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Abstract 16 

A series of C15–C20 isoprenyl derivatives bearing terminal alkenyl and alkynyl groups were 17 

synthesized as possible substrates of the methyl-branched lipid ω-hydroxylase CYP124A1 from 18 

Mycobacterium tuberculosis. The interactions of each compound with the enzyme active site were 19 

characterized using UV-vis spectroscopy. We found that the C10 and C15 analogs bind with an 20 

affinity similar to the corresponding parent C10 and C15 substrates geraniol and farnesol, 21 

respectively. Three analogs (C10-ω-ene, C10-ω-yne, C15-ω-yne) interact with the proximal side of 22 

the heme iron by coordinating to the oxygen atom of the ferric heme, as judged by the appearance 23 

of typical Type-IA binding spectra. On the other hand, the C15-ω-ene analog interacts with the 24 

ferric heme by displacing the bound water that generates a typical Type I binding spectrum. We 25 

were unable to detect P450-mediated oxidation of these probes following extended incubations 26 

with CYP124A1 in our reconstituted assay system, whereas a control reaction containing farnesol 27 

was converted to ω-hydroxy farnesol under the same conditions. To understand the lack of 28 

detectable oxidation, we explored the possibility that the analogs were acting as mechanism-based 29 

inhibitors, but we were unable to detect time-dependent loss of enzymatic activity. In order to gain 30 

insight into the lack of detectable turnover or time-dependent inhibition, we examined the 31 

interaction of each compound with the CYP124A1 active site using molecular docking simulations. 32 

The docking studies revealed a binding mode where the terminal unsaturated functional groups 33 

were sequestered within the methyl-binding pocket, rather than positioned close to the heme iron 34 

for oxidation. These results aid in the design of specific inhibitors of Mtb-CYP124A1, an interesting 35 

enzyme that is implicated in the oxidation of methyl-branched lipids, including cholesterol, within a 36 

deadly human pathogen. 37 

Keywords: CYP124A1, Chemical Probes, Docking, Isoprenyl alcohol, Mycobacterium 38 

tuberculosis. 39 
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1. Introduction 41 

Tuberculosis (TB) is an infectious pulmonary disease caused by the bacterium 42 

Mycobacterium tuberculosis (Mtb), and primarily afflicts the developing world. TB is a leading 43 

cause of global mortality and one of the top 10 causes of death. Individuals with compromised 44 

immune system are particularly vulnerable. In 2019, 10.0 million people developed TB around the 45 

world, and an estimated 1.4 million deaths were registered. Around 1.7 billion people may already 46 

have a latent TB infection and are at risk of developing active TB disease during their lifetime. 47 

Approximately 10% of those individuals with latent infections will shift to the active form of the 48 

disease, and one in six of them will die.1 49 

There have been many encouraging developments in diagnosing and treating TB. As a 50 

result, the number of individuals infected with TB has markedly declined since 2005 and the total 51 

number of deaths fell to 1.4 million people in 2019.1 Much of the success is due to improvements in 52 

diagnosing, monitoring, and treating the disease. Despite this progress, efforts to slow the spread 53 

of TB infection and eradicate the disease continue to be complicated by the evolution of virulent, 54 

drug-resistant Mtb strains.2 The appearance of multidrug-resistant (MDR-TB) and extremely drug 55 

resistant TB (XDR-TB) strains has, in fact, led to the alarming identification of totally drug resistant 56 

(TDR-TB) strains.3–5 57 

One of the most exciting recent developments in infectious disease research is the approval 58 

of bedaquiline in 2012, the first new drug approved for treating TB/MDR-TB in over 40 years. 59 

However, new treatments are urgently needed for children and better and shorter treatments for 60 

people living with HIV-TB. Therefore, there is an urgent need to identify and develop new drugs 61 

and new drug-targeting strategies to treat TB in both its latent and active forms. 62 

The sequencing of the Mtb genome reported in 1998,6 a major breakthrough in TB research, 63 

revealed that approximately 10% of its genes are involved in lipid biosynthesis and metabolism, 64 

consistent with the complex lipids produced and utilized by Mtb.7,8 Surprisingly, twenty cytochrome 65 

P450 enzymes were among these lipid-related genes, at the time an unprecedented number in a 66 

bacterial genome.9,10 The retention of these genes within a rapidly evolving organism suggests that 67 



they play critical roles in the biochemistry of this pathogen. It is known that when Mtb is in the 68 

active phase of infection, it utilizes cholesterol as a carbon and energy source, and because of 69 

that, the CYP functionality and substrate promiscuity strongly suggest their involvement as a key 70 

factor for Mtb survival. Indeed, several P450 genes (CYP125A1, CYP121A1, and CYP128A1) are 71 

conditionally essential for Mtb viability while other Mtb CYP enzymes can be considered potential 72 

drug targets,9–14 since they exhibit low sequence identity with human P450 isoforms. 73 

CYP51, one of the twenty Mtb P450 enzymes, got its function assigned based on its 74 

sequence homology to known enzymes, whereas the remaining nineteen Mtb P450 enzymes 75 

represent new P450 families. CYP51 was the first Mtb P450 enzyme to be characterized and 76 

investigated as a platform for drug design.15–17 The proximity and organization of genes sometimes 77 

provides a clue to the function of a target gene, especially in bacterial genomes.18 CYP121, 78 

another Mtb P450 enzyme, was found by high-resolution structural characterization and 79 

biochemical studies to catalyze the formation of cyclodityrosine.19–24 Structural and biophysical 80 

characterization of Mtb CYP130 revealed large domain movements associated with the binding of 81 

azole drugs,25 and although a CYP130 clone proved to catalyze N-demethylation of 82 

dextromethorphan,26 its native substrate and function remain unknown. CYP125 and CYP142, are 83 

involved in themultistep oxidation of the cholesterol side chain.9,11,27–32 CYP141 is one of the Mtb 84 

P450 enzymes that are distributed only within the “Mtb Complex”, TB-causing strains that, in 85 

addition to Mtb, include M. bovis, M. africanum and M. microti.9 Mtb CYP141A1 has been reported 86 

to be a sensitive diagnostic target for the detection of Mtb in sputum samples.33 CYP144 has been 87 

biochemically and structurally characterized,34,35 and although it was found that this enzyme shares 88 

binding similarities with CYP121,36 its substrate and function remain unknown. CYP128A1 is 89 

postulated to activate the polyisoprenoid MK-9 (DH-2) for hydroxylation at the ω-position of the 90 

lipid chain.37 This would allow for subsequent activation by 3'-phosphoadenosine-5'-phosphosulfate 91 

(PAPS) synthase and then sulfation by SFT3. 92 

Mtb CYP124A1 is a lipid hydroxylase with a preference for the ω-position of methyl-branched 93 

lipids. This enzyme exhibits broad catalytic activity towards various lipid substrates, including 94 

sterols, fatty acids, and isoprenoid alcohols.28,31,38 In the Mtb complex, CYP124A1 is situated next 95 



to the three gene operon for CYP128A1 that includes an important sulfotransferase gene (sft3).39 96 

CYP124A1 participates in oxidation on lipid substrates (such as phytanic acid, farnesol, 97 

cholesterol, etc), producing an alcohol product, which can undergo additional rounds of oxidation to 98 

form the aldehyde and carboxylic acid, catalyzed by CYPs from the same family (i.e. CYP125 and 99 

