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Abstract

CYP3AA4 is the dominant P450 enzyme involved in human drug metabolism and its inhibition
may result in adverse interactions or conversely, favorably reduce the systemic elimination rates
of poorly bioavailable drugs. Herein we describe a spectroscopic investigation of the interaction
of CYP3A4 with N-methylritonavir, an analog of the widely used as a pharmaco-enhancer
ritonavir. In contrast to ritonavir, the binding affinity of N-methylritonavir for CYP3A4 is pH-
dependent. At pH < 7.4, the spectra are definitively type-I, while at pH > 7.4 the spectra have
split Soret bands including a red-shifted component characteristic of a P450-carbene complex.
Variable-pH UV-Visible spectroscopy binding studies with molecular fragments narrows the
source of thispH dependence to its N-methylthiazolium fragment. The C2 proton of thisgroup is
acidic and variable-pH resonance Raman spectroscopy tentatively assignsit a pK, of 7.4. Hence,
this fragment of N-methylritonavir is expected to be readily deprotonated under physiological
conditions to yield a thiazol-2-ylidene, which is an N-heterocyclic carbene that has high-affinity
for and is presumed to be subsequently captured by the heme iron. This mechanism is supported
by time-dependent density functional theory with an active site model that accurately reproduces
distinguishing features of the experimental UV-Visible spectra of N-methylritonavir bound to
CYP3AA4. Finaly, density functional theory calculations support that this novel interaction is as
strong as the tighest-binding azaheterocycles found in P450 inhibitors and could offer new

avenues for inhibitor development.
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Introduction
The cytochromes P450 are involved in the biosyntheses of hormones and the disposition of
xenobiotics.( Denisov et al., 2005; Guengerich, 2001; Ortiz de Montellano, 2005) Inhibition of
the dominant P450 in human drug metabolism, namely CY P3A4, has the potential to result in
adverse drug-drug interactions by reducing the systemic elimination rates of co-administered
drugs.(Hollenberg, 2002; Lin et al., 2002; Rendic, 2002; von Moltke et al., 1998) Conversdly,
pharmaco-enhancers exploit this effect and target CYP3A4 for therapeutic benefit by
overcoming the rapid clearance, high dosing frequency, and sub-therapeutic plasma
concentrations characteristic of CYP3A4 substrates. The most successful application of this
strategy has been applied in the treatment of HIV and HCV infections whereby ritonavir (Figure
1) inhibits the clearance of antiviral therapeutics through inhibition of CYP3A4.(Hirsch et al.,
2008; Kempf et al., 1995; Kempf et al., 1997; Klibanov et al., 2015; Koudriakova et al., 1998)
Ritonavir is a high-affinity, type-ll P450 ligand that binds to CYP3A4 through
hydrophobic interactions dominated by phenyl side chains and coordination of the thiazole
nitrogen to the heme iron.(Sevrioukova and Poulos, 2010) Structural modifications abolishing
the phenyl groups substantially lowers the affinity of these molecules for CYP3A4 and resultsin
the observation of multiple ligand-binding orientations in their crystal structures. (Kaur et a.,
2015; Sevrioukova and Poulos, 2013) Nonetheless, thiazole coordination to the heme iron and
orientation of the isopropyl thiazole unit near the protein surface remain consistent features of
these structures. Moreover, CYP3A4 is capable of hydroxylating the isopropyl thiazole
subgtituent, so the inverted binding mode orienting this end of the molecule toward the heme is

indeed possible, though it has not been observed. (Koudriakova et al., 1998) Owing to the
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observed hydroxylation, it has been suggested that the nitrogen atom in the isopropyl thiazole
fragment does not appreciably coordinate to the heme. (Sevrioukova and Poulos, 2010)

Akin to ritonavir, the majority of heme-coordinating P450 inhibitors are azaheterocycles
where nitrogen atoms directly coordinate to iron, however there are a few fragments where the
coordinating atom is carbon. In these examples, the ligands are generally-accepted to be carbenes
generated by reductive or oxidative catalysis. For example, the red-shifted Soret band (450-470
nm) resulting from catalytic reduction of polyhalogenated methanes has been attributed to
ferrous dihalocarbene complexes.(Ruf et al., 1984; Wolf et a., 1977) The methylenedioxphenyl
subgtituent that is present in therapeutic drugs(i.e paroxetine and tadalafil)(Ring et a., 2005),
drugs of abuse(i.e. methylenedioxymethamphetamine)(Heydari et al., 2004) and insecticide
synergists (i.e. piperonyl butoxide) (Casida, 1970) undergoes NADPH and O.-dependent
oxidation to generate a carbene (methylenedioxyphenyl-2-ylidene; MDP) that strongly
coordinates to the Fe**-heme iron and gives rise to a distinct split Soret band with maxima at
~427 and 455 nm.(Hodgson and Philpot, 1974)

Our search for a high-affinity type-l ligand led us to N-methylritonavir (NMeR, Figure
1), an analog wherein the heme-coordinating thiazole nitrogen has been blocked by methylation.
Herein, we report a detailed spectroscopic characterization of the NMeR complex with
recombinant CYP3A4. UV-Vis absorption and resonance Raman (rR) spectroscopy demonstrate
that the spin state populations of NMeR-CYP3A4 are strongly pH dependent. There is a
substantial high-spin population at low pH that shifts to low spin at high pH. UV-Vis difference
spectra of the low-spin complexes have split Soret bands with a strongly red-shifted component
similar to those observed in the spectra of carbene complexes. Recognizing the acidity of the C2

carbon of N-methylthiazolium ions, we propose that the hydrophobic environment of the
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CY P3A4 active site suppresses the pK, of NMeR’s N-methylthiazolium C2 hydrogen such that it
is readily deprotonated to a N-methyl-1,3-thiazol-2-ylidene (thiazol-2-ylidene hereafter), an N-
heterocyclic carbene (NHC) that has high affinity for iron. Density functional theory calculations
using a truncated model of the Fe**-P450 active site support this scenario. To our knowledge,

this represents the first example of atransition metal-NHC complex within an enzyme.
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Materialsand Methods.

Materials. N-methylritonavir (NMeR) bicarbonate and N-[[N-methyl-N-[(2-isopropyl]-4-
thiazolyl)methyl)amino]carbonyl-L-valine carboxylic acid (MITV) were purchased from
Toronto Research Chemicals (Toronto, Canada). 5-Aminolevulinic acid was purchased from
Chem-Impex International (Wood Dale, IL), isopropyl pB-D-1-thiogalactopyranoside from
LabScientific Inc, (Highlands, NJ) and CHAPS from AG Scientific (San Diego, CA).
Chromatography columns were purchased from GE Healthcare Bio-Sciences (Pittsburgh, PA).
All other reagents of the highest available grade were purchased from Sigma-Aldrich (Saint
Louis, MO) or Fisher Scientific (Pittsburgh, PA). N-Methylthiazolium iodide (NMTI) was
synthesized as previously described.(Kena Diba et al., 2010) To a solution of thiazole (2 mL, 2.4
g 28.2 mmol) in 6 mL of methanal, iodomethane (2.18 mL, 5 g, 35.2 mmol) was added and the
solution was stirred for 48 hrs at room temperature in the dark. The resultant white crystals were
vacuum filtered and washed with methanol followed by ethyl acetate. The crystals were dried
under vacuum overnight to yield 2.05g of NMTI (9.05 mmol, 32%). For mass spectrometry, the
calculated valuefor C4HsNS [M™] is 100.02, 100.04 was found.

CYP3A4 expression and purification. CY P3A4 lacking residues 3-23 and modified to have a C-
termina 4xHis tag was expressed in DH5a E. coli cells using the pCW-CYP3A4 plasmid
generated in our laboratory. One hundred ng of pCW-CYP3A4 plasmid was used to transform
chemically competent DH5a, cells. Two colonies were used to inoculate 100 mL of terrific broth
(100 pg/mL ampicillin) and grown for 16 hours at 37 °C. One liter batches of terrific broth
supplemented with 100 pg/mL ampicillin were inoculated with 20 mL of starter culture and
grown a 200 rpm and 37 °C until the O.D. at 600 nm reached 0.4-0.6. The incubation

