59 (s, 3H), 1.90-1.44 (m, 6H); δC/ppm (100 MHz, CDCl3) 140.35, 131.70, 124.14, 
120.68, 97.85, 63.73, 62.38, 39.74, 30.83, 26.47, 25.79, 25.62, 19.74, 17.78, 16.50; HRMS, 
found 256.2255 (C15H30NO2, [M + NH4]+, requires 256.2277). 

(2E,6E)-2,6-Dimethyl-8-(tetrahydro-2H-pyran-2-yloxy)octa-2,6-dien-1-ol (2a) 

To a solution of 1a (8.60 g, 36 mmol) in anhydrous dichloromethane (40 mL) stirring at 0°C 
under nitrogen was added selenium dioxide (400 mg, 3.6 mmol) followed by dropwise addition 
of tert-butyl hydroperoxide (5.5 M in decane, 7.25 mL, 40 mmol). The solution was allowed to 
warm to room temperature and stirred for 24 hours. The reaction was diluted with 
dichloromethane, and the organic layer washed with water (x2) and brine (x2), dried over 
Na2SO4, filtered and evaporated in vacuo. The crude product was purified by flash column 
chromatography eluting in a gradient of 10-30% ethyl acetate in n-hexane. The isolated 
product was a pale-yellow oil (3.27 g, 12.9 mmol, 36%). 

Rf = 0.23 (Hexane – Ethyl acetate, 7:3); δH/ppm (400 MHz, CDCl3) 5.43 – 5.30 (m, 2H), 4.64 – 
4.60 (m, 1H), 4.23 (dd, J = 11.9, 6.4 Hz, 1H), 4.01 (dd, J = 12.1, 7.6 Hz, 3H), 3.98 (s, 2H), 3.93 
– 3.83 (m, 1H), 3.55 – 3.46 (m, 1H), 2.17 (td, J = 8.5, 7.7 Hz, 2H), 2.07 (t, J = 7.5 Hz, 2H), 1.90 
– 1.45 (m, 6H), 1.67 (s, 3H), 1.66 (s, 3H); δC/ppm (100 MHz, CDCl3) 139.82, 135.27, 125.81, 
121.15, 97.99, 69.10, 63.82, 62.42, 39.28, 30.81, 25.86, 25.61, 19.72, 16.47, 13.83; HRMS, 
found 272.2230 (C15H30NO3, [M + NH4]+, requires 272.2226). 

(2E,6E)-1-Bromo-2,6-dimethyl-8-(tetrahydro-2H-pyran-2-yloxy)octa-2,6-diene (3a) 

To a suspension of N-bromosuccinimide (2.48 g, 13.9 mmol) in anhydrous dichloromethane 
(20 mL) stirring at 0°C under nitrogen was added dimethylsulfide (1.23 mL, 16.7 mmol) 
dropwise. The bright orange suspension was stirred at 0°C for 15 minutes and then cooled to 
-40°C. 2a (2.36 g, 9.28 mmol) in dichloromethane (1 mL) was added dropwise during which 
time the color of the reaction faded to a pale yellow. The reaction was allowed to warm to room 
temperature overnight. The reaction was poured into brine, and the organic layer was washed 
with water (x2) and brine (x1), dried over Na2SO4, filtered and evaporated in vacuo without 
heating (IMPORTANT: heating this compound above room temperature will result in 
decomposition). The crude product was purified by flash column chromatography eluting in a 
gradient of 1-20% ethyl acetate in n-hexane. The isolated product was a pale-yellow oil (498 
mg, 1.57 mmol, 16.9%). 

Rf = 0.47 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.58 (t, J = 6.8 Hz, 1H), 
5.36 (t, J = 6.8 Hz, 1H), 4.65 – 4.59 (m, 1H), 4.24 (dd, J = 11.9, 6.4 Hz, 1H), 4.02 (dd, J = 11.9, 
7.3 Hz, 1H), 3.96 (s, 2H), 3.93 – 3.84 (m, 1H), 3.56 – 3.46 (m, 1H), 2.21 – 2.11 (m, 2H), 2.11 
– 2.02 (m, 2H), 1.90 – 1.37 (m, 6H), 1.75 (s, 3H), 1.67 (s, 3H); δC/ppm (100 MHz, CDCl3) 
139.45, 132.35, 130.95, 121.31, 98.02, 63.75, 62.45, 41.86, 38.79, 30.84, 26.64, 25.62, 19.76, 
16.54, 14.81; HRMS, found 334.1376 (C15H29NO2Br, [M + NH4]+, requires 334.1382). 
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Ethyl (4E,8E)-4,8-dimethyl-10-(tetrahydro-2H-pyran-2-yloxy)deca-4,8-dienoate (4a) 

Preparation of lithium diisopropylamide (LDA): n-butyllithium (2.5M in hexanes, 1.25 mL, 3.1 
mmol) was added dropwise to a stirring solution of diisopropylamine (440 µL, 3.1 mmol) in 
anhydrous tetrahydrofuran (3 mL) at -78°C under argon. The solution was stirred at 0°C for 15 
minutes, and then cooled to -78°C. 

