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Abstract

Probing the activity of cytochrome P450 3A4 (CYP3A4) is critical for monitoring the metabolism 

of pharmaceuticals and identifying drug–drug interactions. A library of Ir(III) probes that detect 

occupancy of the CYP3A4 active site were synthesized and characterized. These probes show 

selectivity for CYP3A4 inhibition, low cellular toxicity, Kd values as low as 9 nM, and are 

highly emissive with lifetimes up to 3.8 μs in cell growth media under aerobic conditions. These 

long emission lifetimes allow for time-resolved gating to distinguish probe from background 

autofluorescence from growth media and live cells. X-ray crystallographic analysis revealed 

structure–activity relationships and the preference or indifference of CYP3A4 toward resolved 

stereoisomers. Ir(III)-based probes show emission quenching upon CYP3A4 binding, then 

emission increases following displacement with CYP3A4 inhibitors or substrates. Importantly, 

the lead probes inhibit the activity of CYP3A4 at concentrations as low as 300 nM in CYP3A4-

overexpressing HepG2 cells that accurately mimic human hepatic drug metabolism. Thus, the 

Ir(III)-based agents show promise as novel chemical tools for monitoring CYP3A4 active site 

occupancy in a high-throughput manner to gain insight into drug metabolism and drug–drug 

interactions.

Graphical Abstract

INTRODUCTION

Cytochrome P450s (CYPs) are heme-containing enzymes that are critical in biosynthesis1–3 

and metabolism of pharmaceuticals.4,5 CYPs are generally located in the liver and in some 
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extrahepatic areas.1,2,6–9 Isoform CYP3A4 is the most abundant CYP in the liver and, more 

importantly, is one of the major CYPs contributing to drug metabolism. CYP3A4 accounts 

for the metabolism of 30–50% of clinically used drugs.8–11

Due to the considerable fraction of drugs metabolized by CYP3A4 and its large active 

site, drug–drug interactions are prevalent. Unintentional inhibition of CYP3A4 can lead 

to increased bioavailability of the competing drug substrate and result in toxicity.12,13 On 

the other hand, drug–drug interactions can be beneficial in some scenarios. An increase 

in drug bioavailability due to CYP3A4 inhibition can lead to productive, cost-effective 

treatments.14,15 Additionally, CYP genes vary among ethnic groups causing inconsistency 

in pharmacokinetic responses among people.8 Induction is another challenge associated 

with CYPs. Rifampicin is a commonly known CYP3A4 inducer that increases CYP3A4 

expression levels, thereby lowering drug bioavailability and efficacy.16–18 Because of the 

multitude of pharmacokinetic interactions that involve CYP3A4, the investigation of this 

enzyme is crucial. Monitoring CYP3A4 active site occupancy has great potential to identify 

drug–drug interactions, CYP3A4 inducers, and different drug responses.

Currently, CYP activity is monitored by analyzing metabolites of marker substrates 

produced by CYPs at multiple time points by high-pressure liquid chromatography (HPLC), 

which is a time-consuming and costly process. Other methods include nonfluorescent 

substrates that are converted into fluorescent or luminescent products by CYP3A4; thus, 

emission changes are related to CYP3A4 activity.11,19 This technique has also been utilized 

to successfully image CYP activity in cells.20–23 These chemical tools are useful in 

probing CYP activity; however, they are irreversible and cannot measure fluctuations of 

activity that occur over time during drug–drug interactions or induction. More dynamic 

steroid-derived probes fluoresce initially and are quenched by the CYP3A4 heme upon 

binding.24 While these probes are useful tools for experiments with purified CYP3A4 

enzyme, they cannot be utilized for monitoring CYPs in human liver microsomes, the gold 

standard in drug metabolism. Organic fluorophores have short emission lifetimes, which 

unfortunately results in interference from autofluorescence signals derived from living cells 

and growth media.25,26 Beyond CYP3A4, previous work described emissive probes acting 

as inhibitors for Pseudomonas putida P450cam (P450cam).27–30 These probes were produced 

by linking P450cam substrates to Ru(II) complexes or dansyl fluorophores, whose emission 

was quenched upon binding to the CYP active site due to Förster resonance energy transfer 

(FRET) to the heme cofactor.27–30 Furthermore, due to its smaller active site size relative 

to CYP3A4, the Ru(II) complexes were not able to bind directly within the active site 

of P450cam and were instead tethered to inhibitors via linkers that spanned through the 

substrate access channel.28,29

Ir(III) complexes have emerged as robust chemical tools to sense biomolecules like 

amino,25,31,32 nucleic,31,33 and sialic acids,34 as well as periodate.35 They are also used 

to monitor biological processes such as following mitochondrial dynamics during cell 

death.36–38 Moreover, cellular toxicity of Ir(III) complexes is dependent on the ligands, with 

many Ir(III) complexes shown to be nontoxic.39–41 Ir(III)-based probes are advantageous 

due to their emissive properties and, most importantly, long phosphorescent lifetimes 
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ranging from hundreds of nanoseconds up to ~100 μs.25,31,32 These long lifetimes allow 

for time-resolved gating, which can increase signal-to-background ratios drastically.25

We recently reported Ru(II)- and Ir(III)-based compounds that act as photosensors of 

CYP3A4 since they are quenched by the CYP3A4 active site and, upon addition of a 

competing CYP3A4 inhibitor or substrate, emission from the released probe is observed 

(Figure 1).42 Luminescence intensity was reversely proportional to the binding affinity of 

the substrates and inhibitors of CYP3A4, suggesting that these probes could be useful 

for monitoring equilibrium binding. Importantly, CYP3A4 was found to favor Ir(III) 

monocationic complexes over Ru(II) dicationic probes. With this knowledge, we sought 

to optimize the structural, photochemical, and biological properties of Ir(III)-based probes.

Herein, we report the design, synthesis, biochemical evaluation, and application of a new 

series of Ir(III) CYP3A4 probes. This series was designed to include higher emission 

yields at longer wavelengths and longer phosphorescent lifetimes to exclude background 

fluorescence in biological assays. New complexes were synthesized with a number of 

cyclometallating ligands and side chains, including side chains with varied stereochemistry. 

