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Abstract

Homotropic cooperativity of 1-alkoxy-4-nitrobenzene substrates and also their heterotropic 

cooperative binding interactions with the iron ligand 1,4-phenylene diisocyanide (Ph(NC)2) had 

been demonstrated previously with rabbit cytochrome P450 (P450) 1A2 (Miller, G. P. and 

Guengerich, F. P. (2001) Biochemistry 40, 7262–7272). Multiphasic kinetics were observed for 

the binding of Ph(NC)2 to both ferric and ferrous P450 1A2, including relatively slow steps. 

Ph(NC)2 induced an apparently rapid change in the circular dichroism spectrum, consistent with a 

structural change, but had no effect on tryptophan fluorescence. Ph(NC)2 binds the P450 iron in 

both the ferric and ferrous forms; ferric P450 1A2 was reduced rapidly in the absence of added 

ligands, and the rate was attenuated when Ph(NC)2 was bound. No oxidation products of Ph(NC)2 

were detected. Docking studies with a rabbit P450 1A2 homology model based on the published 

structure of a human P450 1A2•α-naphthoflavone (αNF) complex indicated adequate room for a 

complex with either two 1-isopropoxy-4-nitrobenzene molecules or a combination of one 1-

isopropoxy-4-nitrobenzene and one Ph(NC)2; in the case of αNF no space for an extra ligand was 

available. The patterns of homotropic cooperativity seen with 1-alkoxy-4-nitrobenzenes (biphasic 

plots of v vs. S) differ from those seen with polycyclic hydrocarbons (positive cooperativity), 

suggesting that only with the latter does the ligand interaction produce improved catalysis. 

Consistent with this view, Ph(NC)2 inhibited the oxidation of 1-isopropoxy-4-nitrobenzene and 

other substrates.
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Introduction

P4503 enzymes play important roles in the metabolism of drugs, steroids, eicosanoids, fat-

soluble vitamins, and carcinogens in mammals [2]. In the metabolism of drugs, ~75% of the 

reactions are catalyzed by P450s [3,4].

The P450s involved in drug metabolism have been studied extensively. One of the 

phenomena that is still not understood well is ligand cooperativity. Heterotropic 

cooperativity [5,6], in which one ligand stimulates catalysis involving another ligand 

(substrate), was first observed >35 years ago [7–9]. Homotropic cooperativity, recognized 

more recently [10,11], refers to several types of non-hyperbolic plots of v vs. S for a single 

substrate. A number of possible explanations have been proposed to explain cooperativity, 

including “classical” allosteric ligand site binding, multiplicity of ligand binding within a 

large active site, multiplicity of protein conformers, and protein subunit interactions [11–

21].

Much of the research on P450 cooperativity has been directed towards several P450s now 

known to have large substrate binding sites, i.e. P450s 3A4, 2C8, and 2C9 [22–25]. P450 

1A2 has a smaller active site, as revealed in the recently published crystal structure of a 

human P450 1A2•αNF complex [26]. Cooperativity has been described for rabbit P450 1A2 

[27,28] and human P450 1A2 [28]. Homotropic cooperativity was seen in the O-

dealkylation of 1-alkoxy-4-nitrobenzenes, with v vs. S plots being biphasic and 

characterized with two sets of kcat and Km values, with Km,1 < Km,2 [27]. In that study, 

heterotropic cooperativity for ligand binding was observed in the interaction between 1- 

alkoxy-4-nitrobenzenes and an isocyanide, Ph(NC)2.