CYP142). CYP124A1 also catalyzes less efficiently the epoxidation of alkenes.31 Crystal and co-100 

crystal structures were solved for the holo-enzyme as well as the phytanic acid-bound form.38 The 101 

co-crystal structure suggests a model by which the CYP124A1 active site enforces unfavorable 102 

regioselectivity,38,40 whereby a small cleft situated near the heme iron binds one of the methyl 103 

groups of the methyl-branched substrates, which positions the other methyl group near the heme 104 

iron where it can undergo oxidation. In the absence of methyl branching, the terminal end of linear 105 

lipid chains is thought to equilibrate between being bound in the methyl-binding pocket and being 106 

positioned near the heme iron. Regioselectivity appears to be substrate dependent, i.e., with fatty 107 

acids and fatty alcohols the remainder of the lipid chain interacts with the barrel of the CYP124A1 108 

active site leading to the heme, however, with bulkier sterol substrates, the active site channel is 109 

too restrictive to allow full diffusion of the substrate all the way to the heme iron. On this last case, 110 

regioselectivity is enforced by clamping the steroid nucleus to the so-called “letterbox active site 111 

model”. It was observed that the substrate needs to have a certain scaffold that allows the enzyme 112 

to accommodate in different ways in the active site of the CYP450 enzyme complex. This effect 113 

was what led different substrates to have different selectivity towards the enzyme, and it turned out 114 

to be particularly interesting to study. Thus, CYP124A1 appears to be a hybrid of the CYP125A1 115 

and CYP142A1 active sites, whereby only the unfavorable ω-oxidation products are observed with 116 

steroid substrates with side chains at a minimum length of C25.31 When comparing unbranched 117 

fatty acids, such as palmitic and lauric acid, with their ω-methyl branched analogs, it becomes 118 

evident that the presence of methyl branching appears to contribute significantly to catalytic 119 

activity,38 whereas with sterols possessing unbranched side chains the contributions of the methyl 120 

group are less clear.31 121 



In the present work, we aim to deepen the insight on the CYP124 mode of action and 122 

substrate requirements. To do this, we designed and synthesized unsaturated chemical probes 123 

that mimic isoprenoid compounds, which could interact with the enzyme of interest. 124 

2. Results and Discussion 125 

2.1. Design and synthesis of alkenyl and alkynyl chemical probes. 126 

Cytochrome P450 enzymes are present in anabolic and catabolic pathways, typically 127 

catalyzing the oxidation of a wide variety of substrates, including oxidation of hydrocarbons and 128 

heteroatoms, dealkylations, and dehydrogenations.41 Alkynes and alkenes are valuable tools to 129 

probe the chemical mechanism of cytochrome P450 enzymes as these functionalities may undergo 130 

oxidation by those enzymes that can lead to irreversible inhibition. Following catalytic turnover by a 131 

P450 enzyme of these functional groups, typically either the heme or an amino-acid residue near 132 

the active site is alkylated.42 Using the known substrate selectivity and regiospecificity of 133 

CYP124A1,38 we designed a series of chemical probes bearing olefin and alkyne functional groups 134 

at the ω-terminus of C10 and C15 isoprenyl lipids (Figure 1). 135 

 
Figure 1. Designed chemical probes. 

 
Four analogs have been designed and synthesized from commercially available isoprenols 136 

geraniol 1 and (E,E)-farnesol 8 (Scheme 1). In order to prepare compounds 5 and 7, geraniol 1 137 

was protected as the THP acetal 2 and oxidized on the terminal allylic position with SeO2, tBuOOH 138 

and salicylic acid in DCM providing the alcohol 3. Then, this intermediate was submitted to two 139 

different alkylating reactions with allyl bromide and propargyl bromide, in the presence of NaH as 140 

base in THF to obtain ethers 4 and 6, respectively. Finally, THP acetals were deprotected with 141 

pyridinium p-toluenesulfonate (PPTS) providing the final probes 5 and 7 (Scheme 1). 142 



 
Scheme 1. Reagents and conditions: a) DHP, PPTS, DCM, rt, 6h, 2 (49 %), 9 (63 %); b) SeO2, t-

BuOOH, salicylic acid, DCM, rt, overnight, 3 (38 %), 10 (20 %); c) allyl bromide, NaH, THF, 0 °C to 
rt, overnight, 4 (50 %), 11 (40 %); d) propargyl bromide, NaH, THF, 0 °C to rt, overnight, 6 (49 %), 

13 (52 %); e) PPTS, EtOH, reflux, 24h, 5 (54 %), 7 (91%), 12 (63 %), 14 (76 %). 
 

Two additional analogs were synthesized from (E,E)-farnesol 8 (Scheme 1), following the 143 

same strategy presented above. (E,E)-farnesol 8 was protected with THP acetal giving 9, which 144 

was subjected to the allylic oxidation generating a mixture of alcohols, being the primary alcohol 10 145 

the main product. After separation and purification, alcohol 10 was converted on the allyl and 146 

propargyl ether under Williamson etherification conditions providing the expected terminal ethers 147 

11 and 13, respectively. Then, the final products 12 and 14 were obtained by hydrolysis of the THP 148 

acetals under mild acidic conditions (Scheme 1). 149 

2.2. Interaction of unsaturated chemical probes with CYP124A1. 150 

Following the synthesis of isoprenyl probes, we proceeded to evaluate them as CYP124A1 151 

ligands. Absolute binding spectra informed on the interaction of ligands with the P450 active site. 152 

Representative absolute spectra are shown in Figure 2 and indicate that the compounds bind 153 

specifically in the active site of CYP124A1 and displace the coordinated water molecule to 154 

generate the high-spin 5C form of the enzyme. This effect can be better appreciated in the UV-155 

visible difference spectra shown in Figure 3. The nature and affinity of the interactions varied, 156 

producing both Type-I and Type-IA difference spectra. Specific ligand binding usually induces 157 

spectral changes due to the interaction of the ligand with the heme iron. Type-I binding spectra are 158 

characterized by a peak between 385 – 390 nm and a broad trough between 420 – 428 nm. These 159 



signals increased in a concentration-dependent manner, generating a clean isosbestic point 160 

centered at 409 nm. Type-IA binding difference spectra generally show a broad peak centered at 161 

406 nm and a trough at 425 – 430 nm.31,42–46 162 

 
Figure 2. Spectra of CYP124 binding. 

 
Type-I ligands are typically also substrates for P450 enzymes, and the absorbance changes 163 

indicate a shift from the low-spin 6-coordinated Fe3+ form of the enzyme, in which water is the sixth 164 

axial ligand, to a high-spin 5-coordinated Fe3+ form of the enzyme.2 The magnitude of the 165 

absorbance change in the difference spectra reflects the percent conversion to the high-spin 5-166 

coordinated enzyme form. In comparison with farnesol, which induces a nearly complete 167 

conversion to the high spin form of the enzyme at saturating concentrations,38 the analogs tested 168 

here result in only a partial change. While farnesol was used as an isomers mixture in previous 169 

studies, in this work farnesyl ethers 12 and 14 were synthesized from (E,E)-farnesol, thus they 170 

preserved the (E,E) configuration. 171 

Black: CYP124 
Red: CYP124 + E,E-farnesol 
Blue: CYP124 + 12 



 
Figure 3. CYP124 UV-visible difference spectra and binding titration for compounds 5 (A), 7 (B), 

12 (C) and 14 (D). 
 