Ten new compounds with tunable Kd values reaching the single-digit nanomolar range were 

co-crystallized with CYP3A4, which comprises over half of the transition-metal compounds 

shown by X-ray crystallographic analysis to bind to CYP3A4.43 X-ray crystallography 

revealed the importance of stereochemistry and helped derive structure–activity relationships 

for our library of compounds, whereas functional assays revealed the probes’ selectivity 

for CYP3A4 over other CYP isoforms. Lead compounds were shown to inhibit CYP3A4 

activity in human liver hepatocarcinoma cells stably transduced with CYP3A4 (HepG2-

CYP3A4), a newly developed and easily culturable cell line that provides an appropriate 

model for human drug metabolism, with a distinct advantage over primary human 

hepatocytes that are terminal and challenging to obtain. The lead Ir(III) probe was also used 

to demonstrate dynamic sensing of CYP3A4 active site occupancy. In contrast to existing 

probes, the ability to exclude background autofluorescence in cell growth media provides a 

new avenue for accurate probing of CYP3A4 in complex environments and simultaneously 

lowers the detection limits of the sensors.

RESULTS AND DISCUSSION

Compound Design and Synthesis.

We recently reported a potent Ir(III)-based CYP3A4 inhibitor that detects active site 

occupancy by emission assays (Figure 2).42 This work indicated that CYP3A4 bound 

more strongly to monocationic Ir(III) complexes compared to related dicationic Ru(II) 

systems.42 This finding led us to conserve the Ir(III) center in our new series of CYP3A4 

sensors. Moreover, we found that the complex containing the large, hydrophobic ligand 

2-phenylquinoline (pq) showed a higher affinity for CYP3A4 than those derived from 

smaller phenylpyridine (ppy) ligands. Cyclometallating ligands of similar sizes were 

chosen to ensure optimal interaction with hydrophobic pockets within the active site 

and substrate access channel, and ligands were also chosen to optimize the emission 

properties. This strategy led us to select pq, 2-(2,4-difluorophenyl)pyridine (dfpp), and 

2-(benzo[b]thiophen-2-yl)quinoline (btq) as cyclometallating ligands. Our previous pq-based 
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compound exhibited the largest emission yield (Φ = 0.54 ± 0.06, deoxygenated CH3CN and 

0.086 ± 0.009, deoxygenated H2O) and emission lifetime (τ = 1.6 μs, deoxygenated H2O).42 

Ir(III) complexes containing dfpp ligands have been reported to have Φ = 0.96 ± 0.10 and 

long phosphorescence lifetimes, τ = 0.66 μs, in deoxygenated CH3CN.44 In addition, the 

larger extended π-electronic system of the btq ligand results in emission wavelengths that 

are redshifted compared to those with ligands with smaller π-systems. Reported examples 

of btq-based Ir(III) probes are as an oxygen sensor45 and a perooxynitrite probe utilized in 
vivo.46

In our design, we sought to conserve the bipyridyl fragment of our first-generation 

analogues and the pyridyl tail to anchor the complex to the enzyme through direct 

coordination to the heme iron (type II binding). This strong mode of binding lowers the 

protein redox potential which can prevent the inhibitor from being oxidized by CYP3A4.47 

X-ray crystallographic analysis of our lead Ir(III) compound bound to the CYP3A4 active 

site showed contortion of the ligand side chain with seven atom separation between the 

bipyridyl group and the heme-ligating pyridine (Figure 2B). We hypothesized that Ir(III) 

probes could be optimized by shortening the linker length. Importantly, shortening the tether 

enabled the use of commercially available 3-(pyridyl)-propanoic acid analogues, including 

3-(3-pyridyl)propanoic acid and 3-(4-pyridyl)propanoic acid, as well as Boc-pyridyl-alanine 

derivatives (3- and 4-pyridyl, L and D isomers). Points of attachment of the monodentate 

pyridyl group to the side chain (3- or 4-pyridyl), as well as the chirality in Boc-containing 

analogues, were varied to optimize hydrophobic, hydrogen-bonding, and heme binding 

interactions between the inhibitors and CYP3A4.

The synthesis of new Ir(III)-based inhibitors began with the preparation of bipyridyl 

ligands. Pyridyl acids were coupled with [2,2′-bipyridin]-5-ylmethanamine in the presence 

of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 

N,N-diisopropylethylamine (DIPEA) to afford ligands (L)-1, (L)- and (D)-2, 3, and 4 (Scheme 

1).48 Ligands were purified by recrystallization in ethyl acetate or basic alumina column 

chromatography. Next, ligands 1–4 were heated with [Ir(μ-Cl)2(C∧N)2] derivatives, where 

C∧N = pq, dfpp, or btq (Scheme 1).49,50 Resultant Ir(III) complexes were purified via 

alumina column chromatography to give complexes Δ,Λ-5–15 (Figure 3, Table 1). The 

analogue Δ,Λ-(L)-6 was carried forward to exchange the Boc group for different functional 

groups to further explore interactions within the CYP3A4 active site. The Boc group was 

first deprotected with trifluoroacetic acid (TFA) to give Δ,Λ-(L)-6-amine. The resultant 

free amine was treated with triethylamine and benzoyl chloride in dichloromethane to 

give Δ,Λ-(L)-14. The acetyl derivative Δ,Λ-(L)-15 was synthesized in an analogous manner 

using two equivalents of acetic anhydride. All complexes were isolated as a mixture of 

Δ,Λ stereoisomers and characterized by electronic absorption, 1H NMR, and electrospray 

ionization mass spectrometry (ESI-MS). Compounds 5–7 and 14–15 exhibit electronic 

absorption maxima at 435 nm, 8–10 at 360 nm, and 11–13 are significantly redshifted with 

a maxima at 500 nm in CH3OH (Table 2). Electronic absorption spectra and extinction 

coefficients were consistent with data reported for parent complexes (Ir-(C∧N)2(bpy)) 

devoid of side chains.44,50–52 ESI-MS data showed a peak at 1031.25 consistent with 

Δ,Λ-12. 1H NMR analysis of ligand 3 reveals a singlet for the methylene unit attached to 
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the bipyridyl fragment at 4.41 ppm and two triplets for the ethylene unit at 3.00 and 2.62 

ppm, both with coupling constants of 6.8 Hz. However, when 3 is complexed to Ir(III) metal 

center in Δ,Λ-12, these protons become diastereotopic, show complex splitting patterns, and 

the methylene unit is slightly shifted upfield showing a multiplet at ~4.3 ppm. The ethylene 

unit is also slightly shifted upfield with multiplets at ~2.8 and ~2.6 ppm. These shifts are 

also found in analogous complexes Δ,Λ-7 and Δ,Λ-10 indicating successful complexation of 

ligand 3 to the Ir(III) centers.

