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Abstract

Prenylated proteins contain C15 or C20 isoprenoids linked to cysteine residues positioned 

near their C-termini. Here we describe the preparation of isoprenoid diphosphate analogues 

incorporating diazirine groups that can be used to probe interactions between prenylated proteins 

and other proteins that interact with them. Studies using synthetic peptides and whole proteins 

demonstrate that these diazirine analogues are efficient substrates for prenyltransferases. Photo-

crosslinking experiments using peptides incorporating the diazirine-functionalized isoprenoids 

selectively crosslink to several different proteins. These new isoprenoid analogues should be 

broadly useful in studies of protein prenylation.
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Graphical Abstract

Prenylated proteins result from the addition of isoprenoid groups from farnesyl diphosphate 

(FPP) or geranylgeranyl diphosphate (GGPP) to cysteine residues positioned near 

the C-terminus of various proteins (Fig. 1).1 This attachment process is catalyzed 

by a family of four different prenyltransferases including farnesyltransferase (FTase), 

geranylgeranyltransferase type 1 (GGTase-I), geranylgeranyltransferase type 2 (GGTase-II) 

and geranylgeranyltransferase type 3 (GGTase-III). The first two typically recognize simple 

tetrapeptide motifs positioned at the C-termini of different proteins while the latter two 

involve more complex molecular recognition. Prenylated proteins frequently localize to 

cellular membranes where they play central roles in many cellular signaling processes.2 

Inhibitors of Ras prenylation have been studied extensively as anti-cancer agents as well as 

for other diseases.3 In 2020, the first farnesyltransferase inhibitor, lonafarnib, was approved 

for the treatment of progeria, a premature aging disease.4

While the specificity rules that dictate what proteins are recognized by prenyltransferases are 

relatively well characterized, subsequent interactions between prenylated proteins and other 

proteins have been studied in much less detail. Photoaffinity labeling using photoactive 

isoprenoids can be an effective strategy for probing interactions involving prenylated 

proteins and has been used extensively to study such interactions.5,6 Isoprenoid analogues 

including benzophenone groups7 and diazoesters8 have often been used for in vitro studies. 

Unfortunately, the former are typically poor prenyltransferase substrates due to their 

large size while the latter are more difficult to synthesize and require activation at low 

wavelengths. Those features make such analogues suboptimal for cell-based experiments. In 

recent years, diazirines have become popular alternatives for cellular experiments involving 

photoaffinity labeling due to their small size and relatively efficient activation at 350 nm.9

In 2014, our group reported the use of a peptide incorporating a diazirine-containing 

isoprenoid analogue to study the interaction between a prenylated peptide substrate and 

a methyltransferase involved in methylating prenylated proteins.10 Those promising results 

stimulated the development of related diazirine-containing analogues that could be used in 

cell-based metabolic experiments where the probe is incorporated into proteins in cellulo 
by the natural biosynthetic machinery.11 Following incorporation, irradiation and cell lysis, 

subsequent analysis would allow interactions between prenylated proteins to be studied. 

Here the design and synthesis of two diazirine-containing analogues, 1 and 2 (Fig. 1) created 
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to mimic farnesyl diphosphate and geranylgeranyl diphosphate, respectively, are described. 

A continuous spectrofluorimetric assay was used to demonstrate that these compounds 

are efficiently incorporated into peptide substrates by FTase and GGTase-I. LC-MS/MS 

experiments were used to confirm the site of peptide modification. Compound 1 was 

also incorporated into full-length K-Ras4B protein. Photoaffinity labeling using peptides 

enzymatically functionalized using 1 or 2 showed selective labeling of the prenyltransferases 

and SmgGDS isoforms.