The apparent dissociation constant (Kdapp) values were determined by spectrophotometric 172 

binding titrations of CYP124A1 with each analog (Figure 3). The results are shown in Table 1. The 173 

Kdapp values exhibit a similar trend as we observed previously, i.e. more lipophilic analogs bind 174 

tighter within the active site.38 A detailed look of the results revealed that the Kdapp differences 175 

observed between farnesol and geraniol are similar to their allyl and propargyl ethers, where the 176 

first binds 25 times more tightly to the enzyme, the farnesyl ethers are between 10 to 16.7 times 177 

better ligands than the geranyl analogs. Also, propargyl derivatives 7 and 14 are better ligands 178 

than their respective allylic analogs 5 and 12, demonstrating that the restricted geometry and/or 179 

electron density of the distal carbon may be contributing to the binding. 180 

Table 1. CYP124A1 dissociation constant 

Analog Kdapp (µM) Binding 

5 49.4 ± 4.6 Type-IA 
7 14.6 ± 1.5 Type-IA 
12 2.9 ± 0.4 Type-I 
14 1.5 ± 0.1 Type-I/IA 

Geraniol38 25.0 ± 1.8 Type-I 
Farnesol38 1.04 ± 0.05 Type-I 

Phytanic Acid38 0.220 ± 0.006 Type-I 
 

[5] 

(A) 

[7] 

(B) 

[12] 

(C) 

[14] 

(D) 



Since the unsaturated probes appear to bind CYP124A1 and knowing that Type-I and Type-181 

IA ligands can also be CYP substrates, we decided to determine if the compounds 5, 7, 12, and 14 182 

would be oxidized by CYP124A1. Catalytic assays were performed in which CYP124A1 was pre-183 

incubated with saturating concentrations of each analog, and then spinach ferredoxin (Fdx) and 184 

spinach ferredoxin-NADP+ reductase (Fdr), along with NADPH, were added to the reaction 185 

mixtures. However, no oxidation products were detected by GC-MS. Control reactions that 186 

incubated farnesol with CYP124A1 and the redox cofactor proteins showed the expected single 187 

terminal -hydroxy-farnesol product, as previously reported.38 More information about these 188 

assays can be found in the Supporting Information. Furthermore, we tested if the ligands could 189 

inactivate the enzyme. It is known that reactive ligands are oxidized and subsequently converted to 190 

a species that is reactive towards the enzyme active site, being able to alkylate and destroy the 191 

catalytic activity of CYP124A1 in a time-dependent manner. We performed extended pre-192 

incubations of each probe with enzyme, followed by dilution into fresh substrate and measured the 193 

residual activity. We were unable to detect a significant loss of enzyme activity over time after 194 

accounting for the background loss of catalytic activity. 195 

Whereas CYP124A1 binds to geraniol 1 (C10) with an apparent affinity of 25.0 ± 1.8 µM, the 196 

C10 alkyne analog 7 bound on roughly the same order with an apparent dissociation constant 197 

value (Kdapp) of 14.6 ± 1.5 µM. Interestingly, the alkene analog 5 bound with decreased relative 198 

affinity of 49 ± 4.6 µM, likely reflecting the increased binding due to the more rigid terminal alkyne. 199 

Whereas geraniol binds in a clear Type-I manner, indicating that the water molecule was ejected 200 

from its axial coordination at the heme iron, the two C10 unsaturated analogs, compounds 5 and 7 201 

bound as Type-IA ligands. This finding could show that they interact with the heme iron by 202 

coordination to the iron via the oxygen lone pair of the ether, or through the axial water ligand. 203 

Although geraniol was not detectably oxidized by CYP124A1, it also binds specifically and, in a 204 

manner, consistent with being a substrate. The two C10 analogs were not detectably oxidized by 205 

CYP124A1, consistent with our finding that these analogs bind in a Type-IA manner, whereby 206 

binding by coordination of oxygen to heme ironreduces the redox potential of the system relative to 207 

the water-liganded form, but to a lesser degree than typical nitrogenous ligands that coordinate to 208 



the ferric heme iron. The C15 analogs 12 and 14 exhibited mixed behavior, whereas the substrate 209 

farnesol binds and is oxidized by the enzyme to the ω-hydroxy form, the two analogs were not 210 

detectably oxidized. The binding type exhibited was also different between the two C15 211 

compounds. The alkyne derivative 14 bound as Type-IA meanwhile the alkene analog 12 bound as 212 

Type-I ligand. The differences in binding geometry likely reflect the different abilities of the terminal 213 

unsaturated portions of the molecule to sample different conformations, leading to different 214 

interactions with amino acid residues in the active site. 215 

Molecules that tightly coordinate to the heme iron, such as azole compounds, can serve as 216 

potent inhibitors of P450 enzymes. Inhibition is complex, but it often takes place due to blocking of 217 

the active site by a tightly coordinated substrate analog. In our case, compared to isoprenols or 218 

methyl branched fatty acids, the interactions of the more electronegative ether oxygen reduce the 219 

redox potential of the heme iron by coordination, and it also makes reduction of the heme from 220 

ferric to the ferrous state more difficult. Moreover, binding is an equilibrium process, and one would 221 

expect that the opposite hydrocarbon end of the molecule could bind in an orientation that would 222 

position the unsaturated functional groups in proximity for catalysis. However, as no detectable 223 

oxidation products were observed, we hypothesized that the unsaturated carbon chain might be 224 

oriented in a way that it binds in the small cavity near the heme iron, similar as has been proposed 225 

for palmitic acid and other linear lipid chains.38 In these cases, the flexible hydrocarbon chain leads 226 

to products ratio that reflect the stability during formation. However, only partial conversion of the 227 

low-spin to the high-spin form likely reflects the need for each substrate to bear alpha methyl-228 

branching to the site of oxidation. In this model, the methyl branch closer to the alkyne or alkene 229 

functional groups would be near to the heme iron for oxidation, producing the oxidation of that 230 

carbon. The terminal alkyne and alkene are likely to bind the small lipophilic pocket adjacent to the 231 

heme iron rather than above the heme, preventing their oxidation, as have been reported for linear 232 

fatty acids. We performed molecular docking simulations in order to rationalize the interaction of 233 

the ligands with the CYP124A1 active site. 234 

Starting with the CYP124A1 bound to phytanic acid crystallographic data (Protein Data Bank 235 

file: 2WM4), analogs 5, 7, 12, and 14 were overlapped to this enzyme structure. Docking poses are 236 



shown in Figure 4, where it can be appreciated that the probes share a similar conformation than 237 

phytanic acid in the original structure. Another representation are shown in Figure 5, where the 238 

active site limits are represented in grey. Long chain probes 12 and 14 accommodate following the 239 

phytanic acid pattern in the heme pocket, while for geranyl analogs 5 and 7 the alcohol takes a 240 

different conformation, causing the reduced bonding affinity previously observed (Table 1). It can 241 

also be appreciated that, for 5 and 7, the probe interacts with the heme group by coordinating the 242 

ether oxygen, consistent with a Type-IA binding, which can be one of the factors involved in the 243 

lack of reaction for these ligands. For farnesyl analogs 12 and 14, we could observe how the 244 

internal C from the allyl or propargyl group interact with the heme, leaving the branch pocket 245 

empty. The branch interaction, although weak, proved to be crucial for the enzyme to have 246 

oxidative activity.38,47 The docking pose obtained for 12 is consistent with the Type-I binding 247 

experimentally determined. 248 

 

 
 

Figure 4. Overlay of the docking results with the CYP124-phytanic acid crystallographic 
structure (PDB code 2WM4). A) compound 5, B) compound 7, C) compound 12, D) compound 

14. CYP124 protein are depicted in grey, C atoms from the heme group and the compounds are 

A B 

C D 



shown in cyan, C atoms from phytanic acid in orange, O atoms in red, N atoms in blue, H atoms 
in white and Fe atom in green. 