Recent synthetic methods53–57 have emerged to resolve diastereomeric mixtures of 

bis-cyclometallated Ir(III) complexes as enantiopure catalysts,58–61 chiral sensors,62,63 

lightemitting electrochemical cells (LEECs),64 and inhibitors of tumor necrosis factor-α.65 

Stereoisomers of 6, 12, and 13 were resolved to evaluate the role of absolute and relative 

stereochemistry in CYP3A4 binding.53 Because Δ,Λ-6 has two chiral centers, one at 

the metal center and one on the side chain, four unique stereoisomers are possible. 

The stereoisomers Δ-(L)-6, Δ-(D)-6, Λ-(L)-6, and Λ-(D)-6 were produced using the chiral 

auxiliary (S)-2-(4-isopropyl-4,5-dihydrooxazol-2-yl)phenol and triethylamine following a 

literature method (Scheme S1).53 Coordination of chiral auxiliaries allowed for a facile 

separation of Δ and Λ intermediates, which were then treated separately with TFA and 

corresponding ligand. Complexes were then purified by alumina column chromatography to 

give resolved complexes Δ-(L)-6, Δ-(D)-6, Λ-(L)-6, and Λ-(D)-6. 1H NMR spectroscopic 

analysis confirmed the presence of single diastereomers in each sample, with specific 

resonances observed in the spectra of the Δ,Λ-6 mixture now well resolved and no longer 

coincident with one another. Further analysis by circular dichroism spectroscopy in MeOH 

confirmed the following enantiomeric pairs were present: Δ-(L)-6 and Λ-(D)-6; Δ-(D)-6 and 

Λ-(L)-6 (Figures S5 and S6). Likewise, enantiomeric pairs of the btq complexes Δ-12, Λ-12, 
Δ-13, and Λ-13 were resolved using the chiral auxiliary strategy (Figure 4, Scheme S2). 
1H NMR spectroscopic analysis confirmed the presence of single compounds in each case 

and circular dichroism spectroscopy confirmed the presence of enantiomeric pairs for Δ-12 
and Λ-12, Δ-13, and Λ-13 (Figures S7 and S8). The absolute stereochemistry of Λ-12 and 

Δ-13 was confirmed by X-ray crystallographic analysis of these compounds bound within 

the CYP3A4 active site (vide infra).

Photophysical Properties and Photochemistry.

The emission maxima, lifetimes, and quantum yields were determined to ensure complexes 

were suitable as luminescent CYP3A4 sensors for time-resolved gating and the results are 

listed in Table 2, along with absorption maxima and molar extinction coefficients. Only 

Λ,Δ-mixtures of L stereoisomers were examined where ligand stereochemistry is indicated.

The emission lifetimes of all complexes were relatively long, τ > 1 μs, where the 

longest lifetime was recorded for Δ,Λ-12 with τ = 7.6 μs in deaerated methanol (Table 

2). The observed lifetimes and quantum yields were similar to those reported for other 

bis-cyclometallated Ir(III) complexes.46,52,66–68 Quenching of emission was evident in the 

presence of oxygen likely due to energy transfer to generate 1O2, as previously reported 

for related Ir(III) complexes.69,70 Importantly, the lifetimes of the Ir(III) complexes in 

air are longer than those of common organic probes, which typically exhibit lifetimes in 
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the low nanosecond range. The lifetimes of complexes Δ,Λ-7 and Δ,Λ-12 were further 

examined in water and at 37 °C in cell media used to culture HepG2-CYP3A4 cells (Table 

3). Significantly, Δ,Λ-12 displayed an emission lifetime of 3.8 μs in cell media. Such 

long lifetimes are advantageous and allow for exclusion of background fluorescence of 

biomolecules and fluorogenic substrates found in assays.

Consistent with our previous results,42 pq-containing complexes 5–7, 14, and 15 were the 

most emissive overall, with emission quantum yields as high as 0.18(2) in deaerated H2O 

(Table 2). Similar Φem values were measured for the dfpp-based complexes, 8–10, whereas 

those containing btq cyclometallating ligands, 11 and 12, exhibit lower quantum yields. 

High luminescence intensity is favorable to not only provide an emissive switch but also 

to lower detection limits in assays so that less compound is needed to monitor CYP3A4, 

thus lowering the probability that the probe will perturb complex cellular systems. Although 

the btq complexes had the longest emission lifetimes, the respective quantum yields were 

2-fold lower than for the majority of the library. Importantly, these quantum yields were 

consistent with reported values, with btq compounds showing enough emission to be useful 

as chemical tools to observe in vivo.46,52

Biological Studies.

All complexes were evaluated to determine CYP3A4 binding and inhibitory properties. 

IC50 values were determined using full-length recombinant CYP3A4, cytochrome P450 

reductase, and 7-benzyloxy4-(trifluoromethyl)coumarin (BFC) as a substrate. Inhibition was 

evaluated by monitoring BFC O-debenzylase activity of CYP3A4 and the formation of a 

fluorescent product. The remaining activity was calculated relative to DMSO-containing 

control (100% activity) and plotted vs inhibitor concentration. The IC50 values were 

derived from fittings to the response curves. Spectral dissociation constants (Kd) were 

determined based on equilibrium titrations of Δ3–22 truncated CYP3A4 with small aliquots 

of inhibitors. The Kd values were derived from fittings to the plots of the ligand-induced 

absorbance change vs ligand concentration. Both the IC50 and Kd values were in the 

nanomolar range with no strong correlation (Table 4). The IC50 data indicate that the larger 

pq-containing complexes were more potent inhibitors than the smaller dfpp analogues, 

which is consistent with our previous observations on pq vs 2-phenylpyridine (ppy) 

analogues.42 The btq-containing complexes followed the trend and, on average, were 

more potent than the dfpp probes. Moreover, spectral measurements revealed that all 

compounds except (L)-5 and (L)-8 induce classic type II spectral changes in CYP3A4, 

with a characteristic redshift in the Soret band and perturbations in the Q-band region. 