Isocyanides have a long history in the study of hemoproteins, going back to work in 1929 

with hemoglobin and methyl isocyanide [29]. Isocyanides were also used extensively in 

some of the early research on P450 [30–32]; the divalent carbon atom is liganded directly to 

either ferric or ferrous iron in the P450 [33] and yields a “Type II” Soret difference spectrum 

distinctly different than that often generated by the addition of substrates (low- to high-spin 

iron transition, “Type I”). Titrations of rabbit P450 1A2 with 1-alkoxy-4-nitrobenzenes and 

Ph(NC)2 led to the conclusion that one ligand could enhance the binding of the other, 

indicative of multiple ligand occupancy as opposed to competition of the two ligands for a 

single site [27]. More recently, we have also observed homotropic cooperativity with P450 

1A2 in pyrene 1-hydroxylation (and the subsequent hydroxylation(s) of 1-hydroxypyrene), 

with the v vs. S behavior fitting to highly sigmoidal plots with Hill coefficients (n) of 2 to 4 

[28].

In the present work, several aspects of the interaction of Ph(NC)2 with rabbit P4540 1A2 

were studied, including kinetics of binding, conformational changes of the enzyme (as 

detected by CD spectroscopy), and effects on rates of P450 reduction and catalysis of P450 

1A2 reactions. Modeling of the ligands was done using the published crystal structure of the 

human P450 1A2-αNF complex [26], which is now available as a template. The cooperative 

3Abbreviations used: αNF, α-naphthoflavone (7,8-benzoflavone); (CH3)2CH-OPhNO2, (CH3)2CH-O-PhNO2; P450, cytochrome 
P450 (also termed “heme-thiolate protein P450 [1]; Ph(NC)2, 1,4-phenylene diisocyanide.
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interactions of the 1-alkoxy-4-nitrobenzenes and Ph(NC)2 are rather different that those 

recently described for P450 1A2 and some polycyclic hydrocarbons [28].

Materials and methods

Chemicals

Ph(NC)2 and αNF were purchased from Aldrich Chemical Co. (Milwaukee, WI). Ph(NC)2 

was recrystallized from hexanes. (CH3)2CH-O-PhNO2 was synthesized as previously 

described [27] and recrystallized from a mixture of C2H5OH/H2O.

Enzymes

P450 1A2 was purified from liver microsomes of rabbits treated with β-naphthoflavone 

using slight modification [34] of a previously described method [35]. Recombinant rat 

NADPH-P450 reductase was expressed in Escherichia coli and purified as described 

elsewhere [36].

Assays of product formation

Incubations included P450 1A2 (0.25 µM), NADPH-P450 reductase (0.50 µM), and L-α-

dilauroyl-sn-glycero-3-phosphocholine (23 µM) in 0.10 M potassium phosphate buffer (pH 

7.4) at 37 °C, using an NADPH-generating system [37], with either αNF (14 or 35 µM), 

(CH3)2CH-O-PhNO2 (50 or 700 µM), or pyrene (35 or 140 µM). In the case of aniline, slight 

modifications in concentrations were made (3.3 µM P450 1A2, 6.6 µM NADPH-P450 

reductase, 200 µM L-α-dilauroyl-sn-glycero-3-phosphocholine, and 8 mM aniline [30]). 

Incubations were done for 20 min in the case of the αNF, aniline, and (CH3)2CH-O-PhNO2 

experiments. αNF 5,6-epoxidation was analyzed by HPLC as described elsewhere [28,38]. 

(CH3)2CH-O-PhNO2 O-dealkylation was monitored spectrophotometrically immediately 

after adding the NADPH-regenerating system (release of 4-nitrophenol, ΔA400), as described 

previously, using the extinction coefficient of 4-nitrophenol, ε400 = 12 mM−1 cm−1 [27]. 

Rates of aniline 4-hydroxylation were estimated using a colorimetric procedure [39], 

utilizing an extinction coefficient for 4- aminophenol (generated with a standard curve), ε630 

= 10 mM−1 cm−1 [40]. Pyrene 1- hydroxylation was analyzed by HPLC/fluorescence by 

slight modification of a procedure described elsewhere [28,41].