 
The data obtained from the second generation isoprenyl-based CYP124A1 inhibitors, along 249 

with the data obtained from the first generation steroidal-based inhibitors31 should allow for deeper 250 

insight into the mechanism by which CYP124A1 binds and oxidizes various molecules. The 251 

steroidal nucleus seemed to be less connected with the binding and the catalytic activities, 252 

whereas chain length and extent of branching in that context seemed to be a better predictor of 253 

catalytic activity. In this regard, calibration of the chain length requirements was examined by the 254 

nor-series of cholesterol derivatives.31 Even though the shortest chain analog, 24-bromochol-5-255 

enol, was not detectably oxidized, it did exhibit an apparent spin shift in the heme state, indicating 256 

that compound does indeed bind in the catalytic cleft of the enzyme and competes with the normal 257 

substrate. For the steroidal substrates, the homologous Mtb P450 enzymes CYP125A1 and 258 

CYP142A1 exhibited a much higher catalytic activity than Mtb CYP124A1, but they also exhibited 259 

only ω-hydroxylation products, even though the chain could apparently reach far enough to oxidize 260 

interior carbon atoms. Thus, the letter box model restricts the chain from entering further into the 261 

active site and producing the ω-1 and ω-2 products that should be observed due to 262 

thermodynamic models of this process. With CYP124A1, on the other hand, the enzyme 263 

apparently can accommodate a larger variety of substrates by oxidizing methyl-branched lipids 264 

with apparent affinity but also showing a variety of major products that are present in higher yields. 265 

CYP124 probed to have a remarkable flexibility, which allows it to accommodate a wide variety of 266 

substrates, such as isoprenes, phytanic acid,38 vitamin D,48 steroids,31,49 polyamines,47 etc. Most of 267 

these compounds share the methyl branched chain, which will interact directly with the heme and 268 

undergo ω-oxidation. As was clear from all these studies, the variability of the assay conditions 269 

could have effect on the affinity or binding constant, and the ability to detect binding and 270 

subsequent oxidation. Nevertheless, we were able to determine that the isoprenyl analogs 271 

presented here(even though they are not substrates) had a high affinity for the enzyme active site, 272 

and could act as inhibitors. The function of Mtb CYP124 as a way to metabolize a prodrug has 273 

been described,47 where the hydroxylated analog is presumably the active drug on a non-CYP 274 

target. The findings described in this work open doors to the design of a different type of anti-TB 275 



drugs, which cannot be metabolized by CYP124, and which could act directly as its high affinity 276 

inhibitors for its active site. 277 

3. Conclusion 278 

Different probes were designed with reactive groups in the ω-position with the aim to study 279 

the mechanism of action of the Mtb CYP124 enzyme. We obtained new insights about a very 280 

interesting behavior of this enzyme with these chemical entities. We found that the Kdapp for those 281 

were similar to their analogous isoprenes, but no oxidation products were obtained. These results 282 

reaffirm that the branch side pocket plays an important role in CYP124A1 enzyme function. It is 283 

also evident that CYP124 prefers oxidation in inactivated sp3 ω position over activated unsaturated 284 

carbon chain. These insights open up new possibilities for the design of new CYP124 inhibitors 285 

with high affinity for the heme that could displace the still unknown native substrate. 286 

4. Materials and Methods 287 

4.1. General Information. 288 

All materials and reagents were of the highest grade commercially available and unless noted 289 

otherwise were obtained from Sigma-Aldrich (St. Louis, MO). Chemical reagents were purchased 290 

from commercial suppliers and used without further purification, unless otherwise noted. Solvents 291 

(hexanes, ethyl acetate, CH2Cl2, Et2O) were distilled prior to use. CH2Cl2 was dried over P2O5. 292 

Reactions were monitored on pre-coated silica gel G or GP TLC plates. Spots were visualized 293 

under 254 nm UV light and/or by TLC staining. All reactions were performed under an atmosphere 294 

of nitrogen using oven-dried glassware and standard syringe/septa techniques. Column 295 

chromatography was performed with silica gel 60 (230-400 mesh). Yields were calculated for 296 

material judged homogeneous by thin layer chromatography (TLC) and nuclear magnetic 297 

resonance (1H NMR). 298 

1H and 13C NMR spectra were acquired on a Bruker Avance II 300 MHz (75.13 MHz) using CDCl3 299 

as solvent. Chemical shifts (δ) were reported in parts-per-million (ppm) downfield from 300 

tetramethylsilane as internal standard and coupling constants are in Hertz (Hz). Assignment of 301 

proton resonances was confirmed by correlated spectroscopy. High-resolution mass spectra (ESI-302 



HRMS) were recorded on a Bruker MicroTOF II with lock spray source. IR spectra were obtained 303 

using an FT-IR Shimadzu spectrometer and only partial spectral data are listed. 304 

Synthesis of (E)-2-((3,7-dimethylocta-2,6-dien-1-yl)oxy)tetrahydro-2H-pyran (2). 305 

To a solution of geraniol 1 (10.0 g; 64.9 mmol) in CH2Cl2 (50 mL) at 0 ºC, dihydropyran (DHP, 11,8 306 

mL; 129,9 mmol) was added dropwise, followed by pyridinium p-toluenesulfonate (PPTS, 1,63 g; 307 

6,5 mmol). After the reaction mixture was allowed to stir overnight at room temperature, it was 308 

partially evaporated, diluted with ethyl acetate and washed with NaHCO3. The aqueous phase was 309 

extracted with ethyl acetate and the combined organic extracts were dried with Na2SO4 and 310 

concentrated under vacuum. After flash column chromatography, compound 2 was obtained as a 311 

colorless oil (7.50 g, 49 %). IR (film) ʋ 2924, 2870, 1668, 1024 cm-1. 1H NMR δ 5,35 (t, J= 6.8 Hz, 312 

1H, 2-H); 5.09 (t, J= 6.2 Hz, 1H, 6-H); 4.62 (dd, J= 2.8 Hz and 4.1 Hz, 1H, 1’-H); 4.23 (dd, J= 6.3 313 

Hz and 12.0 Hz, 1H, 1-H); 4.03 (dd, J= 7.5 Hz and 12.0 Hz, 1H, 1-H); 3.89 (m, 1H, 5’-H); 3.50 (m, 314 

1H, 5’-H); 2.15-2.00 (m, 4H, 4-H, 5-H); 1.90-1.45 (m, 6H, 2’-H, 3’-H, 4’-H); 1.67* (s, 3H, 7-CH3); 315 

1.60* (s, 3H, 3-CH3); 1.60*(s, 3H, 7-CH3). 13C NMR δ 140.2 (C), 131.6 (C), 124.0 (CH), 120.6 (CH), 316 

97.8 (CH), 63.6 (CH2), 62.3 (CH2), 39.6 (CH2), 30.7 (CH2), 26.4 (CH2), 25.6* (CH3), 25.5* (CH2), 317 

19.6 (CH2), 17.7 (CH3), 16.4 (CH3). HRMS calculated mass for C15H26O2Na [M+Na]+ 261.1825, 318 

found m/z= 261.1823. 319 

Synthesis of (2E,6E)-2,6-dimethyl-8-((tetrahydro-2H-pyran-2-yl)oxy)octa-2,6-dien-1-ol (3). 320 

THP-geraniol 2 (7.5 g, 31.50 mmol) was dissolved in CH2Cl2 (40 mL) and treated with t-BuOOH 321 