For the synthesis of the diazirine-containing peptide reported earlier, allylic bromide 11a 
(Scheme 1) was used to selectively alkylate the thiol group of a synthetic peptide to yield 

a thioether-linked product that mimicked the C-terminus of a prenylated protein. To create 

diphosphate analogues suitable for metabolic labeling, 11a was prepared as previously 

described using a route starting with geraniol (6a) by THP-protection, allylic oxidation, 

esterification, deprotection and bromination.10 The longer bromide, 11b, reported here, 

was prepared by a similar route. THP-protection of farnesol (6b) yielded 7b which was 

subjected to catalytic allylic oxidation with SeO2 and t-Bu-OOH. Since 7b contains two 

alkenes with comparable reactivity, careful chromatographic separation of the two isomeric 

products was necessary to isolate 8b in high purity; these isomeric products have been 

previously characterized.12 Overoxidation of 8b to the corresponding aldehyde is also a 

problem in this type of reaction, hence a reduction step using NaBH4 was added following 

oxidation to increase the yield of the desired alcohol product. Next, 8b was esterified with 

5 using DIC to provide the masked product, 9b, that was deprotected to yield compound 

10b. Conversion of that alcohol to the desired bromide, 11b, was carried out using polymer-

supported triphenylphosphine in the presence of CBr4. Both 11a and 11b were converted 

to the corresponding diphosphates by reaction with (n-Bu4N)3HP2O7 in CH3CN. Final 

purification was performed by ion-exchange and cellulose chromatography.

To evaluate the diphosphate probes as substrates for FTase and GGTase-I, a continuous 

spectrofluorimetric assay was employed that monitors the time-dependent increase in 

fluorescence that occurs when a dansylated peptide is prenylated. The well-characterized 

peptide substrates Dns-GCVLS (12) and Dns-GCVLL (13) were used to evaluate rat FTase 

or yeast FTase (rFTase or yFTase)13 and rat GGTase-I (rGGTase)14 activity, respectively. 

Incubation of rFTase or yFTase with 1 or 2 revealed efficient use of 1 to yield the prenylated 

product 14a (Fig. S1A and S1B). In contrast, substantially lower utilization of 2 by rFTase 

or yFTase was observed (Fig. S1A and S1B). This is consistent with the previously reported 

isoprenoid length limitations exhibited by rFTase.15 Using rGGTase, reactions containing 

peptide 13 and diphosphates 1 or 2 yielded prenylated products (15a and 15b, respectively) 

with both isoprenoid analogues (Fig. S1C). The longer analogue, 2, manifested a faster 

rate, compared with 1, consistent with previous results comparing FPP and GGPP.16 A 

more detailed kinetic analysis was performed to obtain catalytic parameters (Table 1). 

For the rFTase-catalyzed reaction using 1, those experiments revealed a relative catalytic 

efficiency (kcat/KM) of 26 % of that for FPP (Fig. S2A); similarly, for rGGTase, the relative 

catalytic efficiency (kcat/KM) for 2 was 22 % of that for GGPP (Fig. S2B). Overall, these 

results indicate that diphosphates 1 and 2 are efficient substrates for rFTase and rGGTase, 

respectively.
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To confirm the identity of the products obtained from enzymatic reactions containing either 

1 or 2, the products were analyzed in LC-MS and LC-MS/MS experiments. Incubation of 1 
and peptide 12 (tR = 17.4 min, m/z = 711) in the presence of rFTase led to the formation 

of a new species with a longer retention time (tR = 20.3 min) whose m/z was consistent 

with the formation of the prenylated product, 14a (m/z = 973, Fig. 3A, Fig. S3); the shift 

to longer retention time is characteristic of lipidated peptides compared to their unmodified 

precursors. In the case of rGGTase, incubation with 2 and peptide 13 (tR = 20.2 min, m/z 

= 737) resulted in the formation of a new species with a longer retention time (tR = 22.5 

min) whose m/z was consistent with the formation of the prenylated product, 15b (m/z = 

1068, Fig. 3B, Fig. S3). The above enzymatic reaction products were studied in more detail 

using LC-MS/MS experiments to confirm that the cysteine residue was the actual site of 

modification. For peptides 14a, 15a, 15b and the geranylgeranylated form of 13, b3, b4 and 

b5 ions were observed along with ions originating from the loss of the prenyl chain from 

b3 and b4 (Tables S1–S4). Collectively, that data localizes the isoprenoid modifications to 

the N-terminal dansyl-glycyl-cysteine moiety. Further analysis of 14a using an MS-MS-MS 

(MS3) experiment to fragment the b3 ion yielded several additional ions including a3 and c2 

that further localized the modification to the cysteine residue (Fig, S4, S5, Table S5).