Spectroscopic measurements

Steady-state UV-visible spectroscopy was done using OLIS-Cary 14 and OLIS-Aminco 

DW2 instruments (On-Line Instrument Systems, Bogart, GA). Steady-state fluorescence 

measurements were made using an OLIS DM-45 instrument. Steady-state CD measurements 

were made with a JASCO 810 instrument (JASCO, Easton, MD) in the Vanderbilt Structural 

Biology facility. Stopped-flow UV-visible and fluorescence measurements were made using 

an OLIS RSM-1000 system (On-Line Instrument Systems) operating in the rapid-scanning 

mode. Stopped-flow CD measurements were made with a modified Applied Photophysics 

SX-17MV instrument (Applied Photophysics, Leatherhead, UK), kindly made available by 

R. N. Armstrong (Vanderbilt Univ.).
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Anaerobic studies were done using custom-made glass cuvettes and tonometers and a 

vacuum/Ar manifold as described previously [42–44], including use of a glucose oxidase-

catalase-glucose enzymatic scrubbing system and loading into the RSM-1000 stopped-flow 

spectrophotometer [44].

Homology model building

A crystal structure of a human P450 1A2-αNF complex [26] was used as the template to 

develop a homology model of rabbit P450 1A2 utilizing the automated homology modeling 

tool SWISS-MODEL [45]. Coordinate files for molecules of (CH3)2CH-O-PhNO2 and 

Ph(NC)2 were generated using the Dundee PRODRG2 server [46] and manually docked into 

the binding cavity (replacing αNF) using Turbo Frodo.4 Simulated annealing was then 

performed with the program CNS Solve 1.1 using the input file model Anneal [47,48]. The 

heme group was fixed during simulated annealing (energy-minimized models were not 

adjusted following annealing).

Results

Kinetics of ligand binding to ferric P450 1A2

Binding of the Type II ligand Ph(NC)2 to ferric P450 1A2 was slow (Fig. 1), with estimated 

rates of 0.07 and 0.01 s−1 using a bi-exponential fit, at a final ligand concentration of 100 

µM. Binding of the substrate (CH3)2CH-O-PhNO2 (data not presented) was also biphasic 

and relatively slow, with rates of 2.9 and 0.08 s−1 measured at a substrate concentration of 

10 µM [28].

Kinetics of binding of Ph(NC)2 to ferrous P450 1A2

The ferrous P450-Ph(NC)2 complex had a strong absorption maximum at 455 nm, typical of 

isocyanide complexes [32,33], which can be used for kinetic analysis of binding. The 

binding of Ph(NC)2 to ferrous P450 was triphasic, with a rapid burst followed by a biphasic 

change that accounted for most of the absorbance increase (Figs. 2a, 2b). When the rates 

were measured as a function of Ph(NC)2 concentration, the fast phase yielded an apparent 

rate constant of 1.4 × 106 M−1 s−1 (Fig. 2c) but the rates of the latter two steps were rather 

invariant with the concentration (Fig. 2d).

CD and fluorescence spectra

The binding of either (CH3)2CH-O-PhNO2 or Ph(NC)2 to P450 1A2 induced changes in the 

CD spectrum (Fig. 3). The far-UV changes are indicative of a change in the conformation of 

the protein and consistent with a decrease (based on [θ220) in α-helicity [49].

Changes in the Trp fluorescence of P450 1A2 have been observed upon binding of 1-

alkoxy-4-acetanilides [50]. We also attempted to monitor the binding of Ph(NC)2 to P450 

1A2 using a decrease (or increase) in P450 Trp fluorescence, but no changes were observed 

(for Trp or Tyr).

4Cambillau, C., and Roussel, A. (1997) Turbo Frodo, Version OpenGL.1, Université Aix-Marseille II, Marseille, France.
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Effect of Ph(NC)2 on catalytic activity of P450 1A2

In the early literature on P450, diethylisocyanide was reported to stimulate the oxidation of 

aniline in rabbit liver microsomes [30,32]. The enhanced spectral changes in substrate 

binding with the presence of Ph(NC)2 [27] raised the possibility of stimulation of P450 1A2 

activity. However, Ph(NC)2 inhibited (CH3)2CH-O-PhNO2 O-dealkylation and aniline 4-

hydroxylation (Fig. 4), as well as αNF 5,6-epoxidation and pyrene 1- hydroxylation (results 

not shown).