The LDA was transferred dropwise to a suspension of ethyl acetate (307 µL, 3.1 mmol) and 
copper(I) iodide (1.2 g, 6.3 mmol) in anhydrous tetrahydrofuran (3 mL) stirring at -78°C under 
argon. Transfer was done in 1 mL aliquots to prevent warming of the LDA. The resulting 
suspension was stirred at -78°C for 30 minutes after which a solution of bromide 3a (498 mg, 
1.57 mmol) in tetrahydrofuran (2 mL) was cooled to -78°C and added dropwise. The resulting 
brown suspension was stirred at -78°C for 10 min, quenched by addition of saturated 
ammonium chloride and extracted with diethyl ether (x3). The combined organic layers were 
washed with water, brine and saturated ammonium bicarbonate, dried over Na2SO4, filtered 
and evaporated in vacuo. The crude product was purified by flash column chromatography 
eluting in a gradient of 3-10% ethyl acetate in n-hexane. The isolated product was a clear oil 
(474 mg, 1.46 mmol, 93%). 

 Rf = 0.39 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.39 – 5.30 (m, 1H), 5.17 
– 5.10 (m, 1H), 4.62 (dd, J = 4.2, 3.0 Hz, 1H), 4.23 (dd, J = 11.9, 6.4 Hz, 1H), 4.11 (q, J = 7.1 
Hz, 2H), 4.02 (dd, J = 11.8, 7.4 Hz, 1H), 3.89 (ddd, J = 11.2, 7.6, 3.5 Hz, 1H), 3.55 – 3.46 (m, 
1H), 2.43 – 2.33 (m, 2H), 2.33 – 2.24 (m, 2H), 2.16 – 2.06 (m, 2H), 2.06 – 1.99 (m, 2H), 1.90 
– 1.45 (m, 6H), 1.67 (s, 3H), 1.60 (s, 3H), 1.24 (t, J = 7.1 Hz, 3H); δC/ppm (100 MHz, CDCl3) 
173.64, 140.18, 133.76, 124.85, 120.84, 97.97, 63.78, 62.44, 60.37, 39.59, 34.80, 33.39, 
30.85, 26.35, 25.63, 19.77, 16.55, 16.07, 14.40; HRMS, found 347.2193 (C19H32O4Na, 
[M + Na]+, requires 347.2198). 

(4E,8E)-4,8-Dimethyl-10-(tetrahydro-2H-pyran-2-yloxy)deca-4,8-dien-1-ol (5a) 

To a solution of 4a (470 mg, 1.45 mmol) in anhydrous tetrahydrofuran (5 mL) stirring at 0°C 
under nitrogen was added lithium aluminum hydride (83 mg, 2.17 mmol). The reaction was 
stirred for 30 minutes and then quenched by addition of saturated ammonium chloride. The 
aqueous layer was extracted with diethyl ether (x3) and the combined organic layers washed 
with saturated sodium bicarbonate (x1) and brine (x2), dried over Na2SO4, filtered and 
evaporated in vacuo. The crude product was purified by flash column chromatography eluting 
in a gradient of 1-30% acetone in n-hexane. The isolated product was a pale-yellow oil (349 
mg, 1.23 mmol, 85%). 

Rf = 0.58 (n-Hex – EtOAc, 1:1); δH/ppm (400 MHz, CDCl3 5.38 – 5.31 (m, 1H), 5.17 – 5.09 (m, 
1H), 4.62 (dd, J = 4.3, 2.9 Hz, 1H), 4.28 – 4.20 (m, 1H), 4.02 (dd, J = 11.7, 7.3 Hz, 1H), 3.89 
(ddd, J = 11.2, 7.5, 3.7 Hz, 1H), 3.61 (t, J = 6.5 Hz, 2H), 3.54 – 3.47 (m, 1H), 2.19 – 2.09 (m, 
2H), 2.05 (t, J = 7.3 Hz, 4H), 1.89 – 1.46 (m, 8H), 1.66 (s, 3H), 1.60 (s, 3H); δC/ppm (100 MHz, 
CDCl3) 139.91, 134.79, 124.54, 120.83, 97.99, 63.79, 62.47, 62.41, 39.51, 35.87, 30.71, 30.42, 
26.02, 25.48, 19.67, 16.31, 15.84; HRMS, found 300.2542 (C17H34NO3, [M + NH4]+, requires  
300.2539). 

