
ACCEPTED VERSION 

 
Matthew N. Podgorski, Joshua S. Harbort, Tom Coleman, Jeanette E. Stok, Jake A. Yorke, 
Luet-Lok Wong, John B. Bruning, Paul V. Bernhardt, James J. De Voss, Jeffrey R. Harmer, 
and Stephen G. Bell 
 Biophysical techniques for distinguishing ligand binding modes in cytochrome P450 
monooxygenases 
Biochemistry, 2020; 59(9):1038-1050 

 

This document is the Accepted Manuscript version of a Published Work that appeared in 
final form in Biochemistry, copyright © 2020 American Chemical Society after peer review 
and technical editing by the publisher. To access the final edited and published work see 
http://dx.doi.org/10.1021/acs.biochem.0c00027 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://hdl.handle.net/2440/123598 

PERMISSIONS 

http://pubs.acs.org/page/4authors/jpa/index.html 
 
The new agreement specifically addresses what authors can do with different versions of their 
manuscript – e.g. use in theses and collections, teaching and training, conference presentations, sharing 
with colleagues, and posting on websites and repositories. The terms under which these uses can occur 
are clearly identified to prevent misunderstandings that could jeopardize final publication of a manuscript 
(Section II, Permitted Uses by Authors). 

Easy Reference User Guide 
 
7. Posting Accepted and Published Works on Websites and Repositories: A digital file of the 
Accepted Work and/or the Published Work may be made publicly available on websites or repositories 
(e.g. the Author’s personal website, preprint servers, university networks or primary employer’s 
institutional websites, third party institutional or subject-based repositories, and conference websites that 
feature presentations by the Author(s) based on the Accepted and/or the Published Work) under the 
following conditions: 
 
• It is mandated by the Author(s)’ funding agency, primary employer, or, in the case of Author(s) 
employed in academia, university administration. 
• If the mandated public availability of the Accepted Manuscript is sooner than 12 months after online 
publication of the Published Work, a waiver from the relevant institutional policy should be sought. If a 
waiver cannot be obtained, the Author(s) may sponsor the immediate availability of the final Published 
Work through participation in the ACS AuthorChoice program—for information about this program see 
http://pubs.acs.org/page/policy/authorchoice/index.html. 
• If the mandated public availability of the Accepted Manuscript is not sooner than 12 months after online 
publication of the Published Work, the Accepted Manuscript may be posted to the mandated website or 
repository. The following notice should be included at the time of posting, or the posting amended as 
appropriate: 
“This document is the Accepted Manuscript version of a Published Work that appeared in final form in 
[JournalTitle], copyright © American Chemical Society after peer review and technical editing by the 
publisher. To access the final edited and published work see [insert ACS Articles on Request author-
directed link to Published Work, see http://pubs.acs.org/page/policy/articlesonrequest/index.html ].” 
• The posting must be for non-commercial purposes and not violate the ACS’ “Ethical Guidelines to 
Publication of Chemical Research” (see http://pubs.acs.org/ethics). 
• Regardless of any mandated public availability date of a digital file of the final Published Work, 
Author(s) may make this file available only via the ACS AuthorChoice Program. For more information, 
see http://pubs.acs.org/page/policy/authorchoice/index.html. 
 

24 March 2021 

http://dx.doi.org/10.1021/acs.biochem.0c00027
http://hdl.handle.net/2440/123598
http://pubs.acs.org/page/4authors/jpa/index.html
http://pubs.acs.org/userimages/ContentEditor/1285231362937/jpa_user_guide.pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/articlesonrequest/index.html
http://pubs.acs.org/ethics
http://pubs.acs.org/page/policy/authorchoice/index.html


Biophysical techniques to distinguish ligand binding modes in cyto-

chrome P450 monooxygenases 

Matthew N. Podgorski,†, Joshua S. Harbort,‡, Tom Coleman, †, Jeanette E. Stok,¶ Jake A. Yorke,∫ 
Luet-Lok Wong,∫ John B. Bruning, Paul V. Bernhardt,*,¶James J. De Voss, *,¶ Jeffrey R. Harmer*,‡ 
and Stephen G. Bell*,† 