(14 mL, 57.50 mmol), SeO2 (350 mg, 3.20 mmol) and salicylic acid (440 mg, 3.20 mmol). The 322 

mixture was stirred overnight at room temperature. Then, the solvent was partially evaporated and 323 

t-BuOOH was eliminated by washing three times with toluene followed by evaporation. The residue 324 

was dissolved in diethyl ether and washed with saturated NaHCO3. The organic extracts were 325 

washed with brine, dried with Na2SO4 and concentrated under vacuum. The crude extract was 326 

dissolved in methanol (50 mL), cooled at -10 oC and treated with small portions of NaBH4 (1.5 g, 327 

38.1 mmol). The mixture was stirred at the same temperature for 2 h. After that period, the reaction 328 

was quenched with the addition of water (50 mL) at 0ºC. The methanol was evaporated and the 329 

aqueous phase was saturated with the addition of NaCl. After extraction with ether, the combined 330 



organic extracts were dried with Na2SO4 and concentrated under vacuum. Purification by flash 331 

column chromatography generated 3.06 g of alcohol 3 (38 % yield) as a colorless oil. 1H NMR δ 332 

5.33 (q, J= 12.7 Hz, 2H, 2-H, 6-H); 4.59 (dd, J= 3.0 and 4.0 Hz, 1H, 1’-H); 4.20 (dd, J= 11.5 and 333 

6.0 Hz, 1H, 1-H); 3.93 (s, 2H, 8-H); 3.89-3.79 (m, 1H, 5’-H); 3.53-3.42 (m, 1H, 5’-H); 2.15-2.00 (m, 334 

4H, 4-H, 5-H); 1.64* (s, 3H, 3-CH3); 1.62* (s, 3H, 7-CH3); 1.90-1.45 (m, 6H, 2’-H, 3’-H, 4’-H).13C 335 

NMR δ 139.7 (C), 135.1 (C), 125.4 (CH), 120.2 (CH), 97.8 (CH), 68.7 (CH2), 63.6 (CH2), 62.2 336 

(CH2), 39.1 (CH2), 30.6* (CH2), 25.7* (CH2), 25.5* (CH2), 19.5* (CH2), 16.3* (CH3), 13.6* (CH3). 337 

HRMS calculated mass for C15H26O3Na [M+Na]+ 277.1785, found m/z= 277.1785. 338 

Synthesis of 2-(((2E,6E)-8-(allyloxy)-3,7-dimethylocta-2,6-dien-1-yl)oxy)tetrahydro-2H-pyran 339 

(4). 340 

A solution of alcohol 3 (200.0 mg; 0.78 mmol) in THF (5 mL) was added to a suspension of NaH 341 

42% (250.0 mg; 4.77 mmol) in THF (7 mL) at 0 oC. The reaction mixture was stirred 1 h at 0 ºC 342 

followed by 2 h at room temperature. Then, allyl bromide was added (135 µL, 1.56 mmol) and the 343 

mixture was stirred another 24 h at room temperature. The reaction was quenched with saturated 344 

NH4Cl and subjected to standard work-up. Purification by flash column chromatography gave 115 345 

mg of ether 4 (50 % yield) as a colorless oil. IR (film) ʋ 2926, 2855, 1668,1076,1022 cm-1. 1H NMR 346 

δ 5,91 (ddt, J= 5.7, 10.3 and 17.2 Hz, 1H, -OCH2CHCH2); 5.38* (t, J=6.2Hz, 1H, 6-H); 5.35* (t, J= 347 

6.2 Hz, 1H, 2-H); 5.26 (ddd, J= 1.6, 3.4 and 17.2 Hz, 1H, trans-OCH2CHCH2); 5.16 (ddd, J= 1.3, 348 

3.0 and 10.3 Hz, 1H, cis-OCH2CHCH2); 4.62 (dd, J= 2.9 and 4.0 Hz, 1H, 1’-H); 4.23 (dd, J= 7.0 Hz 349 

and 12.0 Hz, 1H, 1-H); 4.20 (dd, J= 7.0 and 12.0 Hz, 1H, 1-H); 3.90 (dt, J=1.4 and 5.7 Hz, 2H, -350 

OCH2CHCH2); 3.87 (m, 1H, 5’-H); 3.84 (s, 2H, 8-H); 3.50 (m, 1H, 5’-H); 2.16 (m, 2H, 5-H); 2.07 (m, 351 

2H, 4-H); 1.68 (s, 3H, CH3); 1.64 (s, 3H, CH3); 1.45-1.90 (m, 6H, 2’-H, 3’-H, 4’-H). 13C NMR δ 352 

139.6 (C), 135.0 (CH), 132.3 (C), 127.5 (CH), 120.9 (CH), 116.6 (CH2), 97.7 (CH), 76.1 (CH2), 70.3 353 

(CH2), 63.5 (CH2), 62.1 (CH2), 39.1 (CH2), 30.7 (CH2), 25.9 (CH2), 25.5 (CH2), 19.5 (CH2), 16.3 354 

(CH3), 13.8 (CH3). HRMS calculated mass for [M+Na]+ C18H30O3Na 317.2087, found m/z= 355 

317.2076. 356 



Synthesis of (2E,6E)-8-(allyloxy)-3,7-dimethylocta-2,6-dien-1-ol (5). 357 

A solution of 4 (86.0 mg; 0.29 mmol) in ethanol (3 mL) was treated with PPTS (7.7 mg; 0.03 mmol). 358 

The reaction mixture was stirred at reflux for 24 h. After that period, ethanol was evaporated, and 359 

the residue submitted to standard work-up procedure. Purification by flash column chromatography 360 

afforded 33 mg of alcohol 5 (54 % yield) as a colorless oil. IR (film) ʋ 3373, 2918, 2853, 1670, 361 

1078, 922 cm-1. 1H NMR δ 5.91 (dd, J= 5.5 and 17.0 Hz, 1H, OCH2CHCH2); 5.40 (dd, J= 7.0 and 362 

15.0 Hz, 2H, 2-H, 6-H); 5.26 (d, J= 17.2, 1H, OCH2CHCH2); 5.17 (d, J=10.3 Hz, 1H, OCH2CHCH2); 363 

4.14 (d, J= 6.8 Hz, 2H, 1-H); 3.91 (d, J= 5.5 Hz, 2H, OCH2CHCH2); 3.84 (s, 2H, 8-H); 2.16 (m, 2H, 364 

5-H); 2.07 (m, 2H, 4-H); 1.68 (s, 3H, 7-CH3); 1.65 (s, 3H, 3-CH3). 13C NMR δ 139.2 (C), 135.0 365 

(CH), 132.5 (C), 127.5 (CH), 123.7 (CH), 116.8 (CH2), 76.1 (CH2), 70.5 (CH2), 59.4 (CH2), 39.1 366 

(CH2), 25.9 (CH2), 16.2 (CH3), 14.0 (CH3). HRMS calculated mass for C13H22O2Na [M+Na]+ 367 

233.1517, found m/z= 233.1512. 368 

Synthesis of 2-(((2E,6E)-3,7-dimethyl-8-(prop-2-yn-1-yloxy)octa-2,6-dien-1-yl)oxy)tetrahydro-369 

2H-pyran (6). 370 

According to the procedure described above for allyl ether 4, a solution of alcohol 3 (200.0 mg; 371 

0.78 mmol) in THF (5 mL) was added to a suspension of NaH 42% (230.6 mg; 4.03 mmol) in THF 372 