temperature was then decreased to 24 °C until the O.D. reached 0.8 at which time the rotations
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were decreased to 150 rpm. The cultures were then supplemented with 0.5 mM of 5-
aminolevulinic acid and induced with 1 mM isopropyl -D-1-thiogalactopyranoside. After 24 hr
the bacteria were harvested by centrifugation at 4000xg for 10 mins. Cell pellets were
resuspended (1.5 mL-g™ cells) in lysis buffer (100 mM potassium phosphate pH 7.4, 500 mM
KCl, 0.5 % CHAPS, 10 % glycerol, 2 mM p-mercaptoethanol). On ice, the resuspension was
incubated for 45 min with lysozyme (1.5 mg/mL) and subsequently sonicated for 15 min. The
insoluble material was pelleted by centrifugation at 30,000xg for 1 hr. The supernatant was
loaded onto a Ni*-NTA column pre-equilibrated with wash buffer (100 mM potassium
phosphate pH 7.4, 500 mM KCl, 0.2 % CHAPS, 20 mM imidazole 10 % glycerol, 2 mM j-
mercaptoethanol). The column was washed with 15 column volumes of wash buffer and eluted
with elution buffer (100 mM potassium phosphate pH 7.4, 500 mM KCI, 0.2 % CHAPS, 100
mM imidazole 10 % glycerol, 2 mM B-mercaptoethanol). Red-colored fractions were pooled and
exchanged into dilution buffer (25 mM potassium phosphate pH 6.8, 10 % glycerol, 2 mM -
mercaptoethanol) with several rounds of concentration and dilution using Amicon centrifugal
concentrators (MWCO 30 kDa). Buffer-exchanged protein was then loaded onto a CM-
Sepharose column equilibrated in dilution buffer. CY P3A4 was subsequently eluted with a linear
gradient of 0 to 500 mM KCI in dilution buffer. Fractions with an A417/A2g ratio > 1.3 were
pooled and dialyzed into storage buffer (50 mM potassium phosphate pH 7.4, 50 mM KCl, 20 %
glycerol, 2 mM B-mercaptoethanol) and stored at -80 °C until required.

UV-Visible absorbance analysis of ligand binding. Measurement of UV-Vis absorbance spectra
were performed on a dual-beam Olis Cary-14 Spectrophotometer Conversion. (Olis, Inc. Bogart,
GA). Samples of purified CYP3A4 in 25 mM bis-tris propane/25 mM bicine buffer (pH 6.4-8.4)

containing 50 mM KCI, 0.1 mM EDTA, and 20% glycerol were split equally into two cuvettes
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and difference spectra (300-700 nm) were collected following a baseline and after the addition of
ligands dissolved in DMSO. Samples were alowed to equilibrate for 15 mins following the
addition of each aliquot prior to recording spectra. The final volume of DM SO did not exceed
1% of thetotal sample volume.

Due to the extreme variation in the absorbance minima and maxima in difference
spectra with pH, particularly when NMeR is present, an approach based on singular-value
decomposition (SVD)(Henry and Hofrichter, 1992) was applied to determine the dissociation
constants from sets of spectra generated by the ligand titrations. Spectra for each ligand
concentration (n) were arranged in columns of a data matrix (A(A, n)) and subjected to the SVD
method that decomposes the data matrix into the product of matricesA = USVT . Following
SVD analyses of the raw data, spectra were reconstructed using a set of truncated matrices,
wherein only the first column vectors from each of U, S, and VT derived from the raw spectra
were retained while the remaining matrix elements were set to zero, thereby removing the
experimental noise partitioned into those elements.

In turn, the spectral amplitudes a = SV T calculated using the truncated matrices
were used to determine dissociation constants, K, by fitting the first column vector of a to the

corresponding total ligand concentrations [L,] by minimizing

B[ L]
f(a[L][E])=a- ="
Ka+[L(]
using fsolve in MATLAB where [Ls| = [L.] — [(;Eﬁ is the concentration of free ligand, a,,,, IS

the spectral amplitude at ligand saturation, and [E] is the enzyme concentration. In the case of

ritonavir, the spectral amplitudes were better described by the cooperative model
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R
where n isthe Hill coefficient.

The effects of oxidation and reduction on the difference spectra were performed
using potassium hexachloroiridate and sodium dithionite respectively. In the oxidation
experiments, samples containing 3-5 uM CYP3A4 and 200 uM were prepared and allowed to
equilibrate as described above for ligand titrations. Following equilibration of the samplesin the
spectrophotometer, potassium hexachloroiridate was added to a final concentration of 50 uM.
and spectra were recorded every 5 minutes for 2.5 hours. For reduction experiments, 1.5 uM
CYP3A4 samples (1 mL) in buffer pH 7.4 were purged with N, and split equally between two
cuvettes. 200 uM NMeR was added to the first cuvette, an equal amount of DM SO was added to
the second cuvette, and both were allowed to equilibrate for 15 min. A basdline spectrum was
measured with NMeR-Fe**-CY P3A4 and Fe**-CY P3A4 in the sample and reference positions of
the spectrophotometer, respectively. To measure the NMeR-Fe**-CYP3A4/Fe*"-CYP3A4
difference spectrum, equal volumes of a saturated solution of sodium dithionite was added to
each cuvette and the spectra were measured over several minutes until the spectrum stabilized.
Resonance Raman Spectroscopy. rR spectra were obtained following excitation with the 406.7
nm line of a Coherent Innova 302C krypton ion laser. Laser powers at the sample were 35 mW.
Samples (100-200 uL) were maintained in spinning NMR tubes during data collection. Spectra
were collected usng a /9.7 single grating monochromator (Acton SP2750, Princeton
Instruments) with a 100 pm dlit width, using 2400 grooves/mm gratings, and imaged using a
1340 x 400 pixel back-illuminated CCD camera with UV optimized coatings (PyLoN 400BR
eXcelon, Princeton Instruments). Reported spectra are the mean of three, ten-min scans and are

unsmoothed. Reference calibrations were performed with respect to a Hg vapor lamp. The

10
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nonlinear fluorescence background of rR spectra were removed using asymmetric least squares
in MATLAB.(Eilers, 2005) The concentrations of CYP3A4 were ~8 uM in 25 mM bis-tris
propane/25 mM bicine buffer (pH 6.0-8.4) containing 50 mM KCI, 0.1 mM EDTA and either no
ligand, 200 uM NMeR, or 200 uM ritonavir. To determine the relative populations of the high-
and low-spin CYP3A4 from the corresponding positions of the v; bands in the spectra, these
were fit to Gaussian line shapes and their intensities calculated by numerical integration.
Calculation of the percentage of the enzyme populations in the high-spin configuration (%HS)
were computed using the equation, %HS = (1001%5)/(RI*S + I%S), where R=1.24 is the
intensity ratio determined by Mak and coworkers for CYP3A4 to account for differences in the
Raman cross-sections of the vz band in the high- and low-spin states.(Mak et al., 2013)

Density Functional Theory Calculations. A truncated model consisting of a pristine iron
porphyrin and a thiolate (HS) ligand was used to modd the essential elements of ligand
coordination to the P450 heme. The energetics of the reaction to replace water by several
azaheterocycles, and MDP were computed using density functional theory. Geometry
optimizations and vibrational frequency analyses were performed using the M06 density
functional(Zhao and Truhlar, 2008) and def2-TZVP(Weigend and Ahlrichs, 2005) basis sets with
the Gaussan09 suite of programs.(Frisch et al., 2009) Calculations using the B3LYP density
functional(Becke, 1988; Becke, 1993a; Becke, 1993b) including the D3 dispersion
correction(Grimme et al., 2011) and def2-TZVP basis set were performed using the Turbomole
6.3 suite of programs.(Ahlrichs et al., 1989) All reported energies include zero-point energy
corrections derived from harmonic vibrational frequency analyses. Vertical excitation energies

were performed with time-dependent density functional theory using the TPSSh(Tao et al., 2003)

11
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functional, def2-TZVPP basis sets, RI-J COSX approximation(Neese et al., 2009), and the

M 06/def2-TZV P optimized geometries with the ORCA 3.02 program.(Neese, 2012)

12
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Results
UV-Visible absorbance analysis of ligand binding. In the the crystal structure of CY P3A4 bound
to ritonavir, the thiazole nitrogen is clearly coordinated to the heme iron and its titration into the
enzyme results in a type-ll difference spectrum.(Sevrioukova and Poulos, 2010) Hence, we
expected that methylating the nitrogen ligand would disrupt coordination and facilitate
displacement of the bound water to induce a high-spin transition. (Figure 2, A—C) To our
surprise, the addition of NMeR at pH 7.4 shifts the Soret band of CYP3A4 to 421 nm like that
observed for ritonavir.(Sevrioukova and Poulos, 2010)(Figure 3A) Recognizing the acidity of
the N-methylthiazolium C2 proton(Breslow, 1958), we considered the possibility that this proton
in NMeR could likewise be deprotonated to the corresponding thiazol-2-ylidene, that in turn
could replace water as the sixth axial ligand. (Figure 2, A—B—D) To test this hypotheses, the
UV-Vis spectra of CYP3A4 were measured at pH 6.0, 6.4, 7.0. 7.4, 8.0, and 8.4 in a mixed bis-
tris propane/bicine buffer to maintain uniform buffering capacity across this range.(Figure 3A)
At pH 6.0, the Soret band maxima is at 418 nm consistent with the presence of the low-spin,
Fe**-H,O enzyme. However, there is a distinct shoulder present at 390 nm and a weak band at
637 nm, both consistent with an admixture of the pentacoordinate, high spin state of the enzyme
as initially expected. As the pH is incrementally increased, the 390 nm component of the Soret
and the 637 nm bands disappear. At pH 8.4, the high spin features of the spectrum are no longer
visible and the Soret band maximum has shifted to 422 nm. The dramatic changes in these
spectral features support a pH-dependent change in the NMeR-CY P3A4 interaction.