† Department of Chemistry, University Adelaide, Adelaide, SA, 5005, Australia.  
‡ Center for Advanced Imaging, University of Queensland, Brisbane, QLD, 4072, Australia.  
¶ School of Chemistry and Molecular Bioscience, University of Queensland, Brisbane, QLD, 4072, Australia.  
∫ Department of Chemistry, University of Oxford, Inorganic Chemistry Laboratory, South Parks Road, Oxford, OX1 3QR, 
UK.  
School of Biological Sciences, University of Adelaide, SA 5005, Australia 

ABSTRACT: The cytochrome P450 superfamily of heme monooxygenases catalyze important chemical reactions across nature. The 
changes in the optical spectra of these enzymes, induced by the addition of substrates or inhibitors, are critical for assessing how these 
molecules bind to the P450, enhancing or inhibiting the catalytic cycle. Here we use the bacterial CYP199A4 enzyme (Uniprot ID; 
Q2IUO2), from Rhodopseudomonas palustris HaA2, and a range of substituted benzoic acids to investigate different binding modes. 
4-Methoxybenzoic acid elicits an archetypal type I spectral response due to a 95% switch from the low- to high-spin state with 
concomitant dissociation of the sixth aqua ligand. 4-(Pyridin-3-yl)- and 4-(pyridin-2-yl)-benzoic acid induced different type II UV-
vis spectral responses in CYP199A4. The former induced a greater red shift in the Soret wavelength (424 versus 422 nm) along with 
a larger overall absorbance change and other differences in the -, β- and -bands. There were also variations in the ferrous UV-vis 
spectra of these two substrate-bound forms with a spectrum indicative of Fe-N bond formation with 4-(pyridin-3-yl)benzoic acid. 
The crystal structures of CYP199A4, with the pyridinyl compounds bound, revealed that while the nitrogen of 4-(pyridin-3-yl)benzoic 
acid is coordinated to the heme, with 4-(pyridin-2-yl)benzoic acid an aqua ligand remains. Continuous wave and pulse EPR data in 
frozen solution revealed that the substrates are bound in the active site in a form consistent with the crystal structures. The redox 
potential of each CYP199A4-substrate combination was measured, allowing correlation between binding modes, spectroscopic prop-
erties and the observed biochemical activity. 

Introduction 

The cytochrome P450 (CYP) superfamily of heme-thiolate 
monooxygenase enzymes can catalyze the insertion of an oxy-
gen atom into an unactivated C-H bond as well as a wide range 
of other chemical transformations.1-3 These are essential biolog-
ical functions, which are difficult to carry out chemically, but 
impressively these enzymes perform these reactions under am-
bient conditions, often with high selectivity and activity. The 
first step of the archetypal P450 catalytic cycle is usually sub-
strate binding to the six coordinate (Cys-aqua) ferric heme rest-
ing state, which results in the expulsion of the distal aqua lig-
and. This allows efficient transfer of the first electron and com-
mencement of the catalytic cycle.4-9 Oxygen binding is the next 
step and the ferrous dioxy-bound form then undergoes a second 
single electron reduction followed by oxygen activation to gen-
erate the active oxidant, the ferryl Compound I (Cpd I) interme-
diate.10-15 The hydroxylation reaction then proceeds via the rad-
ical rebound mechanism of Groves and McClusky.16, 17 

Ligand binding to a P450 is not only crucial for initiating the 
catalytic cycle but tight binders that aren’t substrates are effec-
tive inhibitors of these enzymes.4, 18-20 It has been postulated that 
this inhibition arises not only from competitive inhibition of 

substrate binding but can also involve a change in the redox po-
tential of the P450, effectively preventing formation of the fer-
rous heme.18-20 Many of the azole anti-fungal drugs act by bind-
ing tightly to P450s that are essential for steroid formation in 
fungi.21 In addition, competition by different P450 xenobiotics 
involved in human metabolism is believed to be responsible for 
many drug-drug interactions.22 Given these observations, it is 
not surprising that many biophysical techniques have been used 
to assess ligand affinity and binding mode e.g. active site and/or 
heme ligation. The most common technique is UV-vis optical 
spectroscopy but X-ray crystallography, EPR spectroscopy and 
more recently, spectroelectrochemistry experiments, which 
combines UV-vis spectroscopy with redox potential determina-
tion, are also used. 23, 24,25, 26  