(7 mL) at 0 oC. After 3 h, allyl bromide was added (135 µL, 1.56 mmol) and the mixture was stirred 373 

24 h at room temperature. The reaction was quenched with saturated NH4Cl and subjected to 374 

standard work-up. Purification by flash column chromatography gave 112 mg of ether 6 (49 % 375 

yield) as a colorless oil. 1H NMR δ 5.42* (t, J=6.8Hz, 1H, 2-H); 5.36* (t, J=7.4Hz, 1H, 6-H); 4.62 376 

(dd, J= 3.2 and 3.9 Hz, 1H, 1’-H); 4.23 (dd, J= 5.8 and 11.9 Hz, 1H, 1-H); 4.01 (dd, J= 7.3 and 11.9 377 

Hz, 1H, 1-H); 3.93 (s, 2H, 8-H); 3.87 (m, 1H, 5’-H); 3.50 (m, 1H, 5’-H); 2.40 (t, J= 2.4 Hz, 1H, -378 

OCH2CCH); 2.08 (m, 2H, 4-H); 1.67 (s, 3H, 7-CH3); 1.64 (s, 3H, 3-CH3); 1.45-1.90 (m, 6H, 2’-H, 3’-379 

H, 4’-H). 13C NMR δ 139.6 (C), 131.5 (C), 128.9 (CH), 121.0 (CH), 97.8 (CH), 80.0 (C), 75.7 (CH2), 380 

74.1 (CH), 63.6 (CH2), 62.2 (CH2), 56.3 (CH2), 39.1 (CH2), 30.7 (CH2), 26.0 (CH2), 25.5 (CH2), 19.6 381 

(CH2), 16.3 (CH3), 13.9 (CH3). HRMS calculated mass for C18H28O3Na [M+Na]+ 315.1931, found 382 

m/z= 315.1918. 383 



Synthesis of (2E,6E)-3,7-dimethyl-8-(prop-2-yn-1-yloxy)octa-2,6-dien-1-ol (7). 384 

The same procedure described above was followed for alcohol 5. A solution of 6 (115.0 mg; 385 

0.53mmol) in ethanol (6 mL) was treated with PPTS (29.0 mg; 0.11 mmol). After refluxing for 24 h, 386 

ethanol was evaporated, and the residue submitted to standard work-up procedure. Purification by 387 

flash column chromatography afforded 93.4 mg of alcohol 7 (91 % yield) as a colorless oil. IR (film) 388 

ʋ 3415, 3298, 2922, 2852, 1668, 1076 cm-1. 1H NMR δ 5.40 (m, 2H, 2-H, 6-H); 4.13 (d, J= 6.9 Hz, 389 

2H, 1-H); 4.07 (d, J= 2.4 Hz, 2H, -OCH2CCH); 3.92 (s, 2H, 8-H); 2.40 (t, J= 2.4 Hz, 1H, -390 

OCH2CCH); 2.17 (m, 2H, 5-H); 2.06 (m, 2H, 4-H); 1.67 (s, 3H, 7-CH3); 1.64 (s, 3H, 3-CH3). 13C 391 

NMR δ 139.0 (C), 131.6 (C), 128.8 (CH), 123.8 (CH), 80.0 (C), 75.7 (CH2), 74.2 (CH), 56.4 (CH2), 392 

59.3 (CH2), 39.0 (CH2), 25.9 (CH2), 16.2 (CH3), 13.9 (CH3). HRMS calculated mass for C13H20O2 393 

Na [M+Na]+ 231.1355, found m/z= 231.1347. 394 

Synthesis of 2-(((2E,6E)-3,7,11-trimethyldodeca-2,6,10-trien-1-yl)oxy)tetrahydro-2H-pyran (9). 395 

The same procedure as described above was used for synthesis of compound 2. To a solution of 396 

farnesol 8 (2.0 g; 9.0 mmol), in CH2Cl2 (30 mL) at 0 ºC, DHP (1.64 mL; 18.0 mmol) was added 397 

dropwise, followed by PPTS (225.9 mg; 0.9 mmol). After standard work up including washing with 398 

NaHCO3, purification by flash column chromatography afforded 1.73 g of compound 9 as a 399 

colorless oil (63 % yield). IR (film) ʋ 2939, 2872, 1668, 1022 cm-1. 1H NMR δ 5.35 (t, J= 6.8 Hz, 1H, 400 

2-H); 5.08 (q, J= 6.4 Hz, 2H, 10-H, 6-H); 4.61 (dd, J= 2.9 and 3.9 Hz, 1H, 1’-H); 4.22 (dd, J= 6.4 401 

and 11.9 Hz, 1H, 1-H); 4.01 (dd, J= 7.4 and 11.9 Hz, 1H, 1-H); 3.88 (m, 1H, 5’-H); 3.50 (m, 1H, 5’-402 

H); 2.17-1.91 (m, 8H, 4-H, 5-H, 8-H, 9-H); 1.90-1.42 (m, 6H, 2’-H, 3’-H, 4’-H); 1.66* (s, 3H, 3-CH3); 403 

1.66* (s, 3H, 11-CH3); 1.58* (s, 3H, 7-CH3); 1.58* (s, 3H, 11-CH3). 13C NMR δ 140.2 (C), 135.2 (C), 404 

131.2 (C), 124.3 (CH), 123.8 (CH), 120.6 (CH), 97.7 (CH), 63.6 (CH2), 62.2 (CH2), 39.7* (CH2), 405 

39.6* (CH2), 30.7 (CH2), 26.7* (CH2), 26.3* (CH2), 25.6* (CH3), 25.5* (CH2), 19.6 (CH2), 17.6 (CH3), 406 

16.4* (CH3), 16.0* (CH3). HRMS calculated mass for C20H34NaO2 [M+Na]+ 329.2451, found m/z= 407 

329.2438. 408 



Synthesis of (2E,6E,10E)-2,6,10-trimethyl-12-((tetrahydro-2H-pyran-2-yl)oxy)dodeca-2,6,10-409 

trien-1-ol (10). 410 

THP-farnesol 9 (471 mg, 1.54 mmol) was dissolved in CH2Cl2 (9 mL) and treated with t-BuOOH 411 

(0.78 mL, 4.31 mmol), SeO2 (17 mg, 0.15 mmol) and salicylic acid (21 mg, 0.15 mmol). The 412 

mixture was stirred at 10 ºC during 4 h. After that period, the solvent was partially evaporated and 413 

t-BuOOH was eliminated by repeating washings with toluene and evaporation. The residue was 414 

dissolved in ethyl acetate and washed with a saturated solution of NaHCO3. The organic extract 415 

was dried with Na2SO4 and concentrated under vacuum. Primary alcohol 10 was obtained after 416 

purification by flash column chromatography (164.6 mg, 33 % yield) as a colorless oil. IR (film) ʋ 417 

3445, 2924, 2854, 1022 cm-1. 1H NMR δ 5.36 (q, J= 7.6 Hz, 2H, 2-H, 10-H); 5.10 (t, J= 6.3 Hz, 1H, 418 

6-H); 4.62 (dd, J= 2.9 and 4.0 Hz, 1H, 1’-H); 4.22 (dd, J= 6.2 and 11.9 Hz, 1H, 1-H); 4.02 (m, 1H, 419 

1-H); 3.98 (s, 2H, 12-H); 3.88 (m, 1H, 5’-H); 3.50 (m, 1H, 5’-H); 2.30-1.95 (m, 8H, 4-H, 5-H, 8-H, 9-420 