Difference spectra of NMeR at pH 6.4, 7.4 and 8.4 were measured to determine the
binding affinities and identify any unique distinguishing features in the spectra. (Figure 4A-C)

At pH 6.4, titration of NMeR into CY P3A4 resultsin a classic type-l spectrum with a maximum

13
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at 382 nm and minima at 412 nm. Repetition of the titration experiment at pH 7.4 resultsin a
difference spectrum with a distinct split-Soret band that has maxima at 373, 433, and 467 nm and
aminimaat 412 nm. At pH 8.4, the 467 nm maxima and 412 nm minima are retained while the
remaining maxima shift to 432 nm and 369 nm. Since the extrema of the difference spectra
change dramatically between pH 6.4 and 7.4, the method relying on SVD with fitting of the
spectral amplitudes to determine Ky values was used. The K4 values for NMeR are likewise pH
dependent, undergoing a 14-fold decrease between pH 6.4 and 8.4. These observations support
the increased contribution of a strong stabilizing component of the CYP3A4-NMeR interaction
with increasing pH.

To determine whether the UV-Vis spectral changes and Ky decrease observed with
NMeR were the result of pH effects on the protein, a parale set of titrations and difference
spectra were measured with ritonavir. (Figur e 4D-F) In the Soret region, all spectra have troughs
and peaks at 407 nm and 426 nm, respectively. In the o/f region, peaks were consistently
identified at 544 nm and 584 nm, with a trough at 568 nm. Unlike the other ligands investigated
in this study, the spectral amplitudes fit poorly to a single-binding site model. Alternatively,
these data were best described by the Hill cooperative model. Within the reported error, the Kqy
values determined at pH 6.4 and 7.4 were the same (0.45 uM and 0.42 uM), while this value
slightly decreased at pH 8.4 (0.32 uM). Furthermore, ritonavir binding was similarly positively
cooperative in each of these experimental conditions. The crystal structure of the ritonavir-
CYP3A4 complex clearly illustrates the coordination of the thiazole fragment to the CYP3A4
heme iron. Nevertheless, we sought to determine whether the observed UV-Vis spectra could
alone be attributed to the interaction of this heterocycle or if interactions with the remainder of

the ritonavir molecule tuned the spectra of the complex. Indeed, the Soret and o/f regions of the

14
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thiazole-CYP3A4 spectra are identical to that of the ritonavir complex, supporting that the
ritonavir scaffold does not influence the spectrum. (Supplemental Figure S2) The K of thiazole
is 34+1.0 mM a pH 7.4, more than 4800-fold higher than that measured for ritonavir.
Additionally, the Kq of thiazole is nearly one- and two-orders of magnitude higher than the Kqy
values measured for 1,2,4-triazole and imidazole(Conner et al., 2012) and, as supported by
density functional theory calculations (vide infra), it is among the weakest azaheterocyclic
ligands for thiolate-ligated Fe**-heme.

NMTI was synthesized and titrated into the CYP3A4 to lend further support that the
unique features of the difference spectra were attributed to the deprotonation and coordination of
the N-methylthiazolium unit of NMeR. NMTI did not produce difference spectra with the
conditions used for NMeR. However, incubation of 20 mM NMTI with 4 uM CYP3A4 at pH 8.4
over 2.5 hours results in a difference spectra having a split Soret band with maxima at 378 nm
and 464 nm, similar to the features obtained with NMeR. (Supplemental Figure S1) This result
both underscores the importance of the ritonavir scaffold to achieve reasonable binding affinity
and supports the notion that the N-methylthiazolium fragment contributes the unusual spectral
features to the NMeR-CY P3A4 complex.

Crystal structures clearly demonstrate that analogs of ritonavir lacking the phenyl side
chains maintain the “thiazole-first” binding mode. In cases when the thiazole has been replaced
with another azaheterocycle coordination is generally maintained. Additionally, in examples
wherein the azaheterocycle is absent, the orientation of the remaining scaffold remains cons stent
with that of ritonavir. (Kaur et a., 2015; Sevrioukova and Poulos, 2012; Sevrioukova and
Poulos, 2013) Moreover, the observation that deaza-ritonavir (the heme coordinating nitrogen is

replaced by C-H) produces a partial type | spectral change is similarly consistent with “thiazole-
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first” binding. Hence, evidence supports that the “thiazole-first” binding mode is very tolerant to
scaffold changes and we therefore expected NMeR to assume a similar orientation in the active
site. Nevertheless, we sought to investigate the possibility that pH change partialy inverts
NMeR'’s binding mode such that the isopropyl unit is oriented toward the heme iron and that this
scenario could underly the unusual features of the difference spectra. To test this hypothesis,
titration experiments were performed with MITV (Figure 1), a truncated analog of ritonavir
representing only the left-hand side of the molecule and lacking the heme-coordinating thiazole.
MITV should only produce atype Il spectraif the isopropyl thiazole fragment interacts with the
CYP3A4 heme and was thereby used as a tool to investigate the pH dependence of isopropyl
thiazole fragment coordination. Illustrated in Figure 4G-I, features of the difference spectra are
pH-independent and they lack the distinctive 467 nm band observed in NMeR difference spectra.
Furthermore, MITV is acomparatively weak ligand for CYP3A4 (Kq = 1.1-2.4 mM) and exhibits
only atwo-fold decrease in K4 with increasing pH. These differences preclude the possibility that
the unusual difference spectra are the result of pH-dependent NMeR inversion in the CYP3A4
active site.

The strongly red-shifted component at 467 nm is a characteristic typically observed in the
spectra of Fe**-carbene complexes.(Hodgson and Philpot, 1974; Ruf et al., 1984; Wolf et al.,
1977) While there is no obvious electron source capable of reducing the Fe**-thiazol-2-ylidenein
Figure 2D to a Fe**-thiazol-2-ylidene species under the present experimental conditions, the
spectra of the NMeR -CYP3A4 complex was treated with both oxidizing and reducing agents
with the expectation that a spectral changes would provide insight into the dominant iron
oxidation state prior to treatment with these reagents. In the presence of the reducing agent

sodium dithionite, Fe*-NMeR-CY P3A4/Fe’*-CYP3A4 difference spectra revealed notable
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changes. Spectra of the reduced species (Figure 3B) displayed a prominent Soret band at 447
nm. Conversely, measurement of difference spectra in the presence of the strong oxidant
potassum hexachloroiridate did not reveal any changes in the difference spectra with the
exception of moderate increases in the intensities of the 433 nm and 467 nm bands over three
hours. However, an equivalent increase was likewise observed in the control experiments lacking
potassum hexachloroiridate. The observation that the CYP3A4-NMeR complex is readily
reduced to a spectroscopically distinct species, possibly the corresponding to Fe?*-CY P3A4-
NMeR complex while being resistant to a strong one electron oxidant supports that CY P3A4-
NMeR complex is a Fe**-carbene complex.

Resonance Raman Spectroscopy of CYP3A4. rR spectroscopy permits measurement of the
symmetry-allowed vibrational transitions of the heme chromophore in the P450 active site
environment. Since the vibrational manifold is sensitive to changes in eectronic structure and
conformation of the heme, we have used this approach to interrogate the effects of pH and ligand
binding on these characteristics of the CYP3A4 active site. To these ends, rR spectra of ligand-
free CYP3A4 as well as the ritonavir and NMeR complexes were measured. (Figure 5) The
high-frequency regions of CYP3A4 rR spectra are illustrated in Figure 5A-C. The oxidation-
state sensitive marker bands (v4) are positioned at 1374 cm™ in al spectra regardless of pH or
ligand and are consistent with the Fe** state of the heme in these experiments. Spin-state
sensitive bands in the spectra of ligand free CY P3A4 occur at 1502 cm™ (vs), 1584 cm* (v,), and
1638 cm™ (v1o), all of which are consistent with a predominately low-spin Fe**-H,0 enzyme. In
the pentacoordinate high-spin state, these markers are expected to shift to ~1490 cm™ (v3), ~1570
cm™ (v,), and ~1630 cm™ (v10). Due to its minimal overlap with other bands in the spectra, the

intensity of vs is routinely used to determine the relative contributions of the spin states. In the
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ligand-free enzyme, a high-spin component of vsis represented as a small shoulder 1490 cm™.
Fitting of the high- and low spin components of the bands to two Gaussians and determination of
their relative intensities reveals only a small pH dependent variation from 8.6 + 0.5% at pH 6.0
t0 3.6 £ 0.5% at pH 8.4. At pH 7.4, the high-spin contribution was determined to be 4.9 + 0.5%
in agreement with the 5% contribution previously-determined for the ligand-free enzyme. (Mak
et a., 2013) The remaining rR spectral features nearly overlap over the entire pH range,
supporting that these changes do not appreciably influence the heme or its immediate
environment.