Ph(NC)2 was not converted to any products detected using general HPLC-UV profiling by 

rabbit P450 1A2 (< 0.01 nmol of any product min−1 (nmol P450)−1, assuming a similar 

extinction coefficient).

Effect of Ph(NC)2 on rate of P450 1A2 reduction

One of the interesting features of isocyanides is that, in contrast to other Type II P450 

ligands, they bind to both ferric and ferrous P450 heme and the complexes can be discerned 

spectrally (Fig. 5). We were able to examine the effect of Ph(NC)2 on the rate of reduction 

of P450 1A2, which was a 10-fold attenuation (Fig. 5). However, even the attenuated rate 

(of heme reduction) is considerably faster than rates of substrate oxidation, and the 

inhibition of catalytic activity (Fig. 4) is not the result of only the decreased reduction rate. 

To our knowledge, a direct examination of the rates of electron transfer from NADPH-P450 

reductase to a P450 with its heme iron liganded to a Type II ligand have not been 

determined previously, mainly because many ligands have similar spectra in the ferric and 

ferrous states (e.g., cyanide or azoles) and use of CO as a trap would require a dissociation 

step.

Fitting of ligands in a homology model of P450 1A2

The possibility of simultaneous binding of (CH3)2CH-O-PhNO2 and Ph(NC)2 in the active 

site of rabbit P450 1A2, hypothesized earlier [27], was examined by docking the ligands into 

the active site of a homology model based on a human P450 1A2-αNF complex [26] (Fig. 

6a). As with pyrene [28], both molecules can easily fit into the active site of the model, 

regardless of which ligand is bound closest to the heme group (Fig. 6b, 6c). Except for the 

disruption of the F-helix, which was observed in the human P450 1A2-αNF structure [26], 

none of the α-helices that comprise the active-site pocket are disrupted by the simultaneous 

presence of (CH3)2CH-O-PhNO2 and Ph(NC)2.

Discussion

The previous conclusion that both a 1-alkoxy-4-ntrobenzene and Ph(NC)2 could co-occupy 

the active site of P450 1A2 [27] is consistent with the protein model (Fig. 6). The model is 

considered reliable in that the rabbit P450 1A2 sequence has high identity (75%) with the 

human P450 1A2 sequence [52] and the two proteins have many similar functional 

characteristics [34]. The rabbit protein was used both in the previous [27] and the present 

studies because human P450 1A2 is isolated almost exclusively in the high-spin state 

[26,34] and the spectral studies with substrate binding cannot be done (at least using heme 

Soret perturbation approaches). The rabbit P450 1A2 used in this study was estimated to be 
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77% low-spin iron [28], as judged by second-derivative spectroscopy of the Soret band 

[53,54]. Although the protein used in these studies was isolated from rabbit liver 

microsomes, there was no evidence of another P450 or other impurity (i.e., sodium dodecyl 

sulfate polyacrylamide gel electrophoresis), and previous work with recombinant rabbit 

P450 1A2 showed the major cooperative features of the protein purified from liver [27].

The kinetics of binding of Ph(NC)2 were different for ferric and ferrous P450 (Figs. 1, 2). 

Binding to ferrous P450 1A2 showed a fast phase (Fig. 2a), followed by what appear to be 

two much slower phases (Fig. 2b). The rate of the fast phase increased with tc), while the 

two slower steps were rather invariant with the concentration (Fig. 2d). With ferric P450 

(Fig. 1), only a slow biphasic change was seen, and the rates are similar to those of the 

second two steps with the reduced enzyme (Figs. 2b, 2d). The concentration dependence of 

the rates of the two steps in Fig. 1 was not examined. The similarity of the rates of the two 

slow steps in the ferrous and ferric reactions is not due to oxidation of the ferrous to the 

ferric state because the absorbance wavelength used (455 nm) is only indicative of binding 

to the ferrous iron (Fig. 5b). Our conclusion is that the fast rate constant with the ferrous 

enzyme (1.4 × 106 M−1 s−1) might represent the second-order “on” rate (although this is 

somewhat slow [55]) and the slower rates observed with both ferric and ferrous P450 

represent conformational events in changing the protein to achieve the final spectrum. We 

emphasize that the multiphasic kinetics of ligand binding do not constitute any evidence for 

multiple ligand occupancy, in the absence of other data.