H); 1.90-1.45 (m, 6H, 2’-H, 3’-H, 4’-H); 1.67 (s, 3H, 11-CH3); 1.65 (s, 3H, 3-CH3); 1.59 (s, 3H, 7-421 

CH3).13C NMR δ 140.1 (C), 134.8 (C), 134.7 (C), 125.8 (CH), 124.2 (CH), 120.7 (CH), 97.7 (CH), 422 

68.9 (CH2), 63.6 (CH2), 62.3 (CH2), 39.5 (CH2), 39.2 (CH2), 30.7 (CH2), 26.2 (CH2), 26.1 (CH2), 423 

25.5 (CH2), 19.6 (CH2), 16.4 (CH3), 16.0 (CH3), 13.7 (CH3). HRMS calculated mass for C20H34NaO3 424 

[M+Na]+ 345.2400, found m/z= 345.2396. 425 

Synthesis of 2-(((2E,6E,10E)-12-(allyloxy)-3,7,11-trimethyldodeca-2,6,10-trien-1-426 

yl)oxy)tetrahydro-2H-pyran (11). 427 

As described for compound 4, a solution of alcohol 10 (148.0 mg; 0.46 mmol) in THF (4 mL) was 428 

added to a suspension of NaH 42% (164.0 mg; 2.87 mmol) in THF (6 mL) at 0 oC. After 3 h, allyl 429 

bromide was added (80 µL, 0.92mmol) and the mixture was stirred 24 h at room temperature. The 430 

reaction was quenched with saturated NH4Cl and subjected to standard work-up. Purification by 431 

flash column chromatography afforded 67.3 mg of compound 11 (40 %) as a colorless oil. 1H NMR 432 

δ 5.91 (ddt, J= 5.7, 10.5 Hz and 17.5 Hz, 1H, -OCH2CHCH2); 5.42-5.31 (m, 2H, 2-H, 10-H); 5.31-433 

5.20 (m, 1H, -OCH2CHCH2 trans); 5.20-4.92  (m, 2H, 6-H, -OCH2CHCH2cis); 4.62 (d, J= 3.0 Hz, 434 

1H, 1’-H); 4.23 (dd, J= 6.4 Hz and 11.8 Hz, 1H, 1-H); 4.02 (dd, J= 7.5 Hz and 12.0 Hz, 1H, C1-H); 435 

3.90 (dt, J= 1.2 Hz and 5.7 Hz, 2H, -OCH2CHCH2); 3.89 (m, 1H, 5’-H); 3.84 (s, 2H, 12-H); 3.50 (m, 436 



1H, 5’-H); 1.67 (s, 3H, 3-CH3); 1.64 (s, 3H, 11-CH3); 1.60 (s, 3H, 7-CH3); 2.40-1.40 (m, 8H, 4-H, 5-437 

H, 8-H, 9-H); 1.90-1.45 (m, 6H, 2’-H, 3’-H, 4’-H). 13C NMR δ 140.2 (C), 135.0 (CH), 134.9 (C), 438 

132.0 (C), 128.1 (CH), 124.2 (CH), 120.7 (CH), 116.7 (CH2), 97.8 (CH), 76.2 (CH2), 70.3 (CH2), 439 

63.6 (CH2), 62.3 (CH2), 39.6* (CH2), 39.3* (CH2), 30.7 (CH2), 29.7 (CH2), 26.3 (CH2), 25.5 (CH2), 440 

19.6 (CH2), 16.4* (CH3), 16.0* (CH3), 14.1 (CH3). HRMS calculated mass for C23H38O3Na [M+Na]+ 441 

385.2713, found m/z= 385.2705. 442 

Synthesis of (2E,6E,10E)-12-(allyloxy)-3,7,11-trimethyldodeca-2,6,10-trien-1-ol (12). 443 

As previously described for alcohol 5, a solution of 11 (67.3 mg; 0.13mmol) in ethanol (4 mL) was 444 

treated with PPTS (4.7 mg; 0.02 mmol). After refluxing for 24 h, ethanol was evaporated and the 445 

residue submitted to standard work-up procedure. Purification by flash column chromatography 446 

gave 22.2 mg of alcohol 12 (63 % yield) as a colorless oil. IR (film) ʋ 3387, 2922, 2855, 1670, 447 

1078, 922 cm-1. 1H NMR δ 5.91 (ddt, J= 5.7, 10.4 and 17.2 Hz, 1H, -OCH2CHCH2); 5.41* (t, J= 7.0 448 

Hz, 10-H); 5.38* (t, J= 7.9 Hz, 1H, 2-H); 5.26 (ddd, J= 1.6, 3.3 and 17.2 Hz, 1H, -OCH2CHCH2); 449 

5.16 (ddd, J= 1.3, 3.0 and 10.3 Hz, 1H, -OCH2CHCH2); 5.08 (t, J= 8.6 Hz, 1H, 6-H); 4.14 (d, J= 6.9 450 

Hz, 2H, 1-H); 3.90 (dt, J= 1.3 and 5.7 Hz, 2H, -OCH2CHCH2); 3.84 (s, 2H, 12-H); 1.95-2.25 (m, 8H, 451 

4-H, 5-H; 8-H, 9-H); 1.67 (s, 3H, 11-CH3); 1.64 (s, 3H, 3-CH3); 1.60 (s, 3H, 7-CH3). 13C NMR δ 452 

139.6 (C), 135.0 (CH), 132.0 (C), 128.0 (CH), 124.0 (CH), 123.4 (CH), 116.8 (CH2), 76.2 (CH2), 453 

70.4 (CH2), 59.4 (CH2), 39.5 (CH2), 39.2 (CH2), 26.2 (CH2), 16.3 (CH3), 16.0 (CH3), 13.9 (CH3). 454 

HRMS calculated mass for C18H30O2Na [M+Na]+ 301.2138, found m/z= 301.2136. 455 

Synthesis of 2-(((2E,6E,10E)-3,7,11-trimethyl-12-(prop-2-yn-1-yloxy)dodeca-2,6,10-trien-1-456 

yl)oxy)tetrahydro-2H-pyran (13). 457 

As described for ether 4, a solution of alcohol 10 (221.5 mg; 0.69 mmol) in THF (5 mL) was added 458 

to a suspension of NaH 42% (235.4 mg; 4.12 mmol) in THF (7 mL) at 0 oC. After 3 h, propargyl 459 

bromide was added (164 µL, 1.38mmol) and the mixture was stirred 24 h at room temperature. 460 

The reaction was quenched with saturated NH4Cl and subjected to standard work-up. Purification 461 

by flash column chromatography afforded 130.7 mg of ether 13 (52 % yield) as a colorless oil. IR 462 

(film) ʋ 3417, 3304, 2941, 2874, 1076, 1026 cm-1. 1H NMR δ 5.41* (t, J= 6.8 Hz, 1H, 10-H); 5.35* 463 

(t, J= 6.9 Hz, 1H, 2-H); 5.11 (t, J= 6.1 Hz, 1H, 6-H); 4.62 (J= 2.9 Hz and 4.0 Hz, 1H, 1’-H); 4.23 464 



(dd, J= 6.5 Hz and 12.0 Hz, 1H, 1-H); 4.06 (d, J=2.3 Hz, 2H, -OCH2CCH); 3.99 (dd, J= 6.2 Hz and 465 

13,6 Hz, 1H, 1-H); 3.92 (s, 2H, 12-H); 3.87 (m, 1H, 5’-H); 3.50 (m, 1H, 5’-H); 2.40 (t, J=2.4Hz, 1H, -466 