A ferric P450 heme can be high-spin (HS, S = 5/2), or low-spin 
(LS, S = 1/2), and these electronic ground states can be distin-
guished by optical and EPR spectra.26-33 The UV-vis spectrum 
of a substrate-bound cytochrome P450 is dependent on the na-
ture of heme ligation. A type I change (blue shift; 418 nm to 
390 nm) is associated with an increase in HS character upon 
ligand binding to the enzyme, whereas a reverse type I spectral 
change (red shift; 390 nm to 418 nm) reflects a change from 
more HS to LS character. A type II difference spectrum (red 
shift; typically 418 nm to 420-424 nm) is indicative of ligand 



 

binding to the heme or perturbation of the environment of the 
heme-bound ligand (see below) and arises as a result of a 
stronger axial ligand field. Type II spectra have been subdivided 
into two types: IIa reflects a shift from the HS to LS form 
whereas IIb reflects a LS to LS state switch but with a stronger 
ligand field.27 Ligands which bind in type II fashion are often 
nitrogen-donor inhibitors as they prevent reduction and coordi-
nation of dioxygen. When assessing the heme bound ligands of 
P450cam (CYP101A1) Dawson and co-workers found differ-
ences in the spectral shifts with different nitrogen containing 
ligands and classified these as “normal” or “abnormal” donor 
shifts.29 Such inhibitors have profoundly important bioactivi-
ties: for example, the azole antifungal drugs function by type II 
binding to and inhibition of P450s involved in sterol biogenesis. 

Recent results have highlighted that type II shifts are more com-
plex than first thought.23, 24, 34-36 For example the extent of the 
red-shift of the Soret band in the spectrum (max) is known to be 
dependent on the electronic properties of the N-donor ligand but 
this relationship is poorly defined. Therefore, it is not always 
clear whether the different max values are due to restraints that 
alter the nitrogen-iron interaction, electronic effects, a popula-
tion of the substrate binding in different conformations, or a 
combination of these factors. Type II shifts have also been re-
ported for nitrogen containing ligands which do not directly co-
ordinate to the heme but interact noncovalently with the heme 
aqua ligand and these interactions do not always lead to inhibi-
tion of catalytic activity.23 This binding mode in various P450 
enzymes has been investigated using continuous wave (CW) 
and pulse EPR spectroscopy.26, 28, 32, 33, 37-40 Given the im-
portance of substrate/inhibitor binding to P450s and the differ-
ent modes available we have used a set of biophysical measure-
ments to characterize selected binding modes in a single en-
zyme system.  

The cytochrome P450 monooxygenase, CYP199A4 from Rho-

dopseudomonas palustris HaA2 (Uniprot ID; Q2IUO2), has a 
high affinity for para-substituted benzoate substrates.7, 8, 41-44 It 
is able to bind and demethylate 4-methoxy- and 4-methylami-
nobenzoic acids, while 4-ethylbenzoic acid is hydroxylated and 
desaturated to form alcohol and alkene products.7, 42, 44 The ox-
idation activity of CYP199A4 for these substrates, which is sup-
ported by a ferredoxin reductase (HaPuR) and a [2Fe-2S] ferre-
doxin (HaPux), is high.7, 45 The selectivity of CYP199A4 for 
oxidation at the para-substituent is also high. As with P450cam, 
the binding of a substrate which displaces the aqua ligand and 
changes the spin state, has been shown to be a critical factor for 
efficient transfer of the first electron to CYP199A4 and com-
mencement of the catalytic cycle. This step is also associated 
with a significant change in the redox potential of the heme.4, 5, 

46 Structural analyses of the substrate-bound forms of 
CYP199A4 have been undertaken7, 43, 45, 47 and these crystal 
structures explain the preference of CYP199A4 for attack at the 
para-substituent.7, 43, 45 They highlight that the benzoate moiety 
is held in the substrate binding pocket by both hydrophilic and 
hydrophobic interactions. Modification of the substrate benzo-
ate moiety greatly diminishes binding affinity but replacement 
at the para-substituent carboxylate with alternate functional 
groups is possible.7-9, 44, 45 Consistent with the ≥95% spectral 
type I shift to the HS form observed when 4-methoxybenzoic 
acid binds, the para-methoxy group is held in proximity to the 
heme (the methyl group is 4.1 Å from the iron) and the aqua 
ligand is displaced (PDB: 4DO1).43 Therefore changing the 
para-moiety allows facile positioning of different substituents 
close to the heme. 