(4E,8E)-1-Iodo-4,8-dimethyl-10-(tetrahydro-2H-pyran-2-yloxy)deca-4,8-diene (6a) 

To a solution of 5a (190 mg, 0.67 mmol), imidazole (64 mg, 0.94 mmol) and triphenylphosphine 
(265 mg, 1.01 mmol) in anhydrous acetonitrile stirring at 0°C under nitrogen was added iodine 
(239 mg, 0.94 mmol). The solution was stirred at 0°C for 2 hours, then at room temperature 
for 30 mins. The reaction was quenched by addition of saturated sodium thiosulfate and 
extracted with diethyl ether (3x). The combined organic layers were dried over Na2SO4, filtered 
and evaporated in vacuo. The crude product was purified by flash column chromatography in 
a gradient of 1-10% ethyl acetate in n-hexane. The isolated product was a pale-yellow oil (146 
mg, 0.37 mmol, 56%). 
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Rf = 0.50 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.39 – 5.32 (m, 1H), 5.20 – 
5.13 (m, 1H), 4.63 (dd, J = 4.1, 3.0 Hz, 1H), 4.27 – 4.20 (m, 1H), 4.02 (dd, J = 11.8, 7.4 Hz, 
1H), 3.89 (ddd, J = 11.2, 7.7, 3.6 Hz, 1H), 3.55 – 3.46 (m, 1H), 3.14 (t, J = 6.9 Hz, 2H), 2.08 
(m, 6H), 1.90 (tt, J = 7.1, 7.1 Hz, 2H), 1.87 – 1.45 (m, 6H), 1.68 (s, 3H), 1.58 (s, 3H); δC/ppm 
(100 MHz, CDCl3) δ 139.93, 133.13, 125.46, 120.83, 97.84, 63.66, 62.29, 40.00, 39.50, 31.56, 
30.74, 26.22, 25.52, 19.64, 16.39, 15.84, 6.63; HRMS, found 410.1533 (C17H33NO2I, 
[M +NH4]+, requires 410.1556). 

Trimethyl((7E,11E)-7,11-dimethyl-13-(tetrahydro-2H-pyran-2-yloxy)trideca-7,11-dien-1-
yn-1-yl)silane (7a) 

To a solution of 1-(trimethylsilyl)propyne (220 µL, 1.49 mmol) in anhydrous tetrahydrofuran (5 
mL) stirring at -20°C under nitrogen was added n-butyllithium (2.5 M, 0.6 mL, 1.49 mmol) 
dropwise. The solution was stirred at -20°C for 45 minutes during which a pale-yellow color 
developed. 6a (490 mg, 1.06 mmol) in tetrahydrofuran (1 mL) was added dropwise and the 
reaction stirred at -20°C for 1 hour. The reaction was diluted with H2O and extracted with diethyl 
ether (3x). The combined organic layers were washed with saturated sodium bicarbonate and 
brine, dried over Na2SO4, filtered and evaporated in vacuo. The crude was purified by flash 
column chromatography eluting in a gradient of 1-10% ethyl acetate in n-hexane. The isolated 
product was a clear oil (116 mg, 0.31 mmol, 83%). 

Rf = 0.50 (Hexane – Ethyl acetate, 9:1); δH/ppm (400 MHz, CDCl3) 5.40 – 5.29 (m, 1H), 5.10 
(dt, J = 6.9, 3.4, 1H), 4.66 – 4.57 (m, 1H), 4.23 (dd, J = 11.9, 6.4, 1H), 4.02 (dd, J = 11.9, 7.4, 
1H), 3.94 – 3.83 (m, 1H), 3.56 – 3.45 (m, 1H), 2.26 – 2.16 (m, 2H), 2.17 – 2.07 (m, 2H), 2.07 
– 2.01 (m, 2H), 1.97 (t, J = 6.5, 2H), 1.90 – 1.38 (m, 10H), 1.67 (s, 3H), 1.58 (s, 3H), 0.14 (s, 
9H); δC/ppm (100 MHz, CDCl3) 140.35, 135.18, 124.25, 120.77, 107.77, 97.93, 84.50, 63.78, 
62.42, 39.77, 39.15, 30.87, 28.18, 27.03, 26.41, 25.66, 19.85, 19.77, 16.56, 15.93, 0.32 (3C); 
HRMS, found 377.2883 (C23H41O2Si, [M +H]+, requires 377.2876). 

(2E,6E)-3,7-Dimethyl-13-(trimethylsilyl)trideca-2,6-dien-12-yn-1-ol (8a) 

A solution of 7a (116 mg, 0.31 mmol) and pyridinium p-toluene sulfonate (7.7 mg, 0.03 mmol) 
in ethanol (5 mL) was stirred at 60°C for 4 hours. The solvent was evaporated in vacuo and 
the crude product purified by flash column chromatography eluting in a gradient of 5-30% 
acetone in n-hexane. The isolated product was a clear oil (77 mg, 0.26 mmol). 