The homology model (Fig. 6) is considered reliable, at least for a ground state P450 1A2-

substrate complex [26]. The active site (estimated size 375 Å3 [26]) is large enough to fit 

only one αNF molecule [26] or two pyrenes [28] but either two molecules of (CH3)2CH-O-

PhNO2, two molecules of Ph(NC)2, or one of each ((CH3)2CH-O-PhNO2, Ph(NC)2) (Fig. 6). 

We propose that the co-occupancy by two molecules of (CH3)2CH-O-PhNO2 may be 

responsible for the two-kcat, two-Km behavior (“negative cooperativity”) observed for 

(CH3)2CH-O-PhNO2 O-dealkylation [27]. Fitting of one molecule each of (CH3)2CH-O-

PhNO2 and Ph(NC)2 into the model of the active site (Fig. 6) is consistent with the previous 

conclusions based on comparisons of spectral interactions of the ligands [27]. This 

interaction leads to apparently enhanced binding of (CH3)2CH-O-PhNO2 in the presence of 

Ph(NC)2 (and vice-versa) [27] but results in inhibition of catalytic activity (Fig. 4), even 

when the substrate is (CH3)2CH-O-PhNO2 (Fig. 4a). We proposed that co-occupancy of the 

P450 1A2 active site is a common feature of numerous small substrates (and other ligands) 

but the nature of cooperative behavior is highly ligand dependent [27,28]. Apparently 

loading the active site with two molecules of (CH3)2CH-O-PhNO2 moves the substrate into 

a less favorable conformation for oxidation, explaining the attenuated catalytic efficiency at 

higher substrate concentrations [27]. The interaction of P450 1A2 with Ph(NC)2 increases 

the spectrally detectable binding of (CH3)2CH-O-PhNO2 to P450 1A2 [27] but apparently 

does so in a way that attenuates catalytic activity (Fig. 4). In our earlier work [27] with this 

isocyanide and substrate, the titration results provided evidence that each compound could 

enhance the binding of the other. We postulate that one factor in binding of Ph(NC)2 is the 

interaction of the phenyl ring somewhere in the active site. One option for binding is that 

shown in Fig. 6b, in which the substrate ((CH3)2CH-O-PhNO2) is bound near the iron atom, 
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in juxtaposition for oxidation at the CH position. This configuration may be possible but 

apparently a mode such as that shown in Fig. 6c is more dominant, as reflected in the 

inhibition (Fig. 4). A major point of the present work is that one can get cooperativity in 

binding of ligands but that this does not necessarily translate to catalytic activity, e.g. see 

[56].

In summary, we have been able to extend earlier observations on the heterotropic 

cooperativity of rabbit P450 1A2 [27]. The modeling is clearly consistent with the 

previously presented proposal that one molecule each of Ph(NC)2 and (CH3)2CH-O-PhNO2 

can co-occupy the active site. However, the heterotropic cooperativity yields enhancement 

of substrate binding but not an increase in catalytic activity. Apparently the juxtoposition of 

the 1-alkoxy-4-nitrobenzene imposed by the Ph(NC)2 ligand is unfavorable for catalysis in 

this case, although the nature of such an interaction was not revealed in the modeling.
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Fig. 1. Pre-steady-state kinetics of Ph(NC)2 binding to ferric P450 1A2
The kinetic trace (ΔA434–A400) obtained for Ph(NC)2 (100 µM) binding to P450 1A2 (1 µM) 

was fit to a bi-exponential plot with rates of 0.07 and 0.01 s−1.
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Fig. 2. Pre-steady-state kinetics of ligand binding to ferrous P450 1A2
P450 1A2 (1.0 µM final concentration following mixing) was reduced anaerobically in the 

presence of 0.25 µM NADPH-P450 reductase (and 75 µM L-α-dilauroyl-sn-glycero-3-

phosphocholine and an NADPH-generating system [36]. (a) First portion of reaction with 30 