As mentioned previously, this strong binding mode is preferable, as it prevents metabolic 

oxidation of CYP3A4 inhibitors. In contrast, compounds (L)-5 and (L)-8 perturb the Soret 

but not Q-bands. This could be due to steric constraints because the heme-ligating N-

pyridine is in meta-position but para in all other compounds. Nonetheless, (L)-5 and (L)-8 
exhibit comparable IC50 values for CYP3A4. In accordance with our previous findings,43 

this suggests that hydrophobic and aromatic interactions mediated by the Ir(III) complexes 

rather than their heme-ligating ability primarily define the binding and inhibitory strength.
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Interestingly, equilibrium binding and inhibitory assays did not reveal a strong preference 

of CYP3A4 for specific stereoisomers of 6, 12, and 13. For complexes 6 and 13, the 

IC50 values were within the narrow range (120–143 and 168–173 nM, respectively; Table 

4), meaning that chirality at the metal center does not strongly influence the propensity 

to inhibit CYP3A4. For Δ-12 and Λ-12, the IC50 was also similar (235 and 255 nM, 

respectively) but substantially lower for Δ,Λ-12 (177 nM). Why the racemic mixture is more 

potent is unclear at the moment. For all groups except 13, the spread in Kd was much 

larger: from 2- to 3-fold (Table 4). Interestingly, the Kd values for racemic (L)-6 and (D)-6 
resembled those for respective Λ-(L)-6 and Δ-(D)-6 stereoisomers, but for racemic 12 the Kd 

was roughly an average. This was an indication that some conformers could be preferably 

selected by CYP3A4, at least during lengthy equilibrium titrations. Short preincubation of 

CYP3A4 with probes during inhibitory assays (2 vs 15–20 min for spectral titrations) may 

be insufficient for conformer recognition. The lack of strong preference for stereoisomers 

could also be explained by an extreme conformational flexibility of CYP3A4 and its large, 

expandable active site that can accommodate a large variety of compounds, sometimes two 

or more at the same time.

To better understand structure–activity relationships and get insights into the probe binding 

modes, we co-crystalized CYP3A4 with 10 compounds from this series and determined 

the X-ray structures of the inhibitory complexes to 2.05–2.30 Å resolution (Tables S1–S4). 

Structural comparison allowed us to pinpoint differences and common trends. The common 

feature of the racemic compounds, (L)-6, (D)-6, 7, (L)-9, 10, 12, and (L)-14, was a poorly 

defined electron density for the metal complex, possibly due to its multiple orientations 

(Figure 5A–G). During structural refinement, both stereoisomers were used for fitting but 

for all compounds except 10, the Λ conformer provided the best fit. This was another 

indication that CYP3A4 may distinguish and preferably bind one stereoisomer over another. 

As expected, the Ir(III) fragment was more ordered when the individual stereoisomers were 

bound to CYP3A4, as evident from a better quality of electron density maps (Figure 5H–J), 

with Δ-12 being the best defined ligand.

Unlike the Ir(III) center, electron density for the heme-ligating pyridine was well seen in 

all structures, allowing unambiguous fitting. As seen from a structural overlay (Figure 5K), 

the pyridine tilt angle varied insignificantly (by <7°), whereas the Fe–N distance was within 

the 1.87–2.05 Å range for all probes except Δ,Λ-(L)-14, which established the longest heme 

coordinating bond (2.20 Å). Even so, Δ,Λ-(L)-14 was a more potent inhibitor than Δ,Λ-(L)-9, 

one of the probes with the shortest Fe–N distance (1.88 Å). Another outlier was Δ,Λ-10, 

which formed a short Fe–N bond (1.89 Å) but had the highest Kd in the series (356 nM). 

The latter phenomenon might be explained by the ability of 10 to bind to CYP3A4 in an 

alternative orientation, where the terminal pyridine orients parallel to the heme, leading to 

the Fe–N bond dissociation (Figure S10). The fact that 10 was a potent inhibitor (IC50 of 

140 nM), and the general lack of correlation between the titration and inhibitory data imply 

once again that the heme ligation does not significantly affect the inhibitory strength. Thus, 

the spectral Kd, reflecting changes in heme coordination, cannot serve for prediction of the 

inhibitory potency of Ir(III) compounds.
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The fragment linking the terminal pyridine to the metal cage is poorly defined in racemic 

inhibitors but becomes more ordered upon attachment of the NHBoc side group, with 

Δ,Λ-(L)-6 and Δ,Λ-7 being the exceptions (Figure 5B,C). The side-group moiety stabilizes 

the ligand binding mode by promoting hydrophobic and, for some compounds, polar 

interactions with the active site Ser119. However, these interactions do not notably improve 

Kd and IC50, although compounds capable of H-bonding to Ser119, Λ-(L)-6, Δ,Λ-(L)-6 and 

Δ,Λ-(L)-9, tend to be tight binders.

To sum up, spectral, functional, and structural data suggest that the inhibitory potency 

of the Ir(III) probes is primarily defined by the chemical nature of the metal complex, 

while contribution of the side-group and heme-ligating functionalities is less important. As 

a result, spectral Kd cannot serve as a reliable parameter for IC50 prediction. CYP3A4 

might distinguish between stereoisomers during prolonged equilibrium titrations and was 

found to preferably select Λ-conformers during crystallization. However, the impact of 

stereochemistry on IC50 is negligible, if any.

The apparent indifference of CYP3A4 toward specific inhibition by Δ vs Λ stereoisomers 

is likely related to its large and expandable active site. Indeed, CYP3A4 is promiscuous 

enzyme that metabolizes a wide range of endogenous substrates and drugs, therefore, the 

lack of a strong preference for specific stereoisomers can easily be explained. Importantly, 

the ability of CYP3A4 to accommodate larger molecules vs other CYP isoforms can 

be harnessed to create specific probes for this major human drug-metabolizing enzyme 

(vide infra). Prior research has shown specificity of Δ or Λ stereoisomers for binding to 

biomolecules, such as DNA and proteins. For example, both Δ and Λ isomers of tris(4,7-

diphenyl-1,10- phenanthroline)ruthenium(II) bind to left-handed Z-DNA; however, only the 

Δ isomer binds to righthanded B-DNA.71 Enantioselective cleavage of DNA occurs with 

cis-[Rh(phen)2(phi)3+] (phi = 9,10-phenanthrenequinone diimine) where the Δ enantiomer 

is able to efficiently intercalate the 5′-pyr-pyr-pur-3′ steps and photocleave DNA.72 