 

Figure 1 CYP199A4 substrates investigated in or relevant to this 
study. The numbering system, relevant for the naming or the pyri-
dinyl benzoic acids, is highlighted. In this system the 4 in all sub-
strates refers to the para-substituent of the benzoic acid. In the pyr-
idinyl benzoic acids the 2 and 3 numbering refers to the ortho or 
meta relationship of the pyridinyl nitrogen to the benzoic acid 
group. 

As a result of this CYP199A4 is suitable for studies comparing 
different cytochrome P450 binding modes using substrates with 
different nitrogen containing moieties at the para-position. 
Here we investigate how two pyridinyl substituted benzoic ac-
ids, which could act as inhibitors of the enzyme, bind to 
CYP199A4 (Figure 1). The crystal structures of CYP199A4 
with these substrates were determined to provide insight into 
the different substrate binding modes and spectral responses ob-
served. Optical spectroelectrochemical determination of the re-
dox potential of CYP199A4 in the presence of each sub-
strate/inhibitor was undertaken, providing further correlation 
between binding mode and different physicochemical proper-
ties. 

Experimental Details 

Redox potential determination 

Optical electrochemistry utilized a Pine Instruments quartz 
spectroelectrochemical cell comprising a combination Pt ‘hon-
eycomb’ working electrode and Pt auxiliary electrode with a 
separate Ag/AgCl reference electrode. The optical path length 
was 1.7 mm. The reference electrode was calibrated with 
quinhydrone (E +285 mV vs NHE at pH 7). The solutions were 
approximately 20 μM in CYP199A4 (in Tris buffer (50 mM, 
pH 7.4). To avoid interference from highly colored organic 
meditators each experiment contained 20 μM of the complexes 
[Co(AMMEN3S3sar)]5+, [Co(CLMEN4S2sar)]3+, 
[Co(AMMEN5Ssar)]3+, [Co(sep)]3+, [Co(AMMEsar)]3+, 
[Co(cis-diammac)]3+ and [Co(trans-diammac)]3+ (see Support-
ing Information) which provided redox buffering across the po-
tential range 0 <  Eh < -600 mV vs NHE. 48, 49 These complexes 
have small molar extinction coefficients ( < 300 M-1cm-1) so 
they make no significant contribution to the visible spectra at 
micromolar concentrations.  

Potential dependent absorption spectra were acquired across the 
range 370 to 800 nm within an anaerobic glovebox (O2 < 20 
ppm) with an Ocean Optics USB2000 fiber optic spectropho-
tometer and a DT-MINI-2-GS miniature deuterium/tung-
sten/halogen UV-Vis-NIR light source. Potentials were set with 
a BAS100B/W potentiostat operating in constant potential elec-
trolysis mode and absorption spectra acquired when all absorb-
ance changes ceased (typically within 10 min). Spectra were 
taken at 25 mV intervals and reversibility was established by 
stepping the potential firstly in negative and then in positive di-



 

rections. No significant hysteresis was found. Data were mod-
eled by global analysis of the potential dependent absorbance 
spectra (all wavelengths) with Reactlab Redox50 using a single 
electron transfer model (equation 1).  𝐴𝑏𝑠(𝐸) = 𝐴𝑏𝑠𝑚𝑎𝑥1 + 10𝐸−𝐸159                            (1) 
The measurement and analysis of redox potentials using organic 
mediators was performed as described previously.46, 51 