Rf = 0.25 (Hexane – Acetone, 8:2); δH/ppm (400 MHz, CDCl3) 5.45 – 5.37 (m, 1H), 5.14 – 5.06 
(m, 1H), 4.15 (d, J = 6.9 Hz, 2H), 2.26 – 2.18 (m, 2H), 2.16 – 2.07 (m, 2H), 2.07 – 2.00 (m, 
2H), 2.00 – 1.93 (m, 2H), 1.68 (s, 3H), 1.58 (s, 3H), 1.52 – 1.40 (m, 4H), 0.14 (s, 9H); δC/ppm 
(100 MHz, CDCl3) 139.84, 135.27, 124.16, 123.56, 107.81, 84.53, 59.55, 39.66, 39.12, 28.14, 
27.00, 26.36, 19.86, 16.40, 15.91, 0.31 (3C); HRMS, found 310.2579 (C18H36NOSi, [M +NH4]+, 
requires 310.2566). 

(2E,6E)-3,7-Dimethyltrideca-2,6-dien-12-yn-1-ol (9a = YnF) 

To a solution of 8a (75 mg, 0.25 mmol) in anhydrous tetrahydrofuran (5 mL) stirring at room 
temperature under argon was added tetrabutylammonium fluoride (1 M in THF, 0.5 mL, 0.5 
mmol). The reaction was stirred for 15 minutes after which the solvent was removed in vacuo. 
The crude product was purified by flash column chromatography eluting in a gradient of 3-30% 
acetone in n-hexane. The isolated product was a clear oil (32 mg, 0.15 mmol, 59%). 

Rf = 0.21 (Hexane – Acetone, 8:2); δH/ppm (400 MHz, CDCl3) 5.40 (tq, J = 6.9, 1.2 Hz), 5.14 
– 5.04 (m, 1H), 4.14 (d, J = 6.9 Hz, 2H), 2.22 – 2.15 (m, 2H), 2.15 – 2.07 (m, 2H), 2.07 – 2.00 
(m, 2H), 2.00 – 1.95 (m, 2H), 1.94 (t, J = 2.7 Hz), 1.67 (s, 3H), 1.58 (s, 3H), 1.52 – 1.44 (m, 
4H), 1.42 (s, 1H); δC/ppm (100 MHz, CDCl3) 139.75, 135.17, 124.17, 123.56, 84.82, 68.28, 
59.51, 39.63, 39.11, 28.05, 26.98, 26.31, 18.40, 16.36, 15.93; HRMS, found 238.2165 
(C15H28NO, [M +NH4]+, requires 238.2171).  
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Trisammonium (2E,6E)-3,7-dimethyltrideca-2,6-dien-12-yn-1-yl pyrophosphate (10a = 
YnFPP) 

The synthesis was adapted from a previously reported method16. To a solution of N-
chlorosuccinimide (15 mg, 0.11 mmol) in anhydrous dichloromethane (1 mL) at -40°C under 
argon was added dimethyl sulfide (14 µL, 0.18 mmol) dropwise. The reaction was stirred at 
0°C for 15 minutes and again cooled to -40°C. 9a (20 mg, 0.09 mmol) in anhydrous 
dichloromethane (1 mL) was added dropwise and the reaction stirred at 0°C for 2 hours. The 
reaction was diluted with dichloromethane, washed with brine, dried over Na2SO4, filtered and 
evaporated in vacuo. The resulting isoprenyl chloride was used without further purification. 
 
A solution of the isoprenyl chloride and tris(tetrabutylammonium) hydrogen pyrophosphate 
(163 mg, 0.18 mmol) in anhydrous acetonitrile (2 mL) was stirred at room temperature for 3 
hours. The solvent was evaporated in vacuo and the product was dissolved in 25 mM 
ammonium bicarbonate buffer/isopropanol (39:1, 2 mL). The solution was passed through a 
1x8 cm Dower 50X8 ion exchange column (NH4+ form). The eluent solution was lyophilized to 
yield a white solid. The solid was further purified by a tC18-Sep-Pak cartridge eluting in a 
gradient of 0-100% acetonitrile in 25 mM ammonium bicarbonate buffer. The isolated product 
was lyophilized to yield a white solid (7.2 mg, 0.019 mmol, 21%). 
 