Additionally, a half-sandwiched Ru(II) complex has been reported as a “selectivity switch” 

where Δ isomers are selective for kinases GSK3 and Pim-1 and Λ isomers are selective 

for PAK1.73 On the other hand, polypyridyl Ir(III) complexes designed to inhibit carbonic 

anhydrase, histone deacetylases, and trypsin and only trypsin showed chiral preference of Δ 

isomer.74

To evaluate the ability of our probes to select CYP3A4 over CYP isoforms, we determined 

the IC50 values for Δ,Λ-(L)-6 and Δ,Λ-12 against CYP3A4, CYP2C9, and CYP1A2 using 

commercially available inhibitor screening kits (BioVision). Unlike experiments described 

in Table 4, these kit experiments that were carried out with Δ3–22 CYP3A4, these 

kit experiments utilize microsomal recombinant CYPs, an NADPH generating system, 

and resorufin substrates that fluoresce upon CYP oxidation. Because these are different 

experimental conditions, data from these kits cannot be compared directly with data in Table 

4. CYP activity was determined by relative inhibition of product fluorescence to control and 

IC50 values were calculated based on percent activity vs log(molarity) dose–response plots. 

The compound Δ,Λ-(L)-6 had a >100-fold selectivity for CYP3A4 with IC50 values of >100 

μM for both CYP1A2 and CYP2C9 vs 0.91 ± 0.07 μM for CYP3A4. The racemic probe 

Δ,Λ-12 containing the btq ligand showed IC50 values of 72 ± 5, 17 ± 4, and 2.3 ± 0.4 μM for 
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CYP1A2, CYP2C9, and CYP3A4, respectively, indicating Δ,Λ-12 was >7-fold selective for 

CYP3A4 vs other isoforms (Table 5).

The ability of complexes to inhibit cellular CYP3A4 was assessed in human 

hepatocarcinoma HepG2 cells stably transduced with a lentiviral vector expressing 

CYP3A4. HepG2 cells have low to no expression of most drug-metabolizing CYPs, but 

when they are engineered to stably express CYPs, protein levels reach those in primary 

human hepatocytes.75–79 Thus, the HepG2-CYP3A4 cell line is a convenient in vitro model 

for mimicking drug metabolism in the human liver. Because the chirality at the metal 

center did not strongly influence the inhibitory potency of the Ir(III)-based probes, studies 

were carried out with stereoisomeric mixtures of five compounds Δ,Λ-(L)-5, Δ,Λ-(L)-6, 

Δ,Λ-7, Δ,Λ-(L)-9, and Δ,Λ-12. To determine the CYP3A4 inhibitory activity of these probes, 

HepG2-CYP3A4 cells were used in conjuction with a bioluminescent P450-Glo CYP3A4 

assay that utilizes a CYP3A4-specific substrate, luciferin-IPA. HepG2-CYP3A4 cells were 

treated with vehicle (0.1% DMSO), Ir(III) compounds (1–10 or 0.1–10 μM), or CYP3A4 

inhibitors (1 μM ketoconazole or 0.1–1 μM ritonavir) as a positive control for 3 h before 

addition of substrate. After 1 h incubation, aliquots were taken from triplicate wells to 

measure luminescence. Notably, a strong dose-dependent decrease in luminescence was 

observed (Figure 6). Importantly, the data presented in Figure 6 indicate that Ir(III)-based 

probes can penetrate HepG2-CYP3A4 cells and inhibit CYP3A4 in the nanomolar to low 

micromolar range.

Next, to determine the ability of our compounds to function as probes in HepG2-CYP3A4 

cells, cellular viability assays were conducted with compounds Δ,Λ-(L)-5, Δ,Λ-(L)-6, Δ,Λ-7, 

Δ,Λ-(L)-9, and Δ,Λ-12. The cells were seeded in 96-well plates (7000 cells/well) and 

incubated for 18 h before treatment with compounds (100 nM to 50 μM) or vehicle control. 

After 72 h of treatment, cell viability was determined using the 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Interestingly, the dfpp complex Δ,Λ-

(L)-9 was found to be nontoxic with an EC50 value >50 μM, whereas Δ,Λ-(L)-6, Δ,Λ-7, and 

Δ,Λ-12 showed EC50 values ranging from 16 to 21 μM (Table 6). Although these probes 

are potentially harmful to cells at higher concentrations, cellular toxicity can be avoided or 

largely minimized when Ir(III) complexes are used as photosensors at low concentrations, 

specifically in the nanomolar range.

To ensure our Ir(III) complexes would behave as suitable probes, we sought to take 

advantage of the long lifetimes of Ir(III) and determine the detection limits in media and 

cells in microplate assays. Lower detection limits were preferred to reduce the concentration 

of Ir(III) needed to achieve desired results of emission turn-on with minimal disturbance of 

the system and toxicity. We intially tested the detection limits of lead probe Δ,Λ-(L)-6 due 

to its high luminescence intensity, long emission lifetime, relative potency, and selectivity. 

When Δ,Λ-(L)-6 was excited at 400 nm in media (λem = 560 nm), we found that the 

difference in emission from media was statistically significant at concentrations above 

500 nM (statistical significance p < 0.05; p = 0.05 for 300 nM; p = 0.01 for 500 nM). 

However, when a lag time of 15 μs was applied in the acquisition of emission, statistical 

significance was achieved at concentrations as low as 100 nM (Figure 7A). This 5-fold 

decrease in detection limit highlights the power of time-resolved gating. We also predicted 
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that excitation at longer wavelengths would further reduce fluorescence contributions from 

the media, leading us to test detection limits of Δ,Λ-12. Excitation of Δ,Λ-12 at 500 

nm (λem = 700 nm) in media showed strong statistical significance at 100 nM where 

emission increased about 3-fold from media. A lag time of 15 μs improved this detection 

limit and conveyed a 6-fold increase in emission from media to 100 nM (Figure 7B). 

It is important to note that emission intensity between Δ,Λ-12 and Δ,Λ-(L)-6 cannot be 

directly compared since Δ,Λ-12 has lower emission yields (vide supra) and background 

fluorescence is omitted more efficiently and results in an overall lower emission intensity. 