At pH 6.0, NMeR-bound CYP3A4 has strong contributions from the high-spin marker
bands at 1489 cm™ (v3), 1569 cm™ (v2), and 1632cm™ (vag). As the pH increases, their intensities
decrease and they coalesce into their corresponding low-spin components. Focusing on v3 to
guantitate the contributions of each spin state, the high-spin contribution was found to be
maximal at pH 6.0 (30.5 + 0.5%) and decreases with increasing pH to aminima at pH 8.4 (4.3 =

0.5%). Nonlinear least-squares fitting of the %HS and pH values to the equation

0 (0 ) ‘
%HS= A)Hsﬂm 1(/E|)_|;[§|mf);|<a /OHSmm)

results in an apparent pK, of 7.4 for the high- to low- spin trangition. (Figure 6) In contrast to
NMeR, features of the rR spectra with ritonavir are resistant to changes in pH and they indicate
that the high spin content does not exceed 3%. Considering the pH resistance of rR spectra of the
ligand-free and ritonavir-bound enzymes and the near identical chemical structures of these
ligands, it appears that the observed pH dependence of the spin shift with NMeR is attributable
to its N-methylthazolium unit. Hence, the apparent pK, of 7.4 is tentatively assigned to the
NMeR C2 proton and the loss of the high-spin enzyme is attributed to capture of the thiazol-2-

ylidene by the CYP3A4 heme.
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The corresponding low frequency regions of the rR spectra are illustrated in Figure 5D-
F. Spectra of the ligand-free and ritonavir bound enzymes are similarly resistant to changes in
pH. Furthermore, their spectra are very similar with the exception of the so-called “propionate”
bands that generally have components positioned at ~370 cm™, ~380 cm™*, and ~390 cm™. While
the positions of these bands can be affected by changes in interactions between the propionates
and the protein, recent evidence obtained with hemes containing isotopically-labelled methyl
groups support that these modes are more adequately characterized as out-of-plane distortions of
the heme C and D pyrroles.(Mak et al., 2004; Podstawka et al., 2006) The “propionates’
envelope of the ligand-free enzyme has bands positioned at 371 cm™ and 380 cm™. These plus an
additional band at 387 cm™ appear in spectra of the ritonavir bound enzyme. A similar band
positioned at 390 cm™ also appears in the spectra of the NMeR complex; although its intensity is
pH-dependent. Since this band consistently appears in the ritonavir spectra and is pH-dependent
in NMeR spectra, we speculate that this increase in Raman activity is caused by a conformational
change in the propionates and/or the C/D rings of the heme that accompanies coordination by the
ligand.
Density Functional Theory Calculations. To assess the geometries and strength of the iron-
carbon bond formed between the thiazol-2-ylidene and the P450 heme relative to other
azaheterocyles and MDP, density functional theory calculations employing the B3LYP-D3 and
MO06 density functionals were employed. The former functional was selected because it has been
widely applied to study P450 chemistry( Shaik et al., 2010; Shaik et al., 2005), while the latter
was selected for its improved peformance for the treatment of transition metal
complexes.(Cramer and Truhlar, 2009) The geometry of a model thiazol-2-ylidene coordinated

to the ferric iron of our truncated model optimized at the M06/def-TZVP level of theory is
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illustrated in Figure 7. Both density functionals predict a stable, low-spin (S=1/2) complex with
the Fe-C and Fe-S bond lengths comparable to the corresponding Fe-N (~2.1 A) and Fe-S (~2.3
A) bond lengths observed in high-resolution crystal structures of P450-imidazole complexes.
(Sugimoto et al., 2008; Verras et al., 2006) Attempts to optimize the geometry of a complex with
the sulfur atom coordinated to the iron atom resulted in dissociation of the complex. Geometry
optimizations at both levels of theory with other azaheterocycles (Table 1) predict that these
distances vary at most by ~0.06 A. However, the Fe-C bond in the MDP complex is notably
shorter by 0.05- 0.10 A compared to those predicted for the azaheterocycle complexes. In an
effort to determine the relative binding energy of the thiazol-2-ylidene in comparison with other
azaheterocyles and MDP, energy changes for displacement of H,O from a low-spin H,O-
coordinated model were calculated for each of the respective fragments:
[(Porphyrin®)(Fe*)(HS )(H,0)] + L — [(Porphyrin® )(Fe*)(HS )(L)] + H,O

Displacement of H,O by the fragments are consistently exothermic. With the exception of water
displacement by N1 of 1,2,3-triazole and thiazole, the predicted energetic trends are the same for
both the M06 and B3LYP-D3 functionals. Taking the magnitude of the exothermicity as an
index of ligand strength, the trend follows as: thiazol-2-ylidene > 1,2 4-triazole > MDP >
imidazole >1,2,3-triazole > thiazole. These results differ in some respects to those described by
Conner et al., whose study evaluated the energetics of water exchange by imidazole, 1,2,4-
triazole, and 1,2,3 triazole using an identical model system, M06 functional, and the spin-state
corrected 6-31G basis set.(Conner et al., 2012; Swart et al., 2010) This study reported the
energetic trend: imidazole (-5.3 kcal‘mol™) > 1,2,4-triazole (-3.2 kcal-mol™) > 1,2,3 triazole-N2
(-2.8 kcal'-mol™) > 1,2,3 triazole-N1 (-1.7 kcal-mol™). Notable differences between our results

and those described in Conner et al. include the two- to five-fold differences in exothermicities

20

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 28, 2016 as DOI: 10.1124/mol.116.103721
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #103721

as well as the prediction that coordination of imidazole is more exothermic than 1,2,4-triazole.
We speculate that these differences are attributable to the moderately-sized basis set used in their
calculations. Owing to our use of alarger, more flexible basis set in these studies as well as the
close agreement between the results obtained with two density functionals with different
theoretical underpinnings, we are confident that our calculations are more reliable. Nonetheless,
these calculations support that of the fragments that frequently occur in type Il inhibitors of P450
enzymes, the thiazol-2-ylidene is among the strongest ligands for Fe**-P450, closely followed by
the two possible binding modes of 1,2,4-triazole.

To complement experimental evidence that NMeR binding to CYP3A4 results in a
thiazol-2-ylidene complex, time-dependent density functional theory calculations were used to
predict vertical excitation energies and oscillator strengths (f) that are comparable to
experimental UV-Vis absorption spectra. To confirm the validity of this approach, calculations
were initially performed using models of systems with extensively documented UV-Vis spectra.
Specifically, vertical excitation energies and oscillator strengths of the Fe?*-CO and Fe**-MDP
model systems were calculated. The Fe**-CO complex was predicted to have a strong Soret band
at 448.7 nm (f= 0.0126), while the a Fe**-MDP was predicted to have two nearly-degenerate
bands in the Soret region at 454.3 nm (f = 0.0229) and 454.6 nm (f = 0.0230). These predictions
are in excellent agreement with measured spectra of the synthetic complexes [(Fe**)(PPIX?
)(CH3sSY)(CO)] and [(Fe*)(TPP?)(nBuS")(MDP)] that have Soret bands at 450 nm and 459 nm,
respectively.(Collman and Sorrell, 1975; Mansuy et al., 1979) Recognizing the accuracy of the
approach for these systems, it was applied to the Fe**-thiazol-2-ylidene complex. Vertical
excitations of 430.4 nm (f = 0.0026) and 461.5 nm (f = 0.0010) were predicted, consistent with

those observed in of NMeR-Fe**-CY P3A4 spectra.
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Discussion

Herein we describe a detailed spectroscopic investigation of the complex between an N-
methylthiazolium analog of ritonavir and CYP3A4. Despite the obstruction of the heme-
coordinating nitrogen atom by methylation, it fails to consistently produce UV-Vis spectra
demonstrative of the expected high-spin transition of the hemeiron. In view of the acidity of the
N-methylthiazolium C2 proton and the senstivity of its pKa to environment, variable-pH
spectroscopy studies were executed. Difference spectra confirmed that the contribution of the
high-spin enzyme decreases with increasing pH, having definitively type-l characteristics at pH
6.4 and split Soret bands at pH > 7.4 that include a red-shifted component at 467 nm. The red-
shifted component is smilar to those observed in “metabolic intermediate complexes’ that result
from the bioactivation of dihalomethanes and methylenedioxyphenyl compounds to
carbenes.(Hodgson and Philpot, 1974; Ruf et al., 1984; Wolf et al., 1977) Changes in UV-vis
spectra are accompanied by an increase in the affinity of NMeR for CYP3A4, indicative of
further stabilization of the interaction under these conditions. While the affinity of NMTI for
CYP3A4 was too low to be measured by difference spectroscopy, extended incubations with
large concentrations at high pH likewise produce spectra with the distinct red-shifted band
observed in the NMeR-CYP3A4 complex supporting that this fragment constitutes the heme-
coordinating element. Conversely, variable pH difference spectroscopy demonstrates that
changes in this condition do not appreciably affect the binding affinities or characteristics of the
spectra obtained with the closaly-related compounds ritonavir or MITV. Taken together with the
established acidity of the N-methylthiazolium C2 proton, these data point to the possibility that
this fragment is deprotonated to a thiazol-2-ylidene, an N-heterocyclic carbene, that in turn

coordinates to the heme iron and is responsible for the unusual difference spectra. Density
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functional theory calculations using a minimal model of the putative thiazol-2-ylidene complex,
[(FE*)(Porphyrin®)(HS")(thiazol-2-ylidene)], revealed that it is indeed stable and electronic
excitation energies calculated using time-dependent density functional theory are in excellent
agreement with UV-Vis spectra of the NMeR-bound CYP3A4. This remarkable agreement
bolsters the assignment of this interaction as a thiazol-2-ylidene-coordinated heme and supports
that the unusual spectra are directly attributable to electronic transitions of the heme and this
unusual ligand.