δH/ppm (400 MHz, D2O/ND4OD) δ 5.35 (t, J = 7.1 Hz, 1H), 5.11 (t, J = 6.6 Hz, 1H), 4.35 (t, J = 
6.6 Hz, 2H), 2.22 (t, J = 2.7 Hz, 1H), 2.13 – 1.96 (m, 6H), 1.90 (t, J = 6.9 Hz, 2H), 1.60 (s, 3H), 
1.50 (s, 3H), 1.37 (tdd, J = 11.4, 9.0, 8.0, 5.5 Hz, 4H); δP/ppm (162 MHz, D2O/ND4OD) δ -7.39 
(d, J = 21.9 Hz, 1P), -10.55 (d, J = 21.7 Hz, 1P); HRMS, found 379.1081 (C15H25O7P2, [M - H]-
, requires 379.1081). 

(2E,6E)-3,7,11-Trimethyl-1-(tetrahydro-2H-pyran-2-yloxy)dodeca-2,6,10-triene (1b) 

As for 1a except using trans-trans-farnesol (10 g, 45 mmol), pyridinium p-toluene sulfonate 
(1.13 g, 4.5 mmol) and 2,4-dihydropyran (16.4 mL, 180 mmol). The isolated product was a 
clear liquid (11.2 g, 36.4 mmol, 88%). 

Rf = 0.25 (Hexane – Ethyl acetate, 95:5); δH/ppm (400 MHz, CDCl3) 5.39 – 5.30 (m, 1H), 5.14 
– 5.02 (m, 2H), 4.65 – 4.57 (m, 1H), 4.27 – 4.17 (m, 1H), 4.01 (dd, J = 11.8, 7.4 Hz, 1H), 3.88 
(ddd, J = 11.2, 7.7, 3.5 Hz, 1H), 3.54 – 3.43 (m, 1H), 2.16 – 1.90 (m, 8H), 1.90 – 1.40 (m, 6H), 
1.66 (s, 6H), 1.58 (s, 6H); δC/ppm (100 MHz, CDCl3) 140.30, 135.30, 131.34, 124.45, 124.00, 
120.74, 97.84, 63.72, 62.33, 39.80, 39.73, 30.82, 26.83, 26.39, 25.77, 25.62, 19.71, 17.76, 
16.50, 16.09; HRMS, found 324.2908 (C20H38NO2, [M + NH4]+, requires 324.2903). 

(2E,6E,10E)-2,6,10-Trimethyl-12-(tetrahydro-2H-pyran-2-yloxy)dodeca-2,6,10-trien-1-ol  
(2b) 

As for 2a with minor modifications as detailed below, using 1b (12.6 g, 41 mmol), selenium 
dioxide (490 mg, 4.4 mmol) and tert-butyl hydroperoxide (8.22 mL, 45 mmol). After stirring 
overnight, a further volume of tert-butyl hydroperoxide (4.0 mL, 22 mmol) was added and the 
reaction stirred for a further 48 hours. The crude product was purified by flash column 
chromatography eluting in a gradient of 5-15% ethyl acetate in n-hexane. The isolated product 
was a clear oil (3.0 g, 9.3 mmol, 23%). 

Rf = 0.18 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.44 – 5.30 (m, 2H), 5.15 – 
5.06 (m, 1H), 4.65 – 4.58 (m, 1H), 4.27 – 4.18 (m, 1H), 4.07 – 4.00 (m, 1H), 3.98 (s, 2H), 3.88 
(ddd, J = 11.2, 7.6, 3.4 Hz, 1H), 3.55 – 3.45 (m, 1H), 2.07 (m, 8H), 1.89 – 1.46 (m, 6H), 1.67 
(s, 3H), 1.65 (s, 3H), 1.59 (s, 3H); δC/ppm (100 MHz, CDCl3) 140.23, 134.95, 134.88, 125.97, 
124.35, 120.81, 97.84, 69.03, 63.74, 62.40, 39.69, 39.38, 30.81, 26.31, 26.21, 25.62, 19.72, 
16.53, 16.11, 13.82; HRMS, found 340.2861 (C20H38NO3, [M + NH4]+, requires 340.2852). 
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(2E,6E,10E)-1-Bromo-2,6,10-trimethyl-12-(tetrahydro-2H-pyran-2-yloxy)dodeca-2,6,10-
triene (3b) 

As for 3a using 2b (1.41 g, 4.4 mmol), N-bromosuccinimide (1.17 g, 6.6 mmol) and dimethyl 
sulfide (0.58 mL, 7.9 mmol). The isolated product was a pale-yellow oil (1.22 g, 3.2 mmol, 
73%) 