These results substantiated the value of time-resolved gating in conjunction with longer 

excitation wavelengths to drastically decrease detection limits. Finally, detection limits were 

evaluated in a microplate assay using live HepG2-CYP3A4 cells. Cells were treated with 

Δ,Λ-12 and after 4 h incubation, emission was monitored with a 15 μs lag time. As shown 

in Figure 7C, statistical significance (p = 0.000197) was achieved at 100 nM. Thus, Δ,Λ-12 
was chosen as our Ir(III) probe for further investigation.

Two potent CYP3A4 inhibitors, ketoconazole (KCZ; Kd of 25 nM; our data) and ritonavir 

(RIT; Kd = 19 nM)82 were chosen as test inhibitors and midazolam as a test substrate 

(MDZ, Kd of 5 μM)80 to evaluate whether Δ,Λ-12 can be used for dynamic assessment of 

the occupancy of the CYP3A4 active site. The binding affinity of Δ,Λ-12 is comparable 

to or much higher than for the test compounds (Kd of 24 nM, Table 4), and thus it 

could compete for the active site. To demonstrate the competitive binding to CYP3A4, 

we followed emission changes in the presence of the probe and test compounds, added in 

a different order. Only Δ,Λ-12 emits upon excitation at 500 nm. When Δ,Λ-12 was mixed 

with substoichiometric CYP3A4, up to 60–70% of probe’s emission was quickly quenched 

as a result of the inhibitory complex formation (Figure 8A). However, the emission yield 

was almost fully recovered (up to ~85%) upon addition of equimolar KCZ (up to ~85%), 

meaning that KCZ easily displaces the probe from the CYP3A4 active site. In a separate 

experiment, the order of addition was reversed and Δ,Λ-12 was mixed with nonemitting 

KCZ-bound CYP3A4. As expected, addition of the probe led to a spike in emission, 

which was decreased by ~15% after 5 min incubation (Figure 8B). This could reflect 

two consecutive events: displacement of bound KCZ by Δ,Λ-12, followed by quenching of 

the bound probe by the heme. Emission changes in the presence of RIT were similar and 

not shown. Unlike KCZ and RIT, MDZ does not ligate to heme and, hence, binds much 

weaker to CYP3A4. As a result, MDZ cannot displace the CYP3A4-bound Δ,Λ-(L)-12 as 

effectively as KCZ, with ~30% fluorescence recovered after 5 min incubation (Figure 8C). 

Likewise, the fluorescence spike caused by the addition of Δ,Λ-12 to MDZ-bound CYP3A4 

was decreased by 30% in 5 min (Figure 8D). These results demonstrate that Δ,Λ-12 and, 

possibly, other Ir(III) probes can compete with and displace CYP3A4 ligands to the extent 

proportional to their binding affinity.

To confirm that emission changes correspond to changes in the CYP3A4 active site 

occupancy, absorbance spectroscopy was utilized to monitor ligand-dependent changes in 

the Soret band. Oxidized CYPs absorb at 415–418 nm and spectral shifts occur when a 

substrate or inhibitor enters the active site and alters the heme coordination state.11,81 MDZ 

and many other substrates displace the distal water molecule, leading to a high-spin shift 
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with the concomitant 385–395 nm peak formation (type I spectral change). KCZ, RIT, and 

other inhibitors that ligate to the heme cause a low-spin transition, accompanied by the Soret 

peak shift to 420–424 nm and perturbations in the Q-bands (type II spectral change).11,81 

For consistency with the fluorescence measurements, spectral measurements on CYP3A4 

were done with Δ,Λ-12 added either before or after the test compound. CYP3A4 has the 

Soret peak at 420 nm when bound to Δ,Λ-12 and at 422 nm for the KCZ- and RIT-bound 

forms, which allowed us to detect displacement of one inhibitor by another. In accordance 

with the fluorescence measurements (Figure 8A,B), Δ,Λ-12 had only a limited ability to 

displace KCZ, but KCZ could easily displace Δ,Λ-12, as evident from a partial, 422 to 421 

nm, and full Soret shifts, 420 to 422 nm, respectively (Figure 9A,B). Spectral changes for 

RIT were virtually identical and are not shown. In contrast, Δ,Λ-12 could more effectively 

compete with MDZ. The addition of Δ,Λ-12 to MDZ-bound CYP3A4 led to a drastic 

spectral change due to a high-to-low-spin transition, meaning that the majority of MDZ 

dissociated and Δ,Λ-12 ligated to the heme (Figure 9D). Likewise, when MDZ was added 

to Δ,Λ-12-bound CYP3A4, only a residual high-spin shift was observed, indicating the 

limited capacity of MDZ to compete with the probe (Figure 9C). Thus, spectral experiments 

confirmed the ability of Δ,Λ-12 to compete for the binding to the CYP3A4 active site in a 

ligand-dependent manner.

Beyond the ability of our Ir(III) sensors to monitor active site occupancy, it is important to 

note that these probes are metal-based enzyme inhibitors, which are far less common than 

their organic counterparts. Indeed, there are only a few metal-based enzyme inhibitors that 

are Ir(III)-based.82–84 Furthermore, the probes described in this manuscript are among a 

small handful of Ir(III) complexes ever characterized to bind within protein active sites.85–92

Because our Ir(III) probes are well tolerated in HepG2-CYP3A4 cells, future investigations 

will be directed toward monitoring active site occupancy in live cells. HepG2-CYP3A4 cells 

model human drug metabolism better than purified enzymes and human liver microsomes, 

which cannot recapitulate the complex cellular environment and complete physiology of 

human hepatocytes. The HepG2-CYP3A4 cell line is easy to culture and has CYP3A4 levels 

as high as those in human liver microsomes.75,76 Also, because the whole cellular system 

is intact, emission assays in cells would reveal if a drug is unable to penetrate the cell 

membrane or enters a different cellular compartment. Simple emission assays in cells have 

the potential to reveal how long it takes for the drug to penetrate the cell and undergo 

metabolism. Emission assays can be developed further to determine if a drug is acting as a 

CYP3A4 inducer and whether drug–drug interactions take place.