A more detailed view of the heme electronic structure and the influence of pH on its
immediate environment was provided by rR spectroscopy. Only rR spectra of the NMeR-
CYP3A4 complex demonstrated pH dependence and only those bands corresponding to changes
in spin state and out-of-plane distortions of the C/D pyrroles were affected. Since the binding
mode of NMeR is expected to closely resemble that of ritonavir whose rR spectra are not
influenced by pH, these experiments likewise support that the pH-dependence is attributable to
the N-methylthiazolium fragment. Hence, we tentatively assign the apparent pK, of 7.4 to the
NMeR C2 proton in the active site of CYP3A4. This value is at best an approximation of this
pKa for two reasons. First, the relative spin state contributions only provide an indirect measure
of a protonation/deprotonation equilibria. Second, the deprotonated speciesis readily captured by
the heme and thereby distorts the equilibria. Nevertheless, this pKj is in line with the estimates
made for the C2 proton in thiamine-dependent enzymes.

Deprotonation of an alkylthiazolium ion to a thizol-2-ylidene likewise occurs in the
catalytic cycles of thiamine-dependent enzymes. Following the initial observation of Breslow
that the C2 proton of N-methylthiazolium exchanges with D,O with a half-life of 20 min,

deprotonation of this position remains generally accepted as the initial step in thiamine-
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dependent catalysis.(Breslow, 1958) The first solution pK, measurements of thiamine and N-
methylthiazolium yielded values of 12.7 and > 13.5, respectively.(Hopmann and Brugnoni,
1973) Later measurements for thiamine assigned the C2 proton a pK, of 18.0. Despite their high
solution values, the active sites of these enzymes are known to suppress the C2 proton pK,such
that it is readily deprotonated under physiological conditions. Thisideais supported by the NMR
studies of C2 deprotonation kinetics in pyruvate decarboxylase and transketolase that showed
that the protein environment accelerated these rates by as much as 2 x 10°.(Kern et al., 1997)
There is also evidence that pyruvate decarboxylase suppresses the pK, of its enamine
intermediate from 15.4 in water to ~ 6 in the enzyme environment, a change that corresponds to
abillion-fold rate enhancement for enamine deprotonation.(Jordan et al., 1999)

Spectroscopic measurements of thiazole and NMTI binding to the enzyme reveal they are
very poor ligands, thus the high affinities of ritonavir and NMeR (at high pH) are conferred by
hydrophobic interactions between the active site and the remaining ritonavir scaffold. Hence, for
N-methylthiazolium to bind, the energetic destabilization resulting from placing a cation in the
non-polar environment must be offset by hydrophobic interactions between CYP3A4 and the
scaffold. By compelling the N-methylthiazolium unit to enter this environment, the
thermodynamic preference to accommodate the neutral thiazol-2-ylidene is enhanced and
thereby drives the equilibrium toward deprotonation. This phenomenon is manifested as a
measurable pK, suppression.

Calculations support that the thiazol-2-ylidene interaction with the P450 heme is at |east
as strong as the azaheterocycles found in the tightest binding competitive inhibitors of P450s.
Conversdly, thiazole is predicted to be among the weakest ligands for the Fe**-P450. However

ritonavir binds to CYP3A4 with nearly eight-fold higher affinity at pH 8.4. This apparent
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discrepancy is logical for two reasons. First, since NMeR is a quaternary cation there is a larger
energetic penalty associated with stripping bound water molecules (desolvation) from the ligand
before it enters the active site. Second, in ritonavir the thiazole N-atom is optimally positioned
for coordination to the heme iron, while this is not the case for the C2 in NMeR. Hence,
positioning of the C2 and accommodation of the methyl group likely coincide with a substantial
rearrangement of this region relative to the binding mode observed for ritonavir, thereby adding
to the energetic penalty. Indeed, NMeR is not improvement over ritonavir with regard to affinity.
However, it does demonstrate a novel carbene-P450 interaction that has the potential for
optimization and possible applications in the development of inhibitors for CYP3A4 and other
PA50s. Finally, unlike other carbene ligands, oxidative or reductive bioactivation of the parent

molecule is unnecessary to generate the iron-coordinating el ement.
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Figure Legends
Figure 1. Structures of ritonavir, NMeR, and MITV. The CYP3A4 heme-coordinating nitrogen
atom is highlighted with a dashed circle and the site of hydroxylation isindicated with an arrow.

The acidic C2 proton in NMeR isindicated as |abeled.

Figure 2. Putative proton-dependent equilibria between the N-methylthiazolium unit (A) and
thiazol-2-ylidene (B). The N-methylthiazolium is expected to bind above the heme plane,
displace the coordinated water molecule, and induce a low- to high-spin transition of the heme
iron. (C). Thiazol-2-ylidene is a Lewis base that replaces the water ligand to form a

hexacoordinate low-spin complex. (D)

Figure 3. UV-Vis absorption spectra of Fe**-CYP3A4 (2 uM) in the presence of 200 pM NMeR
at pH 6.0, 6.4, 7.0, 7.4, 8.0, and 8.4. The Soret and o/p bands are in insets. (A) Representative
Fe?*-CY P3A4-NMeR/Fe**-CY P3A4 difference spectrum. Samples contained 1.5 uM CYP3A4

and 200 uM NMeR. (B)

Figure 4. CYP3A4 (2 uM) absorbance difference spectra and binding isotherms (inset) for
NMeR (A-C), ritonavir (D-F), and MITV (G-I) each a pH 6.4, 7.4, and 8.4 (left to right)
Reported Ky values and Hill coefficients for ritonavir are the mean of three ligand titration
experiments + standard deviation. Inset binding isotherms illustrate data from a single
representative titration experiment with the corresponding data fitting. Spectra of MITV in buffer
show that the strong band at 360 nm is attributable to the ligand and not the complex with

CYP3AA4.

34

202 ‘/T |11dV uo speuinor 134S Y e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on April 28, 2016 as DOI: 10.1124/mol.116.103721
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #103721

Figure 5. RR spectra of ligand-free (A,D), NMeR bound (B,E), and ritonavir bound (C,F) Fe*-
CYP3A4 a pH 6.0, 6.4, 7.0, 7.4, 8.0, and 8.4. The high- and low-frequency regions are
illustrated in panels A-C and D-F, respectively. Protein concentrations were 8-10 uM and those
of NMeR and ritonavir were 200 uM. The high- and low- frequency spectra were normalized to
the intensities of the v4 and vgbands, respectively. Bands at 721 cm™ and 1421 cm™ are present
in samples containing ligands alone (without CYP3A4) and are therefore not attributable to the
CYP3A4-NMeR or CYP3A4-ritonavir complexes. Arrows indicate the direction of the intensity

changes occurring in relevant bands with increasing pH.

Figure 6. Titration curve illustrating the pH-dependence of spin -state in NMeR bound CY P3A4

derived from the vs bands of rR spectra.

Figure 7. MO6/def2-TZVP optimized geometry of the [(Porphyrin®)(Fe*")(HS)(N-methyl

thiazol-2-ylidene)] complex. The Fe-C2 and Fe-S distances are labeled in Angstroms. Distances

of the complex optimized at the B3LY P-D3/def2-TZVP level of theory are in parentheses.
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Tables.
Table 1. Density functional theory energetics (kcal-‘mol™) for replacement of water as the
proximal ligand in a truncated model of the P450 active site by several heterocycles and relevant

bond distances in the complexes.