Protein crystallization and X-ray crystallography  

For crystallization, CYP199A4 was further purified by size ex-
clusion chromatography (HiPrep Sephacryl S-200 HR 16 x 600 
mm, GE Healthcare). For both pyridinyl compounds a co-con-
centration method was used to obtain crystals. 4-(Pyridin-3-
yl)benzoic acid or 4-(pyridin-2-yl)benzoic acid (3 mM) from a 
100 mM stock solution in 100% DMSO was added to dilute 
protein (~10 μM). The mixture was incubated at 4 ˚C for 2 
hours, and the protein-ligand complex was then concentrated to 
30-40 mg mL1. Crystals were obtained using the hanging-drop 
vapor diffusion method at 16 oC using 1 µL of protein with 1 
µL of reservoir solution and equilibrated with 500 µL of the 
same reservoir solution. Clusters of red plate-like crystals ap-
peared within half a day to one week from 30-40 mg mL1 
CYP199A4 with a reservoir solution containing 0.2 M magne-
sium acetate tetrahydrate, 20-32% w/v PEG-3,350 and 0.1 M 
Bis-Tris pH 5.0-5.75.  

Crystals were harvested using a Microloop or Micromount 
(MiTeGen), then cryoprotected by immersion in Parabar 10312 
(Paratone-N, Hampton Research) and flash cooled in liquid N2. 
X-ray diffraction data was collected at 100 K on the MX1 beam-
line at the Australian Synchrotron.52, 53 All diffraction data were 
indexed and integrated using iMosflm;54 scaled, merged and R-
free flags were added using Aimless,55 both available in the 
CCP4 suite of programs.56 The phase problem was solved using 
the molecular replacement method with Phaser in CCP4,57 us-
ing CYP199A4 (PDB: 5UVB, with the substrate and heme re-
moved) as the initial search model. Electron density maps were 
obtained after initial model building and the model was rebuilt 
using Coot.58 Structural refinements were performed over mul-
tiple iterations using Phenix Refine available in the Phenix suite 
of programs.59 Composite omit maps were generated using the 
composite omit maps program in Phenix. Data collection and 
structural refinement statistics for the data sets are summarized 
in the Supporting Information. The coordinates for the crystal 
structures of the substrate-bound CYP199A4 have been depos-
ited in the Protein Data Bank. 

EPR spectroscopy  

Sample preparation. P450 samples used for EPR experiments 
were expressed in E. coli as described earlier and purified in 
buffer with 10-20% cryoprotectant glycerol to a final P450 con-
centration of ~500 μM. 4-Methoxybenzoic acid was dissolved 
in ethanol to a concentration of 100 mM and added to 
CYP199A4 solution for a final substrate concentration of 
≈1000 μM. 4-(Pyridin-2-yl)benzoic acid and 4-(pyridin-3-
yl)benzoic acid were less soluble in ethanol and so were dis-
solved instead in DMSO (to 100 mM) and added to CYP199A4 
solution for a final concentration of ≈1200 μM. The pyridine 
substrates were incubated in a 4°C fridge, for ~12 hours for 4-
(pyridin-2-yl)benzoic acid, and for ~24 hours for 4-(pyridin-3-

yl)benzoic acid before freezing. Samples were transferred to 
EPR tubes and frozen rapidly in liquid nitrogen for EPR meas-
urement. CW EPR. X-band CW EPR spectra were measured at 
15 K on a Bruker E500 (Bruker E580) spectrometer equipped 
with a Bruker super-high Q spherical CW EPR resonator (a 
Bruker 4 mm ENDOR resonator model EN4118X-MD4) and 
liquid helium cryostat (from Oxford Instruments or a cryogen-
free variable temperature cryostat from Cryogenic Ltd, model 
PT415). CW EPR data was measured with a modulation ampli-
tude of 0.5 mT, a 100 kHz modulation frequency, and under 
non-saturating conditions. The magnetic field was calibrated 
with 2,2-diphenyl-1-picrylhydrazyl (DPPH), g = 2.0036. 
Pulsed EPR. Pulse X-band EPR spectra were measured on a 
Bruker E580 spectrometer using a 1 kW TWT microwave am-
plifier and a Bruker 4 mm ENDOR resonator, model EN4118X-
MD4. The pulse sequences used are as follows.  HYSCORE, 
π/2 - τ - π/2 - t1 - π - t2 - π/2 - τ – echo using mw pulse lengths 
of tπ/2 = 16 ns, tπ = 16 ns, with starting times 48 ns, time incre-
ments 20 ns, a repetition rate 765 s, observer field positons 
295-297 mT, and τ values 144 -152 ns. An eight-step phase cy-
cle was used. Blind-spots were checked for by comparing spec-
tra measured with different τ values. The time traces were base-
line corrected with an exponential, apodized with a Gaussian 
window, and zero-filled. After a two-dimensional Fourier trans-
formation, absolute-value spectra were calculated.  X-Band 