Next the ability of FTase to incorporate 1 into a full-length protein was evaluated. Thus, 

K-Ras4B (17) was prepared by expressed protein ligation of a peptide (16, Fig. S6–S9) from 

the C-terminus of the protein with a truncated form of K-Ras4B, produced as a C-terminal 

thioester.18,19 Incubation of 1 with full-length K-Ras4B (17) in the presence of yFTase20 

produced the desired diazirine-modified protein (18). While there was no change in the 

retention time of unmodified K-Ras4B (17) versus the prenylated form (18, tR = 3.2 min) in 

the LC-MS chromatogram (Fig. 4A), MS analysis revealed a 262 Da increase in the mass of 

the protein eluting at 3.2 min consistent with modification with 1 (Fig. 5B). No unmodified 

K-Ras4B (Fig. S10) was observed in the enzymatic reaction, suggesting that the reaction 

was essentially complete. SDS-PAGE analysis showed an increase in apparent mass (slower 

migrating band) for the prenylated protein, 18, compared to the unmodified form, 17 (Fig. 

S10). Thus, these results illustrate the ability of the diazirine probes reported here to be 

incorporated into both peptides and proteins.

Having demonstrated that diazirine analogues 1 and 2 were efficient substrates for FTase 

and GGTase, respectively, we next wanted to validate their utility for identifying interactions 

between prenyl groups and proteins and enzymes. FTase and GGTase are ideal for this 

purpose since the experiments described above clearly establish that 1 and 2 are substrates 

for those enzymes. Since the analogues have no radioactive label or alkyne that can be 

exploited for detection, we elected to enzymatically transfer them to a peptide based on 

the C-terminus of K-Ras4B containing an N-terminal 5-Fam group that would allow any 

crosslinked products to be visualized by fluorescence. This meant that these experiments 

would effectively be probing the product complex between the prenylated peptides and the 

cognate prenyltransferase. It should be noted that since K-Ras4B is a substrate for both 

FTase and GGTase-I, one peptide could be used to study both enzymes. Accordingly, the 

requisite peptide (19, Fig. S11–S14) was prepared by appending a 5-Fam group with a PEG4 

spacer onto the N-terminus of peptide 16. Next, the prenylated peptide products, 20a (using 
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1) and 20b (using 2) were prepared by incubation with rFTase or yFTase (producing 20a) 

or rGGTase (producing 20b) (Fig. S11), and then subjected to photolysis, SDS-PAGE and 

visualization (Fig. 5, Fig. S15–16). A quantitative analysis of labeling was also performed 

via densitometry (Fig. S17). For the reactions containing rFTase substantial labeling of the 

b-subunit was observed upon photolysis (Fig. 5A, Lane 3, Fig. S15) whereas essentially no 

labeling occurred in samples photolyzed in the absence of the probe (Fig. 5A, Lane 1). Low 

levels of labeling were observed in reactions containing the probe that were not photolyzed 

(Fig. 5A, Lane 2). Inclusion of a competitor peptide (16) in the photolysis reaction resulted 

in a substantial reduction in labeling, supporting the conclusion that selective labeling of the 

peptide binding site was occurring. Labeling of the b-subunit is consistent with the X-ray 

structure of rFTase.21 Photolabeling was also observed with yFTase (Fig. S15)and rGGTase-