MO6/def2-TZVF B3LYP-D3/def2-TZVP
Ligand (X) AE Fe-X Fe-S AE Fe-X Fe-S
Thiazol-2-ylidene -16.1 213 2.24 -15.4 212 2.26
1,2,4-Triazole (N2) -15.2 2.10 221 -14.0 212 2.22
1,2,4-Triazole (N4) -14.8 211 221 -13.6 211 2.22
M ethylenedioxyphenyl-2-ylidene -10.7 2.05 2.23 -10.3 2.00 2.24
Imidazole -10.3 2.10 2.22 -9.8 2.10 2.23
Pyridine -85 217 2.22 -9.0 216 2.22
1,2,3-Triazole (N2) -6.9 211 221 -6.6 214 221
1,2,3-Triazole (N1) -6.4 2.13 221 -5.4 2.13 2.22
Thiazole -4.6 2.16 221 -75 2.13 2.22
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Figure S1. CYP3A4 absorbance difference spectra for NMTI at pH 8.4. Concentrations of CYP3A4 and
NMTI were 4 uM and 20 mM, respectively. Following addition of NMTI, spectral scan were collected

every 5 minutes over 2.5 hours. Arrow indicate the directions of band growth with time.
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Supplementary Material

Fe3*-1,24-triazole (N4) complex

47

Energy = -2892.924856782
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Fe**-Methylenedioxyphenyl-2-ylidene complex
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Supplementary Material

Fe**-imidazole complex

48

Energy = -2876.889811607
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Fe**-pyridine complex
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Energy = -2898.940386212
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Supplementary Material

Fe3*-1,2,3-triazole (N2) complex
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Energy = -2892.895999098
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Fe3*-1,2,3-triazole (N1) complex
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Energy = -2892.894456902
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Supplementary Material

Fe**-thiazole complex
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Energy = -3219.694739665

ooz aoaozaoaononoo0oan0zann

|

e

ImoDoD@D@oD@DI@onoD@oD@D@oDEDIoDIOoDEDnoOnaoozo0oa0a0on0anz

11.
10.
10.
.8101887
12.
.0222620
.8242790
.5762111
.6470530
.3227914
.6435122
.7154709
.3561069
.6809014
.9001491
.6719593
.7164166
.0866531
.5084506
.3221006
.5789220
.5226124
.8446852
.1163047
.4598800
.6929546
.6551033
.1689066
.4469676
.4887439
.5421950
.5824968
.7042529
.1294407
.5745409
.6726499
.6596091
.5990117
.4484246
.0049883
.5758486
.5069813
.5294037
.2831501
.7189362
.5973326
.6938103

11

(2 I I A I & B 2T S o) I N BNe]

T e
= N R OOV

[y
o N O

=
OOV E D ROV R WWVWII VO

=
oV O W WK

[y
o

4813250
2448733
4692940

4515201

UL |
o

N

NHEF WORFR WL &SDNO-R

4.
.5101810
.3681990
.3356896
.4987031
.9255006
.2413331
.6863279
.7471627
.7283598
.0525152
.5966707
.3734850
.3611987
.4871732
.2264042
.5388049
.9682777
.0486403
.2211918
.6888983
.7911733
.2315604
.8836441
.3407069
.0507861
.5637623
.2159917
.1861007
.3017902
.1585063
.8048070
.5934507
.8062651
.1531487
.7829074
.4616753
.7289459
.5982617
.8584108
.1626592
.7112203
.4379169
.4127143
.6988654
.9816041
.4230344

ONEHEFDNWWWWNDDNDW

= o

[ = I = I =N

2280137

10.
10.
9.
9.
10.
10.

10
11

N OO N g0 Uo0NN 0N 0NN 000 00NN 000000

T =
=== O

6657505
4862009
7702439
5039831
0610585
9849823
8675276

.4332105
11.
10.
10.
.8449745

1256055
3646676
2176457

0913936

.7513949
.0083657
.8640654
.5377692
.3166672

3082237

.6318041
.1045466
.4821282
.2360779
.4785294

7926011

.5196720
.6862001
.5988364
.6202578
.0847741

1746080

.2807952
.5298700
.9129562
.3202742
.6604793

0401077

.3813067
.9955364
.5332919
11.
.9903439

1964267

6604573

.5758865
.8084809
.6002074
.9356100

S8

Jennings et al. Molecular Pharmacology

Fe**-water complex
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Energy = -2727.124151301
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7915762

.6258468
.9022338
.6382713
.4198299
.4150493
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.4391960
.6420149
.9817824
.5160954
.0772181

2081565

.0965256
.8818109
.5113753
.9524135
.2001136
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MO06/def2-TZVP geometries Fe3*-1,2,4-triazole (N2) complex
Fe3*-thiazol-2-ylidene complex 47
scf done: -2892.747493
50 c -0.013794 0.027234 0.019895
scf done: —3258.806228 c -0.017345 0.009869 1.452009
c 2.215324 ~0.525901 0.263318 c -1.160237 0.001451 2.224860
c 1.279109 ~0.119526 ~0.604858 c -1.186562 0.010075 3.604406
Fe -1.515449 0.124167 2.813152 c -2.385376 -0.027529 4.391374
c ~1.006331 3.097892 2.782085 c 0.210980 -0.004798 6.828258
c ~0.197575 4.115015 3.386247 c 1.590511 0.002884 6.849766
c 0.615400 3.491986 4.267246 N 2.398859 0.010478 5.755659
c —4.010156 2.691400 0.526234 Fe 1.820865 0.102693 3.842925
c —4.600637 1.509123 0.242791 N 3.751188 0.091400 3.267972
c ~3.844873 0.498178 0.924608 c 4.849140 0.124633 4.078606
N —0.265636 ~0.805819 4.081676 c 4.818630 0.094016 5.458129
c ~0.166140 ~2.146571 4.288534 c 3.446271 0.098705 0.850737
c 0.815292 —2.419287 5.295784 N 1.832856 -2.002013 3.836898
N —2.262552 ~1.637825 2.239000 c 0.949181 -2.941746 4.099080
c ~1.870440 ~2.864352 2.676054 S 1.881854 2.312991 3.827247
c —2.687266 ~3.882008 2.084354 H 6.272064 0.203046 1.106432
H 2.052605 ~1.017441 6.448942 H 1.968071 0.013167 9.046252
H 1.076958 ~3.407976 5.646283 H -0.302813 -0.017456 7.782876
H _0.697289 ~4.146778 3.874025 H -2.612277 -0.053771 6.574639
H —5.469596 1.315946 ~0.369355 H 1.689377 0.079316 -1.364382
H —4.289182 3.683044 0.200994 H 3.956734 0.130118 -0.105273
H -3.943721 0.954300 3.955834
H 3.242444 -0.775074 0.051186
H -0.785894 0.520929 -1.862826
H -1.923677 -0.122543 -0.660728
H -1.372534 1.559821 -0.544584
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Fe**-1,2,4-triazole (N4) complex Fe**-Methylenedioxyphenyl-2-ylidene complex
47 52
scf done: -2892.747941 scf done: -3069.979509
c -0.019397 0.003138 0.036624 o 1.869975 -1.138155 -0.000208
C -0.021498 -0.002835 1.468996 C 1.134128 -0.040493 -0.000114
N 1.254482 0.004778 1.940937 o 1.928667 1.014394 -0.000241
c 2.062131 0.030646 0.846550 c 3.235606 0.586454 -0.000371
c 1.274668 0.023602 -0.349723 Fe -0.919321 0.025027 0.000104
c -1.163660 -0.008522 2.243086 S -3.141096 0.193748 0.000651
c -1.188940 0.008806 3.623312 N -0.808327 0.022151 -1.999151
C -2.385642 -0.026619 4.411877 C -0.865797 -1.065101 -2.816886
C -1.998256 -0.017990 5.706620 C -0.860262 -0.650213 -4.186174
c -0.565201 0.022564 5.707814 c -0.812176 0.701039 -4.184638
N -0.091996 0.035772 4.430515 c -0.789025 1.112691 -2.814579
c 0.214171 0.021065 6.847328 c -0.946913 -2.378978 -2.401810
c 1.593799 0.030308 6.866526 c -0.995309 -2.796505 -1.087293
N 2.400666 0.027357 5.771152 C -1.067416 -4.169933 -0.677101
c 3.676700 0.060548 6.241518 c -1.067910 -4.170691 0.672517
c 3.675952 0.069137 7.673737 c -0.996094 -2.797725 1.084302
c 2.382439 0.050888 8.062042 N -0.961700 -1.980462 -0.001028
Fe 1.827442 0.104921 3.855562 c -0.780520 2.429061 -2.398642
N 3.746886 0.101597 3.281020 c -0.806143 2.848253 -1.084182
C 4.842838 0.111020 4.087695 N -0.833773 2.031424 0.001201
C 6.041068 0.113971 3.299035 C -0.804652 2.846956 1.087500
c 5.654054 0.107698 2.005676 c -0.772726 4.222002 0.677101
c 4.219547 0.100693 2.004901 c -0.773768 4.222809 -0.672178
c 4.818471 0.091140 5.467028 c -0.948131 -2.381644 2.399291
c 3.441519 0.067217 0.866014 c -0.866139 -1.068286 2.815803
N 1.862049 -2.001701 3.857739 N -0.807670 0.019828 1.999282
C 2.888603 -2.837654 3.554079 C -0.787130 1.109436 2.815949
N 2.584720 -4.106723 3.651475 c -0.810329 0.696246 4.185544
N 1.296497 -4.068355 4.037645 c -0.859962 -0.654952 4.185552
c 0.871313 -2.810586 4.158685 c -0.777929 2.426253 2.401469
S 1.879779 2.317372 3.827015 H -0.754608 5.063609 -1.350069
H 6.265528 0.109718 1.115321 H -0.752549 5.061990 1.355967
H 7.041073 0.122362 3.707158 H -0.760813 3.189939 3.170956
H 5.771374 0.108042 5.983879 H -0.804160 1.373305 5.027184
H 4.566403 0.093544 8.284583 H -0.903014 -1.330736 5.027141
H 1.975183 0.057235 9.062467 H -0.989912 -3.145792 3.167424
H -0.298203 0.018910 7.802943 H -1.110934 -5.010596 1.350459
H -2.610142 -0.032050 6.596747 H -1.109961 -5.009076 -1.356015
H -3.385793 -0.049285 4.004297 H -0.988023 -3.142318 -3.170782
H -2.116772 -0.020462 1.726201 H -0.902751 -1.325085 -5.028525
H -0.909279 -0.000843 -0.575614 H -0.806941 1.379057 -5.025510
H 1.683075 0.039807 -1.349513 H -0.764556 3.193632 -3.167275
H 3.953677 0.077057 -0.089515 H -3.457954 -1.116974 0.000161
H 0.609474 2.562126 4.206481 C 4.406630 1.302982 -0.000472
H 0.790278 -4.924149 4.193758 c 5.564055 0.537813 -0.000685
H -0.124679 -2.515360 4.455729 c 5.527555 -0.854847 -0.000695
H 3.866019 -2.484603 3.259341 c 4.331289 -1.558684 -0.000484
c 3.198877 -0.782258 -0.000392
H 4.422352 2.384192 -0.000467
H 6.524839 1.037544 -0.000846
H 6.460542 -1.404693 -0.000879
H 4.290641 -2.639294 -0.000547
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Fe**-imidazole complex