OCH2CCH); 1.95-2.25 (m, 8H, 4-H, 5-H, 8-H, 9-H); 1.67 (s, 3H, 11-H); 1.64 (s, 3H, 3-H); 1.59 (s, 467 

3H, 7-CH3); 1.45-1.90 (m, 6H, 2’-H, 3’-H, 4’-H). 13C NMR δ 140.0 (C), 134.7 (C), 131.1 (C), 129.3 468 

(CH), 124.2 (CH), 120.6 (CH), 97.7 (CH), 80.0 (C), 75.8 (CH2), 74.0 (CH), 63.6 (CH2), 62.2 (CH2), 469 

56.2 (CH2), 39.5 (CH2), 39.2 (CH2), 30.7 (CH2), 26.3 (CH2), 26.2 (CH2), 25.4 (CH2), 19.6 (CH2), 470 

16.4 (CH3), 15.9 (CH3), 13.9 (CH3). HRMS calculated mass for C23H36O3Na [M+Na]+ 383.2557, 471 

found m/z=  383.2542. 472 

Synthesis of (2E,6E,10E)-3,7,11-trimethyl-12-(prop-2-yn-1-yloxy)dodeca-2,6,10-trien-1-ol (14). 473 

As described above for alcohol 5, a solution of 13 (130.7 mg; 0.36mmol) in ethanol (6 mL) was 474 

treated with PPTS (9.1 mg; 0.04 mmol). After refluxing for 24 h, ethanol was evaporated and the 475 

residue submitted to standard work-up procedure. Purification by flash column chromatography 476 

afforded 72.1 mg of alcohol 14 (76 % yield) as a colorless oil. IR (film) ʋ 3416, 3304, 2922, 2853, 477 

1668, 1074 cm-1. 1HNMR δ 5.34-5.45 (m, 2H, 2-H, 10-H); 5.09 (t, J= 6.3 Hz, 1H, 6-H); 4.12 (d, J= 478 

6.9 Hz, 2H, 1-H); 4.05 (d, J= 2.4 Hz, 2H, -OCH2CCH); 3.91 (s, 2H, 12-H); 2.40 (t, J=2.4 Hz, 1H, -479 

OCH2CCH); 2.95-1.95 (m, 8H, 4-H, 5-H, 8-H, 9-H); 1.66 (s, 3H, 11-CH3); 1.63 (s, 3H, 3-CH3); 1.58 480 

(s, 3H, 7-CH3).13C NMR δ 139.6 (C), 134.9 (C), 131.2 (C), 129.3 (CH), 124.1 (CH), 123.4 (CH), 481 

80.0 (C), 75.8 (CH2), 74.1 (CH), 59.4 (CH2), 56.3 (CH2), 39.5 (CH2), 39.2 (CH2), 26.3 (CH2), 26.3 482 

(CH2), 16.3 (CH3), 16.0 (CH3), 13.9 (CH3). HRMS calculated mass for C18H28O2Na [M+Na]+ 483 

299.1981, found m/z= 299.1975. 484 

4.2. Enzymes 485 

The molecular cloning, over-expression, purification and general characterization of M. 486 

tuberculosis CYP124A1 was reported previously.38 Ferredoxin (Spinacia oleracea), ferredoxin-487 

NADP+ reductase (Spinacia oleracea), catalase (Bovine), glucose-6-phosphate dehydrogenase 488 

(Streptomyces sp.) were obtained from Sigma-Aldrich. 489 



4.3. UV-vis spectrophotometry 490 

Absolute spectra were recorded on a dual-beam Cary UV-vis spectrophotometer as described 491 

previously using 1-cm path length quartz cuvettes.38 Difference spectra were recorded as 492 

described previously38 and the equilibrium binding affinity values and dissociation constants values 493 

were obtained from the concentration-dependent absorbance changes and fitted as described 494 

elsewhere.28 495 

4.4. GC-MS analysis 496 

GC-MS analyses were carried out using an Agilent 6850 gas chromatograph equipped with an HP-497 

5MS column (30 m x 0.25 mm x 0.25 µm) and coupled to an Agilent 5973 Network MSD (Mass 498 

Selective Detector) in the electron ionization mode operating at -70 eV. Helium was used as the 499 

carrier gas at a flow rate of 1 mL/min. The temperature profile used to separate the compounds is 500 

as follows: hold at 70°C for 1 min, ramp by 10 °C per min up to 300 °C, and finally hold at 300 °C 501 

for 2.0 min. The inlet temperature was 250 °C and the detector temperature 230 °C. The flow from 502 

the injector was split with 1:10 going into the column for analysis. 503 

4.5. Enzymatic evaluation of compounds 504 

Cytochrome P450 CYP124A1 activity and product determinations assays were conducted by 505 

incubating 250 nM CYP124A1 with 50 μM – 250 μM compound, 5 μg catalase, 50 μg/mL 506 

ferredoxin, 0.16 U/mL ferredoxin-NADP+ reductase, 1 mM glucose-6-phosphate, 2.4 U/mL 507 

glucose-6-phosphate dehydrogenase, 5 mM MgCl2, and 800 μM NADP+ in 50 mM potassium 508 

phosphate pH 7.5 at 25 °C for 1 h. The reactions were quenched with an equal volume of 1 N HCl 509 

and extracted twice with TBME. The combined organic fractions were solubilized in BSTFA and 510 

dried under a stream of nitrogen gas. Derivatization was carried out for 30 min at 60 °C and the 511 

samples were then analyzed by GC-MS. Control reactions omitted either the CYP124A1 or the 512 

NADPH. 513 

4.6. Time-dependent inhibition 514 

Time-dependent inhibition of CYP124A1 by the unsaturated substrate analogs was assessed by 515 

pre-incubating 50 μM compound with 5 μM CYP124A1  in 50 mM potassium phosphate pH 7.5 516 



containing ferredoxin, ferredoxin-NADP+ reductase, catalase, and the NADPH-regenerating 517 

system, as described above. The control pre-incubation reactions were identical but instead 518 

contained only the buffer used to solubilize the substrate analogs. Over time, portions of the pre-519 

incubated enzyme/inhibitor or enzyme/control reactions were diluted 1/20 into fresh buffer 520 

containing 50 μM of 5, 7, 12, or 14, spinach ferredoxin, ferredoxin-NADP+ reductase and 1 mM 521 

NADPH and allowed to proceed for 10 min at 25 °C before quenching and analyzing by HPLC as 522 

described above. The residual activity percentages for each time point were calculated by taking 523 

the ratio of activity with 5, 7, 12, or 14 remaining for the enzyme pre-incubated with analog vs. the 524 

control reaction and multiplying by 100.31 525 

4.7. Molecular Docking Studies 526 

Docking studies were carried out using Autodock 4.2 program.50 Cytochrome P450 (CYP124) in 527 

complex with phytanic acid was used as the receptor protein and was obtained from Protein Data 528 

Bank (PDB entry = 2WM4). We eliminated in-silico the phytanic acid and prepared the receptor 529 

adding hydrogen atoms with AutoDockTools4.50 We optimized in vacuum the structures of the four 530 

compounds at PBE/6-31G* level using Gaussian 09,51 then the optimized structures of the ligands 531 

were prepared in pdbqt format using AutoDockTools4. The grid map was set to 70 × 70 × 70 points 532 

with a grid spacing of 0.375 Å centered on the iron ion of the heme group. We performed 256 533 

docking simulations, then we selected the best protein-ligand structures. 534 
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