Mims ENDOR, π/2 - τ - π/2 - TRF - π/2 – echo using mw pulse 
lengths of tπ/2 = 14 ns, a selective radiofrequency (rf) pulse of 
variable frequency and length (between 9 μs to 16 μs) applied 
during the time interval TRF. Spectra were measured at 12.5 K 
using a repetition time of 1 to 1.5 ms using a 150 W or 500 W 
rf amplifier (Amplifier Research, model 150A400 and model 
500A250C). Blind spots were checked for by comparing spec-
tra measured with τ values of 82 ns and 142 ns.  Data Pro-

cessing and EPR Simulations. EPR data were processed using 
MATLAB 8.5.0.197613 (R2015a) (The MathWorks, Inc.). 
Simulations were performed using EasySpin60 and XSophe-So-
phe-XeprView61 

Results 

Assessment of substrate binding by UV-vis spectroscopy 

Substrate binding to cytochrome P450 enzymes can be conven-
iently measured by monitoring the UV-vis absorbance spectrum 
upon addition of the compound of interest.27, 29, 62 Both 4-(pyri-
din-2-yl)- and 4-(pyridin-3-yl)-benzoic acids induced type II 
spin state shifts in CYP199A4 (Figure 2). However, 4-(pyridin-
3-yl)benzoic acid induced a greater shift in the λmax (λmax: 424 
versus 422 nm) and there were distinguishable differences be-
tween the spectra in the region of the /β bands (Figure 2, Table 
S1 and Figure S1). The modifications on the addition of these 
substrates were more apparent in the difference spectra (Figure 
2 and Figure S1). The peak and trough for 4-(pyridin-2-yl)ben-
zoic acid are at 430 and 412 nm, respectively, while those for 
4-(pyridin-3-yl)benzoic acid are at 432 and 414 nm. With 4-
(pyridin-3-yl)benzoic acid there was a greater decrease in the 
Soret band trough as well as a significant lowering of the ab-
sorbance in the region corresponding to the  band (at 570 nm). 
There was also an increase in absorbance at 372 nm. The peak-
to-trough absorbance difference was smaller with 4-(pyridin-2-
yl)benzoic acid and the /β band region increased slightly in 
intensity (at 577 nm). The differences in the spectral shifts with 
4-(pyridin-3-yl)benzoic acid were reminiscent of those  



 

Table 1 Substrate/inhibitor binding and in vitro turnover data for CYP199A4 with 4-methoxybenzoic acid, 4-(pyridin-2-

yl)benzoic acid and 4-(pyridin-3-yl)benzoic acid.  

Substrate  HS %  Kd  

(M) 

Em,8 b 

(V vs NHE) 

NADH PFR Coupling  

(%)d 

4-methoxyBAa  >95 0.28 ± 0.01 -0.188 1340 ± 28 1220 ± 120 91 ± 2 

4-(pyridin-2-yl)BA Type II 422 nm 1.0 ± 0.1 -0.462 9.8 ± 2.1 -c -c 

4-(pyridin-3-yl)BA Type II 424 nm 2.3 ± 0.1 -0.321 30.0 ± 2.8 -c -c 

substrate-free - - -0.438 9.0 - - 
a Data published previously.7, 43 b All the redox potentials are presented with a precision of  +/- 10 mV c No product formation. d Hydrogen 
peroxide uncoupling was measured for 4-methoxybenzoic acid oxidation and made up 2.5% of the added NADH. 

The data for 4-methoxybenzoic acid, which have previously been reported (except the redox potential), are provided for comparison. The 
NADH oxidation rate is the frequency of NADH oxidation, including product formation and uncoupling reactions. PFR is the product for-
mation rate; the coupling efficiency is defined as the percentage of NADH utilized for the formation of products. The turnovers were meas-
ured using a HaPuR:HaPux:CYP199A4 concentration ratio of 1:10:1 (0.5 μM CYP enzyme, 50 mM Tris, pH 7.4). Rates are reported as 
mean  S.D. (n  3) and given in nmol.nmol-CYP–1.min–1. The leak rate of the enzyme in the absence of substrate was 9.0 nmol.nmol-CYP–

1.min–1. The data is reported as measured and has not been corrected for the leak rate. 