50

48 scf done:
scf done: -2876.710748 C -0.
C -0.019009 0.226997 0.030545 C -0.

N -0.019217 0.008565 1.383148 N

C 1.221931 -0.233160 1.725633 C
N 2.026184 -0.179716 0.647139 C 1
C 1.247627 0.113450 -0.444234 C -1.
Fe -1.673641 0.047993 2.680662 C -1
S -3.473220 0.109158 3.977569 N -0
N -1.315071 1.999097 2.945976 C -0
C -0.553136 2.564292 3.920261 C -1
C -0.600880 3.992642 3.819632 C -2
C -1.409820 4.281371 2.777255 C 0
C -1.855914 3.029448 2.242576 C 1
C 0.160423 1.877737 4.881255 C 2
C 0.202155 0.503971 5.010860 C 3
C 0.972116 -0.193068 5.999469 C 3
C 0.773674 -1.512760 5.786779 N 2
C -0.117254 -1.620438 4.668404 C 4
N -0.451613 -0.382510 4,210303 C 4
C -2.721607 2.907345 1.174757 N 3
C -3.186729 1.714298 0.661012 C 4
N -2.859831 0.477503 1.123859 C 5
C -3.505454 -0.408614 0.318413 C 6
C -4.261554 0.288090 -0.682139 Fe 1
C -4.063744 1.606645 -0.469256 S 1
C -0.545105 -2.814993 4.124569 C 3
C -1.380150 -2.937600 3.032911 N 1
N -1.902102 -1.906623 2.316047 C 2
C -2.682246 -2.469979 1.355379 C 2
C -2.638868 -3.898239 1.457616 C 2
C -1.830595 -4.188848 2.499986 C 1
C -3.425995 -1.782448 0.417989 C 1
H -4.863145 -0.193514 -1.439070 H -1
H -4.466700 2.448844 -1.012502 H 1
H -3.069627 3.821942 0.707857 H 3
H -1.699778 5.247940 2.391989 H 6
H -0.079156 4.669483 4.480331 H 7
H 0.727520 2.464194 5.595606 H 5
H 1.576828 0.288027 6.754370 H 4
H 1.179451 -2.354748 6.328439 H 2
H -0.203732 -3.729460 4.596843 H -0
H -1.556001 -5.155750 2.895637 H -2
H -3.175374 -4.573580 0.807364 H -3
H -3.999357 -2.368794 -0.291276 H -2
H -2.890259 -0.169576 5.160730 H 2
H 3.019942 -0.329190 0.648566 H 0
H 1.655444 0.212297 -1.435444 H 0
H 1.570046 -0.446768 2.725023 H 2
H -0.927588 0.449913 -0.505717 H 3
H 3
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.561600
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.780571
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.888167
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.168646
.595175
.025605
.852254
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.352949
.978387
.814287
.922450
.131491
.262930
.218593
.045012
.518209
.835572
.172748
.034675
.853791
.730345
.192219
.107400
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.087160
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Fe3*-1,2,3-triazole (N2) complex Fe3*-1,2,3-triazole (N1) complex
47
47
scf done: -2892.716115 N 1.079443 0.000461 2.438332
N 0.048433 -0.012947 0.000980 N -0.010822 0.000513 1.745090
C 0.047663 0.015456 1.362238 C -1.091845 0.001815 2.562256
C 1.391848 0.021364 1.857020 C -0.632255 0.002580 3.845248
o 2.203289 0.009331 0.777120 N 0.709136 0.001650 3.708907
c 1.355605 -0.004587 -0.376251 Fe -0.000182 -0.000265 -0.381955
o -1.073808 0.052463 2.165041 S 0.085098 -0.001022 -2.591403
o -2.377431 0.076787 1.711613 N -0.001376 1.997390 -0.282428
C -3.531334 0.117866 2.556631 C -1.088471 2.816497 -0.296467
o -4.613326 0.117937 1.743637 o -0.674569 4.186974 -0.303078
o -4.121411 0.075802 0.400112 o 0.676664 4.184979 -0.305184
N -2.754813 0.043467 0.398497 c 1.087229 2.813581 -0.299862
o -4.914738 0.043154 -0.729430 o -2.404760 2.403750 -0.314696
o -4.448802 -0.006756 -2.027328 o -2.824859 1.089191 -0.336473
N -3.140197 -0.034896 -2.403048 C -4.197835 0.678082 -0.322747
C -3.137757 -0.044458 -3.763573 C -4.198750 -0.673410 -0.322382
o -4.480665 -0.043291 -4.260561 o -2.826374 -1.086374 -0.335830
o -5.294532 -0.019083 -3.182556 N -2.005469 0.000837 -0.343445
Fe -1.539285 0.078476 -1.209942 o 2.402662 2.397533 -0.322232
N -0.338434 0.026926 -2.799466 o 2.818142 1.083109 -0.346457
C -0.713967 -0.001650 -4.104495 N 1.999854 -0.001284 -0.357598
C 0.441487 -0.018313 -4.956761 C 2.816738 -1.086701 -0.346359
o 1.518699 -0.005765 -4.146848 o 4.192611 -0.676906 -0.336596
o 1.019709 0.017817 -2.800179 o 4.193455 0.671581 -0.336590
o -2.013284 -0.035747 -4.562998 o -2.407731 -2.401400 -0.313147
o 1.817309 0.005395 -1.676216 o -1.091857 -2.815511 -0.294735
N -1.533971 -2.034843 -1.198336 N -0.003767 -1.997727 -0.281316
N -2.256803 -2.710937 -0.310715 C 1.083861 -2.815235 -0.298852
o -2.098762 -4.029180 -0.491269 o 0.671676 -4.186113 -0.303471
o -1.231449 -4.119072 -1.547426 o -0.679558 -4.186520 -0.300913
N -0.909764 -2.870825 -1.951126 c 2.399752 -2.400653 -0.321673
S -1.491168 2.284683 -1.295698 H 5.032185 -1.356522 -0.330898
H 0.403072 -0.040911 -6.035934 H 5.033899 1.350121 -0.330921
H 2.566071 -0.015749 -4.410094 H 3.168513 3.165043 -0.327007
H 2.891319 0.005708 -1.823911 H 1.355349 5.025235 -0.318264
H 3.282779 0.016374 0.740466 H -1.351062 5.029059 -0.314075
H 1.657465 0.041079 2.903787 H -3.169141 3.172820 -0.318934
H -0.918438 0.079924 3.237799 H -5.038735 1.356186 -0.317269
H -3.496735 0.147947 3.635952 H -5.040575 -1.350360 -0.316573
H -5.659458 0.147788 2.011097 H -3.172810 -3.169774 -0.316830
H -5.989199 0.069171 -0.586082 H -1.357078 -5.027786 -0.311196
H -6.374086 -0.002121 -3.148459 H 1.349372 -5.027170 -0.316350
H -4.744292 -0.051070 -5.307909 H 3.164825 -3.168943 -0.326489
H -2.164621 -0.050511 -5.636429 H -1.237737 -0.000071 -2.851854
H -2.312400 2.552596 -0.260226 H -1.129300 0.003540 4.799815
H -2.592919 -4.766039 0.118044 H 1.421128 0.001813 4.421627
H -0.827507 -4.992392 -2.031476 H -2.098196 0.002062 2.177142
H -2.804823 -2.174807 0.354847
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Fe**-thiazole complex Fe**-water complex
47 42
scf done: -3219.543336 scf done: -2726.973144
o 0.102054 0.620464 0.155126 N 0.024054 -0.043473 -0.036619
N 0.005267 0.037941 1.314185 c 0.023040 -0.025751 1.328007
C 1.186351 -0.549055 1.675139 C 1.363689 -0.041779 1.824653
C 2.187669 -0.410591 0.775310 C 2.179463 -0.050803 0.746542
S 1.638827 0.489807 -0.573121 o 1.336972 -0.039580 -0.409094
Fe -1.801646 0.010190 2.498964 o -1.100545 0.018988 2.127320
S -3.615625 0.000155 3.757034 o -2.399698 0.067487 1.666757
N -0.986694 1.446116 3.630715 c -3.557781 0.106173 2.511123
C -1.109692 2.787737 3.446488 C -4.631720 0.137283 1.693974
C -0.439903 3.497869 4.497084 C -4.129799 0.117252 0.351579
o 0.079181 2.566963 5.325058 N -2.767826 0.073569 0.353609
o -0.269263 1.289138 4.775762 o -4.925057 0.130698 -0.774054
o -1.786402 3.396223 2.410131 o -4.461005 0.110188 -2.072023
c -2.469678 2.739759 1.407192 N -3.151632 0.069676 -2.443138
C -3.184482 3.397566 0.354375 C -3.147050 0.110557 -3.804431
o -3.728157 2.427369 -0.414433 o -4.487909 0.151245 -4.304246
o -3.339228 1.177183 0.165130 o -5.304304 0.150598 -3.228523
N -2.568131 1.388170 1.269080 Fe -1.566955 0.137597 -1.243180
o 0.081356 0.079335 5.337729 N -0.356850 0.058160 -2.837887
c -0.237489 -1.156296 4.813517 c -0.724971 0.108175 -4.148955
N -0.947846 -1.367106 3.670302 C 0.433771 0.120580 -4.992627
C -1.009085 -2.717384 3.509113 C 1.508623 0.079539 -4.176936
o -0.305441 -3.375327 4.570076 o 1.006799 0.043666 -2.834820
o 0.169617 -2.405880 5.382771 o -2.025330 0.129083 -4.605883
o -3.675968 -0.059751 -0.346473 o 1.800531 -0.008510 -1.708441
c -3.275184 -1.268566 0.183996 ) -1.594501 -2.047074 -1.272520
N -2.503425 -1.423966 1.294494 S -1.456484 2.330373 -1.278736
C -2.350799 -2.765535 1.458925 H -1.507232 -2.302486 -0.346962
o -3.037337 -3.475969 0.419868 H -0.759419 -2.278843 -1.695530
o -3.615307 -2.546289 -0.369912 H 0.403596 0.155887 -6.071682
o -1.648873 -3.373927 2.478666 H 2.557017 0.074358 -4.436859
H 0.743892 -2.504678 6.292278 H 2.874921 -0.008641 -1.854188
H -0.209372 -4.446842 4.666859 H 3.259098 -0.054110 0.715193
H -1.612272 -4.457622 2.480051 H 1.626361 -0.036286 2.872382
H -3.064457 -4.552190 0.331291 H -0.949100 0.026776 3.200898
H -4.220561 -2.688159 -1.253185 H -3.527176 0.105631 3.590787
H -4.297237 -0.082259 -1.234820 H -5.679893 0.167897 1.953018
H -4.341925 2.526782 -1.297730 H -5.998682 0.167666 -0.627737
H -3.257170 4.469469 0.242317 H -6.383474 0.180176 -3.196764
H -1.798107 4.480372 2.392178 H -4.747350 0.181923 -5.352281
H -0.393431 4.574366 4.573433 H -2.178956 0.169127 -5.678353
H 0.648101 2.707911 6.232273 H -2.213935 2.588931 -0.193232
H 0.653200 0.100318 6.258644
H -4.536026 -0.072958 2.774029
H 3.198168 -0.781345 0.836216
H -0.714145 1.151361 -0.317895
H 1.251328 -1.071538 2.620030