Due to the bright emission of Ir(III) complexes, there are several reports of these probes 

used in live cell imaging, including the detection of hypoxia,45,93–95 hypochlorite,52 

cysteine,96–98 and peroxynitrite.46 Ir(III) species have also been designed strategically to 

react with fluorescent substrates (via the click reaction84 or cyclization99) to increase their 

emission and lifetime. These long luminescence lifetimes allow for proper distinguishing 

from the short-lived autofluorescence found in cell media. Furthermore, reported Ir(III) 

probes have also been utilized in vivo.37,46 Because CYP3A4 metabolism of anticancer 

drugs can lead to CYP3A4 overexpression and in situ metabolism in tumor sites,100–103 in 
vivo imaging using Ir(III) CYP3A4 photosensors has the potential to monitor if and when 
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drug uptake and metabolism is occurring in extrahepatic areas. Thus, our Ir(III) probes have 

many potential future applications in drug metabolism studies, where they could inform 

researchers on the duration of metabolism by CYP3A4, induction, drug–drug interactions, 

and in situ metabolism in vivo.

CONCLUSIONS

In conclusion, we report a library of Ir(III)-based probes for CYP3A4. X-ray 

crystallographic analysis of these compounds bound within the CYP3A4 active site revealed 

structure–activity relationships among our library. Stereoisomers of compounds 6, 12, and 

13 were resolved to elucidate whether CYP3A4 has preference for specific stereoisomers. 

All compounds are brightly emissive and have long emission lifetimes. Surprisingly, Δ,Λ-12 
was the optimal probe for our assays despite having a relatively small emission quantum 

yield due to a much longer excitation wavelength and emission lifetime which allowed 

for lifetime gating. The longer excitation wavelength and use of time-resolved gating 

lowered detection limits, thereby avoiding cellular toxicity and inhibition of other CYP 

isoforms. While use of fluorogenic CYP3A4-specific substrates clearly depicts CYP3A4 

activity, disadvantages include these assays are generally conducted in an isolated system 

containing purified CYP3A4 enzyme and do not depict activity fluctuations. On the other 

hand, our Ir(III)-based probes are well tolerated in HepG2-CYP3A4 cells and Δ,Λ-12 could 

displace or be displaced from the CYP3A4 active site by competing inhibitors or substrates. 

Collectively, our data demonstrate that the Ir(III)-based probes could serve as novel chemical 

tools for efficient and low-cost monitoring of CYP3A4 activity and active site occupancy 

by simple emission measurements. While our Ir(III)-based probes provide many advantages, 

changes in luminescence could be a result of nonspecific binding in a cellular system. 

Future work will be dedicated toward applying these probes in complex systems, such 

as HepG2-CYP3A4 cells, and carrying out control experiments in HepG2-empty vector 

cells to elucidate if emission changes are specifically related to CYP3A4 allowing for 

eventual monitoring of time-dependent drug metabolism, CYP3A4 induction and drug–drug 

interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Emission quenching of Ir(III) by CYP3A4 followed by reversible emission turn in the 

presence of CYP3A4 inhibitor or substrate.
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Figure 2. 
Chemical structure (A) and crystal structure (B) of the previously reported Ir(III)-based 

probe bound to the active site of CYP3A4 (2.78 Å; PDB ID 7UAY).
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Figure 3. 
Structures of compounds 1−15 (Δ,Λ-Ir(III) complexes).
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Figure 4. 
Structures of resolved stereoisomers 6, 12, and 13.
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Figure 5. 
Crystal structures of CYP3A4 bound to the inhibitory compounds from the new series of 

Ir(III) probes. Racemic (L)-6, (D)-6, 7, (L)-9, 10, 12, and (L)-14 (A–G, respectively) and 

stereoisomers Λ-(L)-6, Λ-12, and Δ-13 (H–J, respectively) bind to the active site and ligate 

to the heme via the end-pyridine moiety. All probes are similarly oriented relative to the 

central I-helix. Δ,Λ-(L)-6, Δ,Λ-9, and Λ-(L)-6 form hydrogen bonds with Ser119 (red dotted 

lines). The side groups of Δ,Λ-(D)-6 and Δ,Λ-(L)-14 are too far for H-bond formation but 

can establish long-distance polar interactions with Ser119 (black dotted lines). Polder omit 

electron density maps contoured at 3σ level are shown as green mesh. (K) Structural overlay 

of all compounds except the meta-pyridine containing Δ-13. The Ir atoms are shown as 

spheres to demonstrate the distinct cage positioning. A large pocket above the I-helix, which 

can be filled to improve the inhibitory potency, is indicated by an arrow.
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Figure 6. 
Inhibition of CYP3A4 activity by Ir(III) compounds in HepG2-CYP3A4 cells. (A) Effects 

of known potent inhibitors of CYP3A4, used as positive controls, on CYP3A4 activity 

in HepG2-CYP3A4 cells. HepG2-CYP3A4 cells were incubated with 1 μM ketoconazole 

(KCZ) or 0.1, 0.3, or 1 μM ritonavir (RTV) and CYP3A4 activity was measured using the 

P450-Glo CYP3A4 Assay, as described in the Materials and Methods section. The negligible 

CYP3A4 activity in HepG2-EV cells is shown for comparison. (B) HepG2-CYP3A4 cells 

were incubated with the indicated concentrations of racemic compound (L)-5, (L)-6, 7, (L)-9, 
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or 12 before CYP3A4 activity was measured. Data are shown as mean percent CYP3A4 

activity relative to a control group (HepG2-CYP3A4 cells incubated with 0.1% DMSO [0 

μM inhibitor]) ± SD (n = 9 or 12; from three or four experiments, three replicates per 

experiment). *Significantly different from the control group by one-way analysis of variance 

and Dunnett’s multiple comparison test, P < 0.05.
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Figure 7. 
Normalized emission intensity of Δ,Λ-(L)-6 and Δ,Λ-12 in Williams’ Media E without 

(A, B) or with HepG2-CYP3A4 cells (C). Media contains 10% FBS, 1% glutamine, and 

1000 U/mL penicillin/streptomycin. Data are the average of quadruplicate wells; errors are 

shown as standard deviations. (A) Bar graph showing differences in emission intensity as a 

function of concentration of Δ,Λ-(L)-6 with 0 and 15 μs time-gating. Statistical significance 

(*p ≤ 0.05) is found at 500 nM (p = 0.05 at 300 nM) without time-gating and at 100 

nM with 15 μs time-gating. (B) Bar graph showing differences in emission intensity as a 

function of concentration of Δ,Λ-12 with 0 and 15 μs time-gating. Statistical significance 

is found at 100 nM with and without time-gating. (C) Bar graph showing differences in 

emission intensity as a function of concentration of Δ,Λ-12 with 15 μs time-gating in 