 

described by Dawson and co-workers and classified as “nor-
mal”.29 Despite the greater shift in the Δλmax and peak-to-trough 
absorbance change with 4-(pyridin-3-yl)benzoic acid, it bound 
with a lower affinity (2.3 ± 0.1 versus 1.0 ± 0.1 µM, Table 1 
and Figure S2). 

Optical Spectroelectrochemistry 

The optical spectra of ferric and ferrous CYP199A4 varied 
when different substrates were added presumably due to a dif-
ferent ligand substitution pattern or environment at the distal 
side of the iron. Spectroelectrochemistry (using cobalt complex 
mediators, Figure S3) enabled the determination of the FeIII/II 
redox potentials at pH 7.4 (Figure 3, Figure S4). The experi-
ments also showed that the redox processes and coupled ligand 
substitution reactions were chemically reversible. This indi-
cates that the oxidized and reduced forms, whether bound to 
substrate or not, revert to their preferred five- or six-coordinate 
form upon oxidation or reduction and that these ligand ex-
change reactions are fast on the timescale of the experiment i.e. 
not rate limiting. 

In the absence of substrate, the redox potential of CYP199A4 
was 438 mV vs NHE. This is in good agreement with the redox 
potential previously reported for the closely related CYP199A2 
enzyme using organic mediators (431 mV).46, 51 When the re-
dox potential of CYP199A4 was measured using this alternative 
set of mediators the redox potential was determined to be simi-
lar (Figure S5).41 The initial spectrum of the protein, which is 
entirely consistent with a LS, 6-coordinate (aqua) ferric heme 
thiolate chromophore, changes on electrochemical reduction to 
the ferrous form. This results in a blue shifted Soret band (414 
nm) with a decreased intensity and the α/β bands coalesce to a 
single peak at 548 nm (Figure 3, Table S2, Figure S4).  

Shifts in the substrate-bound FeIII/II redox potential (ES) relative 
to the substrate-free value (E; expressed as ΔE) may provide a 
quantitative indication of the degree of association as shown in 
Scheme 1. In the presence of 4-methoxybenzoic acid a type I 
spectrum is seen, which is consistent with HS five-coordinate 
ferric heme. There is a significant positive shift in the 
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Figure 2 The overall (a) and difference (b) UV spectra of ferric CYP199A4 with 4-(pyridin-2-yl)- and 4-(pyridin-3-yl)benzoic acid and the 
UV spectrum (c) of ferrous CYP199A4 with 4-(pyridin-3-yl)benzoic acid. (a) The substrate-free form is shown in black and the substrate-
bound form of 4-(pyridin-2-yl)benzoic acid in blue (max 422 nm) and 4-(pyridin-3-yl)benzoic acid in red (max 424 nm). (b) The difference 
spectra highlighting the UV response to substrate addition. The peak and trough for 4-(pyridin-2-yl)benzoic acid were at 430 and 412 nm, 
respectively while those for 4-(pyridin-3-yl)benzoic acid were at 432 and 414 nm. The concentration of the enzyme in both assays was 5.2 
µM. (c) The ferric substrate-free form is shown in black and the ferric 4-(pyridin-3-yl)benzoic acid-bound form is in red (max 424 nm). The 
ferrous substrate-bound form is in green (max 447 nm).  
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Figure 3 Calculated spectra of the ferric and ferrous forms of CYP199A4 in the presence of different substrates (all at 1 mM concentration) 
from the spectroelectrochemistry experiments. The substrate-free spectra are also shown for comparison (c). (a) 4-(pyridin-2-yl)benzoic acid 
and (b) 4-(pyridin-3-yl)benzoic acid. The spectrum for 4-methoxybenzoic acid is provided in the supporting information (Figure S4). 