µM (final concentration) of anaerobic Ph(NC)2. The initial part of the trace was fit to a 

single exponential of k1 = 23 ± 0.2 s−1. (b) Latter phases of the reaction were fit to a 

biexponential plot with k2 = 0.14 ± 0.01 s−1 and k3 = 0.016 ± 0.003 s−1. (c) Rates of k1 were 

determined at varying concentration of Ph(NC)2 and fit to a plot, with an intercept near 0 

and a calculated second-order rate of 1.4 (± 0.1) × 106 M−1 s−1. (d) Values of k2 and k3 as a 

function of Ph(NC)2 concentration.
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Fig. 3. CD spectra of Ph(NC)2 binding to rabbit P450 1A2
The solid line (—) is a scan with 0.41 µM P450 1A2 alone and the dotted line (----) is the 

scan following the addition of Ph(NC)2 (40 µM), followed by a 15 min incubation. The 

cuvette pathlength was 1 mm and A220 was < 0.2 in both cases.
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Fig. 4. Inhibition of P450 1A2 catalytic activity
(a) (CH3)2CH-O-PhNO2 O-dealkylation, as measured by absorbance at 400 nm. The data 

were fit to a straight line to determine the amount of 4-nitrophenol formed per min. The 

dotted line (----) shows the rate of O-dealkylation of 700 µM (CH3)2CH-O-P-hNO2 and the 

solid line (—) line shows the rates measured with 50 µM (CH3)2CH-O-PhNO2. (b) Aniline 

4-hydroxylation. Formation of p-aminophenol (substrate concentration of 8 mM aniline) was 

monitored by measuring absorbance at 630 nm after derivatization.
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Fig. 5. Effect of Ph(NC)2 on rate of enzymatic reduction of P450 1A2
All experiments included 2.0 µM P450 1A2, 4.0 µM NADPH-P450 reductase, and 75 µM L-

α-dilauroylsn-glycero-3-phosphocholine, with the reaction initiated by the addition of 100 

µM NADPH (23 °C, anaerobic conditions, argon atmosphere). (a) Reduction in absence of 

ligands, measured at 390 nm. The first part of the trace was fit to a single exponential with a 

rate of 25 (± 1) s−1. (b) Reduction in the presence of 100 µM Ph(NC)2, measured at 455 nm. 

The data were fit to a bi-exponential plot with k1 = 1.3 ± 0.02 s−1 and k2 = 0.14 ± 0.002 s−1. 

Residuals traces for the fits are shown in both parts a and b. The inset in Part b shows the 
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difference spectra generated by the addition of 100 µM Ph(NC)2 to ferric (peak near 430 nm, 

trough at 395 nm) and ferrous (peak at 455 nm, trough at 405 nm) P450 1A2 (2.0 µM).
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Fig. 6. Docking of ligands into homology model of rabbit P450 1A2
(a) Rabbit P450 1A2 homology model (magenta ribbon) with heme group (red sticks) and 

(CH3)2CH-O-PhNO2 plus Ph(NC)2 (sticks with space-filling mesh). SRS5: Substrate 

recognition sequence 5 [51]. (b) Active-site of rabbit P450 1A2 homology model (magenta 

ribbon) with heme group (sticks) and (CH3)2CH-O-PhNO2 plus Ph(NC)2 (sticks), with 

(CH3)2CH-O-PhNO2 modeled close to heme Fe in the most productive mode and sidechains 

highlighted. (c) Active-site of rabbit P450 1A2 homology model (yellow ribbon) with heme 

group (sticks) and Ph(NC)2 plus (CH3)2CH-O-PhNO2 (sticks), with Ph(NC)2 liganded to 

heme Fe and side chains highlighted.
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