HepG2-CYP3A4 cells. Cells were seeded in 96-well plates (7000 cells/well) and incubated 

for 18 h before treatment with compounds (100 nM to 1 μM) or vehicle control. Treated 

cells were incubated for 4 h before emission measurements were taken.
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Figure 8. 
Fluorescent changes observed during competitive ligand binding to CYP3A4. Fluorescence 

changes in 5 μM Δ,Λ-12 were monitored in mixtures containing 3 μM CYP3A4 and 5 μM 

ketoconazole (KCZ) (A, B) or 50 μM midazolam (MDZ) (C, D), with λex = 500 nm. Δ,Λ-12 
was added to CYP3A4 either before (A, C) or after the test compound (B, D). Arrows 

indicate direction of emission changes.
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Figure 9. 
Absorbance changes observed during competitive ligand binding to CYP3A4. Absorbance 

spectra of CYP3A4 (2 μM) were recorded in the absence and presence of Δ,Λ-12 (3 μM) 

and the test inhibitor KCZ (3 μM) (A, B) or marker substrate MDZ (30 μM) (C, D). Δ,Λ-12 
was added to CYP3A4 either before (A, C) or after the test compound (B, D). Arrows 

indicate direction of absorbance changes.
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Scheme 1. 
Synthesis of Compounds 1–15 (Δ,Λ-Ir(III) Complexes)a

aSee Figure 3 for structures of Δ,Λ-6–15.
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Table 1.

Δ,Λ-Ir(III) Complexes (5–15)

entrya CΛN X Y R1

(L)-5 pq CH N NHBoc

(L)- and (D) -6 pq N CH NHBoc

7 pq N CH H

(L)-8 dfpp CH N NHBoc

(L)- and (D)-9 dfpp N CH NHBoc

10 dfpp N CH H

(L)-11 btq N CH NHBoc

12 btq N CH H

13 b btq CH N H

(L)-14 pq N CH NHBz

(L)-15 pq N CH NHAc

a
Stereochemistry at the metal center is not specified here. Complexes were isolated as a mixture of Δ,Λ diastereomers with exception of 13.

b
13 was not isolated as a mixture of diastereomers. Δ- and Λ-13 were isolated separately as shown in Figure 4.
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Table 2.

Lowest-Energy Absorption Maxima, λmax, Emission Maxima, λem, Quantum Yields, Φem, and Lifetimes 

under Argon, τo, and Air, τ, of Complexes ΔΛ-5–15 in CH3OH

complexa λmax/nm (ε/M −1 cm−1) λem/nm Φem
b τo/μsC τ/μsc

Δ,Λ-(L)-5 440 (7300) 560 0.18(2) 3.5 0.91

Δ,Λ-(L)-6 440 (6400) 559 0.167(6) 5.7 0.45

Δ,Λ-7 440 (5800) 558 0.10(2) 2.7 0.76

Δ,Λ-(L)-8 360 (7300) 528 0.16(4) 1.9 0.57

Δ,Λ-(L)-9 360 (7700) 530 0.135(1) 2.5 0.58

Δ,Λ-10 360 (6900) 527 0.14(3) 2.4 0.57

Δ,Λ-(L)-11 500 (10,000) 654 0.064(4) 6.8 0.67

Δ,Λ-12 500 (10,000) 653 0.072(1) 7.6 1.2

Δ,Λ-(L)-14 440 (6700) 556 0.17(7) 2.8 0.85

Δ,Λ-(L)-15 440 (5900) 559 0.16(2) 3.2 0.60

a
Only racemic (Δ,Λ) complexes and L-stereoisomers (where stereochemistry is indicated) were analyzed.

b
In deaerated H2O with 5% CH3OH to solubilize complexes, λexc = 440 nm for 5—7, 14, and 15; λexc = 360 nm for 8—10; λex = 500 nm for 

11 and 12.

cλexc = 355 nm, 5 mJ/pulse.
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Table 4.

Binding Affinity and Inhibitory Potency of Complexes 5—15 for CYP3A4

compound Kd
a (nM) IC50

b (nM)

Δ,Λ-(L)-5 40 ± 2 171 ± 3

Δ,Λ-(L)-6 21 ± 6 134 ± 6

Δ-(L)-6 10 ± 1 143 ± 3

Λ-(L)-6 22 ± 5 120 ± 8

Δ,Λ-(D)-6 28 ± 6 124 ± 14

Δ-(D)-6 30 ± 4 140 ± 3

Λ-(D)-6 9 ±1 125 ± 4

Δ,Λ-7 133 ± 5 124 ± 4

Δ,Λ-(L)-8 35 ± 3 360 ± 35

Δ,Λ-(L)-9 13 ± 2 280 ± 20

Δ,Λ-(D)-9 43 ± 2 402 ± 16

Δ,Λ-10 356 ± 44 140 ± 17

Δ,Λ-(L)-11 40 ± 11 223 ± 17

Δ,Λ-12 24 ± 1 177 ± 3

Δ-12 15 ± 3 235 ± 5

Λ-12 52 ± 1 255 ± 4

Δ-13 29 ± 3 173 ± 12

Λ-13 30 ± 2 168 ± 25

Δ,Λ-(L)-14 26 ± 5 157 ± 2

Δ,Λ-(L)-15 46 ± 6 340 ± 22

Determined by spectrophotometric titration assay. Values represent an average of three independent measurements ± SD.

b
CYP3A4 activity assay with BFC, 293 ± 3 K, 0.2 μM CYP3A4, 0.3 μM cytochrome P450 reductase, versus DMSO control (100% activity). 

Values represent an average of two duplicate measurements ± SD.
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Table 6.

EC50 Values (μM) for Complexes (L)-6, 7, (L)-8, and 12 in HepG2-CYP3A4 Cellsa

complex EC50

Δ,Λ-(L)-6 21 ± 3

Δ,Λ-7 16 ± 3

Δ, Λ-(L)-8 >50

Δ, Λ-12 16 ± 5

a
EC50 values (μM) for complexes (L)-6, 7, (L)-8, and 12 were determined in HepG2-CYP3A4 cells. Data are the average of three independent 

experiments using quadruplicate wells; errors are shown as standard deviations. After treatment, the cells were incubated at 37 °C and 5% CO2 for 

72 h. Viability was then assessed by MTT assay, and EC50 values were obtained using Igor Pro graphing software.
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