Rf = 0.47 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.57 (t, J = 7.4 Hz, 1H), 
5.40 – 5.32 (m, 1H), 5.15 – 5.07 (m, 1H), 4.66 – 4.59 (m, 1H), 4.24 (dd, J = 11.9, 6.4 Hz, 1H), 
4.06 – 4.00 (m, 1H), 3.97 (s, 2H), 3.89 (ddd, J = 11.2, 7.6, 3.4 Hz, 1H), 3.55 – 3.46 (m, 1H), 
2.17 – 1.94 (m, 8H), 1.91 – 1.46 (m, 6H), 1.75 (s, 3H), 1.68 (s, 3H), 1.59 (s, 3H);  δC/ppm (100 
MHz, CDCl3) 140.28, 134.57, 132.06, 131.36, 124.67, 120.78, 97.97, 63.80, 62.45, 42.06, 
39.69, 38.88, 30.86, 26.97, 26.38, 25.64, 19.78, 16.57, 16.11, 14.80; HRMS, found 402.2012 
(C20H37NO2Br, [M + NH4]+, requires 402.2008). 

Ethyl (4E,8E,12E)-4,8,12-trimethyl-14-(tetrahydro-2H-pyran-2-yloxy)tetradeca-4,8,12-
trienoate  (4b) 

As for 4a using n-butyllithium (2.28 mL, 5.7 mmol), diisopropylamine (800 µL, 5.7 mmol), 3b 
(1.10 g, 2.9 mmol), ethyl acetate (560 µL, 5.7 mmol) and copper(I) iodide (2.17 g, 11.4 mmol). 
The isolated product was a pale-yellow oil (753 mg, 1.92 mmol, 67%) 

Rf = 0.50 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.43 – 5.35 (m, 1H), 5.19 – 
5.08 (m, 2H), 4.68 – 4.62 (m, 1H), 4.26 (dd, J = 11.8, 6.4 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 
4.05 (dd, J = 11.8, 7.5 Hz, 1H), 3.92 (ddd, J = 11.2, 7.6, 3.3 Hz, 1H), 3.59 – 3.49 (m, 1H), 2.45 
– 2.37 (m, 2H), 2.37 – 2.27 (m, 2H), 2.19 – 1.94 (m, 8H), 1.94 – 1.50 (m, 6H), 1.71 (s, 3H), 
1.63 (s, 3H), 1.62 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H); δC/ppm (100 MHz, CDCl3) 173.69, 140.42, 
135.24, 133.45, 125.19, 124.16, 120.70, 97.95, 63.79, 62.44, 60.38, 39.77, 39.68, 34.82, 
33.43, 30.86, 26.74, 26.43, 25.64, 19.77, 16.58, 16.16, 16.06, 14.41; HRMS, found 415.2820 
(C24H40O4Na, [M + Na]+, requires 415.2824). 

(4E,8E,12E)-4,8,12-Trimethyl-14-(tetrahydro-2H-pyran-2-yloxy)tetradeca-4,8,12-trien-1-
ol (5b) 

As for 5a using 4a (750 mg, 1.9 mmol) and lithium aluminum hydride (108 mg, 2.9 mmol). The 
isolated product was a clear oil (459 mg, 1.3 mmol, 69%). 

Rf = 0.33 (Hexane – Acetone, 7:3); δH/ppm (400 MHz, CDCl3) 5.41 – 5.34 (m, 1H), 5.19 – 5.08 
(m, 2H), 4.67 – 4.61 (m, 1H), 4.25 (dd, J = 11.6, 6.1, 1H), 4.09 – 4.01 (m, 1H), 3.95 – 3.87 (m, 
1H), 3.64 (t, J = 6.5, 2H), 3.57 – 3.48 (m, 1H), 2.25 – 1.95 (m, 10H), 1.94 – 1.42 (m, 8H), 1.70 
(s, 3H), 1.63 (s, 3H), 1.61 (s, 3H); δC/ppm (100 MHz, CDCl3) 140.43, 135.28, 134.84, 124.93, 
124.26, 120.83, 98.00, 63.87, 63.00, 62.50, 39.81, 36.21, 30.97, 30.93, 26.68, 26.45, 25.72, 
19.87, 19.83, 16.62, 16.17, 16.08; HRMS, found 373.2731 (C22H38O3Na, [M + Na]+, requires 
373.2719). 

(4E,8E,12E)-1-Iodo-4,8,12-trimethyl-14-(tetrahydro-2H-pyran-2-yloxy)tetradeca-4,8,12-
triene (6b) 

As for 6a using 5b (450 mg, 1.3 mmol), imidazole (123 mg, 1.8 mmol), triphenylphosphine 
(506 mg, 1.9 mmol) and iodine (457 mg, 1.8 mmol). The isolated product was a pale-yellow oil 
(497 mg, 1.1 mmol, 84%). 