I (Fig. S16). Next the interactions between 20a (a photoreactive analogue of K-Ras4B) 

and SmgGDS558 and 607 were examined. Previous work suggests that the chaperone 

SmgGDS558 interacts preferentially with prenylated K-Ras4B while SmgGDS607 interacts 

more strongly with the pre-prenylated form of K-Ras4B.22,23 Preferential labeling by 20a of 

the 558 isoform was observed, as indicated by detection of a fluorescent complex migrating 

at ~ 57 kDa in the presence of SmgGDS558 (Fig. 5B, Lane 3; Fig. S18), while there was 

only minimal detection of a fluorescent complex migrating at ~ 62 kDa in the presence 

of SmgGDS607 (Fig. 5B, Lane 6; Fig. S18). Thus, these results are consistent with the 

previous reports of the prenylated form of K-Ras4B interacting with SmgGDS558 but not 

with SmgGDS607, and suggest that these probes will be useful for future studies involving 

other proteins that interact with prenylated proteins. Isoprenyl diphosphate analogues and 

their alcohol precursors are known to readily enter cells and become incorporated into 

prenylated proteins.24–26 Preliminary in cellulo experiments with these analogues are in 

progress (Fig. S19) and suggest that identification of crosslinked products will likely require 

some type of enrichment such as antibody pull-down to provide sufficient amounts of 

material to characterize them due to the limited efficiency of photoaffinity labeling.
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Figure 1. 
Prenylated proteins and their respective isoprenoid diphosphate precursors, FPP and GGPP 

along with diazirine-containing analogues.
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Figure 2. 
Prenylation reactions of Dns-GCVLS (12) and Dns-GCVLL (13) with rFTase and rGGTase-

I using diazirine-containing analogues.
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Figure 3. 
LC-MS analysis of prenyltransferase-catalyzed reactions between Dns-GCVLS (12) or Dns-

GCVLL (13) with diazirine-containing analogues. A) rFTase-catalyzed reaction between 12 
and 1 to yield 14a. B) rGGTase-catalyzed reaction between 13 and 2 to yield 15a.
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Figure 4. 
LC-MS analysis of FTase-catalyzed prenylation of K-Ras4B with 1 to yield full length 

protein incorporating a diazirine isoprenoid. A) LC-MS chromatogram (TIC) showing the 

formation of K-Ras4B modified with 1. B) MS of K-Ras4B modified with 1 obtained after 

yFTase (MS is from peak at 3.2 min in LC-MS chromatogram).
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Figure 5. 
Photoaffinity labeling of proteins using diazirine-functionalized peptides. Panel A) Labeling 

of rFTase: Lane 1: No diazirine (19 instead of 20a), + UV; Lane 2: Probe (20a), – UV; Lane 

3: Probe (20a), + UV; Lane 4: Probe (20a) + UV, + competitor (16). Panel B) Labeling of 

SmgGDS isoforms: Lane 1: SmgGDS558, No diazirine (19 instead of 20a), + UV; Lane 

2: SmgGDS558, Probe (20a), – UV; Lane 3: SmgGDS558, Probe (20a), + UV; Lane 4: 

SmgGDS607 No diazirine (19 instead of 20a), + UV; Lane 5: SmgGDS607, Probe (20a), 

– UV; Lane 6: SmgGDS607, Probe (20a), + UV. Note all reactions with SmgGDS proteins 

also contained yFTase that was used to enzymatically prepare 20a from 19 and 1 prior to 

photolysis. In Panel A, Lane 1, and Panel B, Lanes 1 and 4, diazirine 1 was omitted to 

prevent the formation of 20a from 19. Compound 1 was present in all other samples.
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Scheme 1. 
Synthesis of diazirine-containing analogues of FPP and GGPP.
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Table 1.

Summary of catalytic constants for diazirine analogues

Compound kcat (sec−1) KM (μM) kcat/KM (sec−1/M) kcat/KM (%)

rFTase

FPPa 0.3 1.5 2.0 × 105 100

1 0.016±0.001 0.31±0.07 5.2 × 104 26

rGGTase

GGPP 0.052±0.001 0.17±0.03 3.1 × 105 100

2 0.025±0.001 0.36±0.07 6.9 × 104 22

a
Previously reported.17
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