S13



Supplementary Material Jennings et al. Molecular Pharmacology

Fe?*-CO complex Fe?*-Methylenedioxyphenyl-2-ylidene complex
52
41

) 1.864821 -1.090349 0.000001

c -1.140702 2.801236 -0.013584 c 1.051426 0.001597 -0.000002
N -1.378454 1.465872 -0.044120 (o] 1.864786 1.093585 -0.000006
C -2.726234 1.317037 -0.018492 C 3.159751 0.690136 -0.000006
o -3.367838 2.602494 0.019917 Fe -0.795721 0.001276 0.000001
c -2.381719 3.525634 0.023142 S -3.190705 0.050657 0.000002
Fe -0.000999 0.000016 -0.093966 N -0.829495 -1.426444 -1.414450
S -0.059765 0.055582 2.287849 c -0.864129 -2.769040 -1.228189
C -3.398049 0.108583 -0.019173 C -0.890486 -3.448733 -2.495092
C -2.805762 -1.140390 -0.027319 C -0.873033 -2.489442 -3.446253
N -1.471544 -1.376464 -0.060073 o -0.838848 -1.228533 -2.756042
c -1.321647 -2.722499 -0.019003 c -0.880254 -3.404196 -0.000076
c -2.606689 -3.366605 0.026610 c -0.864127 -2.769095 1.228066
c -3.530463 -2.381991 0.021202 c -0.890481 -3.448846 2.494938
C -0.113171 -3.392784 -0.004903 C -0.873026 -2.489598 3.446142
C 1.136188 -2.800372 -0.008875 C -0.838841 -1.228657 2.755988
o 2.376779 -3.524681 0.033873 N -0.829492 -1.426508 1.414387
c 3.363447 -2.601553 0.028168 c -0.832154 0.002507 -3.385580
c 2.722358 -1.316378 -0.016977 c -0.840088 1.233311 -2.756364
N 1.373782 -1.464646 -0.043014 N -0.828957 1.430990 -1.414977
C 3.394618 -0.107909 -0.016313 C -0.873309 2.772633 -1.228002
c 2.802517 1.141040 -0.024739 c -0.904247 3.452886 -2.494742
N 1.467914 1.376017 -0.057279 o -0.881278 2.494444 -3.446242
c 1.317011 2.722093 -0.020484 c -0.832145 0.002354 3.385582
c 2.601600 3.366926 0.023424 c -0.840080 1.233187 2.756423
c 3.526385 2.383126 0.020995 N -0.828952 1.430927 1.415045
C 0.108503 3.392896 -0.010773 C -0.873304 2.772578 1.228130
c 0.010449 -0.007804 -1.904245 c -0.904238 3.452773 2.494901
) 0.031356 -0.020547 -3.046516 o -0.881267 2.494289 3.446358
H -4.438054 2.751818 0.049794 c -0.894346 3.407226 0.000078
H -2.461195 4.603143 0.055822 H -0.902014 2.604773 -4.521493
H 0.143286 4.477257 0.020717 H -0.948235 4.526557 -2.613382
H 2.748392 4.437233 0.061775 H -0.938406 4.491804 0.000103
H 4.603746 2.463890 0.056346 H -0.948225 4.526439 2.613589
H 4.479053 -0.143719 0.012564 H -0.902001 2.604569 4.521614
H 4.433655 -2.751056 0.058468 H -0.846848 0.002095 4.471143
H 2.455983 -4.602139 0.069359 H -0.891444 -2.599670 4.521469
H -0.147273 -4.477084 0.030310 H -0.926346 -4.522782 2.614174
H -2.754346 -4.436669 0.068403 H -0.914625 -4.489180 -0.000101
H -4.607853 -2.461729 0.057656 H -0.926350 -4.522665 -2.614376
H -4.482436 0.144004 0.010193 H -0.891454 -2.599466 -4.521585
H 1.011034 -0.724362 2.534957 H -0.846860 0.002297 -4.471140
H -3.401492 -1.280053 0.000006

c 4.319099 1.425790 -0.000010

C 5.504904 0.695711 -0.000008

C 5.504859 -0.692797 -0.000003

o 4.318975 -1.422728 0.000000

c 3.159749 -0.686911 -0.000002

H 4.305373 2.507677 -0.000014

H 6.450446 1.225165 -0.000011

H 6.450347 -1.222350 -0.000002

H 4.305093 -2.504617 0.000004
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