Rf = 0.60 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.40 – 5.32 (m, 1H), 5.20 – 
5.13 (m, 1H), 5.13 – 5.06 (m, 1H), 4.62 (dd, J = 4.2, 3.0 Hz, 1H), 4.23 (dd, J = 11.9, 6.4 Hz, 
1H), 4.03 (dd, J = 11.8, 7.4 Hz, 1H), 3.89 (ddd, J = 11.2, 7.6, 3.5 Hz, 1H), 3.55 – 3.45 (m, 1H), 
3.14 (t, J = 7.0 Hz, 2H), 2.15 – 1.95 (m, 10H), 1.94 – 1.46 (m, 8H), 1.68 (s, 3H), 1.59 (s, 3H), 
1.58 (s, 3H); δC/ppm (100 MHz, CDCl3) 140.36, 135.16, 132.91, 125.94, 124.25, 120.75, 97.93, 
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63.79, 62.43, 40.13, 39.77, 39.71, 31.71, 30.87, 26.68, 26.44, 25.65, 19.77, 16.58, 16.10, 
15.95, 6.79; HRMS, found 478.2196 (C22H41NO2I, [M + NH4]+, requires 478.2182). 

Trimethyl((7E,11E,15E)-7,11,15-trimethyl-17-(tetrahydro-2H-pyran-2-yloxy)heptadeca-
7,11,15-trien-1-yn-1-yl)silane (7b) 

As for 7a using 6b (490 mg, 1.1 mmol), 1-(trimethylsilyl)propyne (0.63 mL, 4.3 mmol), n-
butyllithium (1.70 mL, 4.3 mmol). The isolated product was a clear oil (375 mg, 0.84 mmol, 
80%). 

Rf = 0.51 (Hexane – Ethyl acetate, 9:1); δH/ppm (400 MHz, CDCl3) 5.41 – 5.30 (m, 1H), 5.15 – 
5.05 (m, 2H), 4.62 (dd, J = 4.3, 2.9 Hz, 1H), 4.28 – 4.19 (m, 1H), 4.03 (dd, J = 11.9, 7.4 Hz, 
1H), 3.89 (ddd, J = 11.3, 7.6, 3.7 Hz, 1H), 3.55 – 3.45 (m, 1H), 2.25 – 2.18 (m, 2H), 2.15 – 
1.93 (m, 10H), 1.90 – 1.40 (m, 10H), 1.68 (s, 3H), 1.59 (s, 3H), 1.58 (s, 3H), 0.14 (s, 9H); 
δC/ppm (100 MHz, CDCl3) 140.41, 135.38, 134.86, 124.59, 124.07, 120.73, 107.79, 97.93, 
84.48, 63.79, 62.42, 39.85, 39.79, 39.16, 30.87, 28.18, 27.05, 26.77, 26.45, 25.66, 19.87, 
19.77, 16.58, 16.16, 15.91, 0.32 (3C); HRMS, found 462.3776 (C28H52NO2Si, [M + NH4]+, 
requires 462.3767). 

(2E,6E,10E)-3,7,11-Trimethyl-17-(trimethylsilyl)heptadeca-2,6,10-trien-16-yn-1-ol (8b) 

As for 8a using 7b (312 mg, 0.70 mmol) and pyridinium p-toluene sulfonate (17 mg, 0.07 
mmol). The crude product was purified by flash column chromatography eluting in a gradient 
of 3-30% ethyl acetate in n-hexane. The isolated product was a clear oil (207 mg, 0.57 mmol, 
82%). 

Rf = 0.34 (Hexane – Ethyl acetate, 8:2); δH/ppm (400 MHz, CDCl3) 5.46 – 5.37 (m, 1H), 5.15 – 
5.04 (m, 2H), 4.15 (d, J = 7.0 Hz, 2H), 2.27 – 2.17 (m, 2H), 2.13 – 1.93 (m, 10H), 1.68 (s, 3H), 
1.60 (s, 3H), 1.58 (s, 3H), 1.47 (m, 4H), 1.41 (br s, 1H), 0.14 (s, 9H); δC/ppm (100 MHz, CDCl3) 
140.00, 135.50, 134.89, 124.55, 123.93, 123.45, 107.80, 84.50, 59.56, 39.83, 39.69, 39.16, 
28.17, 27.04, 26.74, 26.44, 19.87, 16.44, 16.16, 15.91, 0.32 (3C); HRMS, found 378.3182 
(C23H44NOSi, [M + NH4]+, requires 378.3192).  

(2E,6E,10E)-3,7,11-Trimethylheptadeca-2,6,10-trien-16-yn-1-ol (9b = YnGG) 

As for 9a using 8b (205 mg, 0.57 mmol) and tetrabutylammonium fluoride (1.14 mL, 1.14 
mmol). The crude product was purified by flash column chromatography eluting in a gradient 
of 3-20% acetone in n-hexane. The isolated product was a clear oil (58 mg, 0.19 mmol, 33%). 

Rf = 0.29 (Hexane – Acetone, 8:2); δH/ppm (400 MHz, CDCl3) 5.46 – 5.36 (m, 1H), 5.15 – 5.04 
(m, 2H), 4.15 (d, J = 6.9 Hz, 2H), 2.18 (td, J = 6.6, 2.6 Hz, 2H), 2.05 (m, 10H), 1.94 (t, J = 2.6 
Hz, 1H), 1.68 (s, 3H), 1.60 (s, 3H), 1.58 (s, 3H), 1.52 – 1.45 (m, 4H), 1.33 (br s, 1H); δC/ppm 
(100 MHz, CDCl3) 139.97, 135.46, 134.81, 124.59, 123.96, 123.46, 84.83, 68.27, 59.54, 39.81, 
39.69, 39.17, 28.09, 27.03, 26.70, 26.44, 18.43, 16.43, 16.13, 15.94; HRMS, found 306.2788 
(C20H36NO, [M + NH4]+, requires 306.2797). 

Trisammonium (2E,6E,10E)-3,7,11-trimethylheptadeca-2,6,10-trien-16-yn-1-yl 
pyrophosphate (10b = YnGGPP) 

As for 10a using 9b (20 mg, 0.07 mmol), N-Chlorosuccinimide (13 mg, 0.08 mmol), dimethyl 
sulfide (11 µL, 0.14 mmol) and tris(tetrabutylammonium) hydrogen pyrophosphate (127 mg, 
0.14 mmol). The isolated product was a white solid (10 mg, 0.02 mmol, 30%). 

δH/ppm (400 MHz, D2O/ND4OD) δ 5.33 (t, J = 7.3 Hz, 1H), 5.05 (d, J = 8.1 Hz, 2H), 4.36 (t, J 
= 6.5 Hz, 2H), 2.13 – 2.03 (m, 3H), 1.99 (d, J = 16.3 Hz, 5H), 1.94 – 1.86 (m, 4H), 1.64 (s, 1H), 
1.61 (s, 2H), 1.58 (t, J = 3.1 Hz, 1H), 1.50 (d, J = 7.7 Hz, 6H), 1.40 – 1.34 (m, 3H); δP/ppm 
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(162 MHz, D2O/ND4OD) δ -10.36 – -11.24 (m, 2P); HRMS, found 447.1704 (C20H33O7P2, [M-
H]-, requires 447.1707). 

FAM-GerGer-RHOA(188-193) 

FAM-RHOA(188-193) peptide (14 mg, 14 µmol) was dissolved in methanol (1.5 mL) and the 
pH adjusted to between 10 and 12 with 1 M sodium hydroxide solution (60 µL). The solution 
was cooled on ice for 5 min, then geranylgeranyl chloride (13 uL, 42 µmol, prepared according 
to published protocol17) was added. The reaction was stirred on ice for 30 min, quenched with 
acetic acid solution and purified on a C8 reverse phase HPLC column (Agilent Zorbax PrepHT 
300SB-C8, 21.2x250 mm, 7 µm) using a linear solvent gradient of 28-90% acetonitrile/0.08% 
TFA in H2O/0.08% TFA over 40 min at a flow rate of 8 mL/min. 
 
Peptide Characterization 

FAM-UCHL1(218-223): 
HRMS (TOF MS ES+), m/z: calculated for C48H61N8O14S [M+H]+: 1005.4028, found: 
1005.4012; Analytical RP-HPLC: Gradient: 5-98% acetonitrile/0.1% formic acid in H2O/0.1% 
formic acid over 18 min, RT = 6.99 min. 
 
FAM-RHEB(179-184): 
HRMS (TOF MS ES+), m/z: calculated for C46H56N7O17S2 [M+H]+: 1042.3174, found: 
1042.3218; Analytical RP-HPLC: Gradient: 5-98% acetonitrile/0.1% formic acid in H2O/0.1% 
formic acid over 18 min, RT = 9.27 min. 
 
FAM-RHOA(188-193) 
HRMS (TOF MS ES+), m/z: calculated for C49H62N7O15S [M+H]+: 1020.4025, found: 
1020.4039; Analytical RP-HPLC: Gradient: 5-98% acetonitrile/0.1% formic acid in H2O/0.1% 
formic acid over 18 min, RT = 8.83 min. 
 
FAM-GerGer-RHOA(188-193) 
HRMS (TOF MS ES+), m/z: calculated for C69H94N7O15S [M+H]+: 1292.6529, found: 
1292.6547; Analytical RP-HPLC: Gradient: 5-98% acetonitrile/0.1% formic acid in H2O/0.1% 
formic acid over 18 min, RT = 14.37 min. 
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