FeIII/II redox potentials in this case; ΔE = +250 mV for 4-meth-
oxybenzoic acid (Table 1, Figure S4). This positive shift in re-
dox potential is not unusual and has been linked to the extent of 
the displacement of the aqua ligand and associated outer sphere 
water molecules from the ferric heme, which typically favors 
reduction.4, 5, 46 The redox potential of 4-methoxybenzoic acid-
bound CYP199A4 was also measured at –218 ± 3 mV using a 
different set of mediators (Figure S5). The reduction of 
CYP199A4 with 4-methoxybenzoic acid bound resulted in a 
shift of the Soret band to 414 nm and a merging of the - and 
β-bands consistent with those of the ferrous form of CYP199A4 
and other P450s.25, 63 
 
Scheme 1 The substrate association constants in each oxida-

tion state. Shifts in the substrate-bound FeIII/II redox potential 
(ES) relative to the substrate-free value (E) are expressed as ΔE 
in mV. If ΔE > 0 this reflects substrate binding effects that either 
stabilize the ferrous heme more than the ferric heme or destabi-
lize the ferric heme more so than the ferrous heme relative to 
the substrate-free form. For ligands that coordinate to Fe in both 
oxidation states, the sign and value of ΔE reflects preference of 
a particular ligand for either FeII or FeIII. 

 ∆𝐸59 = log 𝐾𝐹𝑒(𝐼𝐼) − log 𝐾𝐹𝑒(𝐼𝐼𝐼)            
Reduction of CYP199A4 after 4-(pyridin-2-yl)benzoic acid ad-
dition resulted in a ferrous form that is indistinguishable from 
the spectrum of this form of the substrate-free enzyme (Figure 
3a). The redox potential shifts negatively (ΔE = -34 mV) rela-
tive to the substrate-free form. Electrochemical reduction of 
CYP199A4 bound with the isomer 4-(pyridin-3-yl)benzoic acid 
brings about a profound modification in the ferrous spectra with 
the Soret band shifting to 447 nm and other changes in the -

/β- band region (Figure 3, Table S1 and S2). This ferrous 
CYP199A4 spectrum is markedly different to all others seen in 
this work and is consistent with reports of ferrous forms of 
P450s which contain a Fe-N bond at the distal coordination 
site.20, 62, 64 The redox potential was 321 mV, a shift of +117 
mV with respect to the substrate-free enzyme. Therefore bind-
ing of the 4-(pyridin-2-yl) isomer stabilizes the ferric form of 
the enzyme (or destabilizes the ferrous form) whereas 4-(pyri-
din-3-yl)benzoic acid has the opposite effect.  

We also chemically reduced the heme in the presence of the 
substrates with dithionite to confirm that these spectra are con-
sistent with the electrochemically reduced forms (Figure 1 and 
Figure S6). In all but one case, the spectral changes observed 
were consistent with those reported for the spectroelectrochem-
istry (Table S1 and S2). When these experiments were per-
formed with CYP199A4 and 4-(pyridin-2-yl)benzoic acid there 
was little change in the spectrum with the Soret band remaining 
at 422 nm suggesting that reduction of this species with dithio-
nite did not occur (Figure S6). To ascertain if binding of this 
substrate was preventing heme reduction the assays were re-
peated by adding the dithionite reducing agent before the sub-
strate. In these experiments, the Soret band of the ferrous form 
shifted from 417 nm to 419 nm on addition of 4-(pyridin-2-
yl)benzoic acid. Control experiments were also performed us-
ing imidazole and pyridine as ligands (Figure S7 and S8). 

 

Substrate turnovers 

In line with the type II inhibitory spin state shifts observed with 
both pyridinyl benzoic acids, no products were detected from 
enzyme catalyzed turnover. Neither substrate induced rapid 
NADH oxidation during these turnover assays, which is a meas-
ure of the rate of throughput in the catalytic cycle. With 4-(pyr-
idin-2-yl)benzoic acid NADH consumption was similar to the 
leak rate of the system in the absence of substrate (Table 1). 
While NADH consumption with 4-(pyridin-3-yl)benzoic acid 
was faster it was still significantly slower than that seen with 4-
methoxybenzoic acid and the other substrates which induced a 
type I spectrum upon binding (Table 1). Importantly the rate of 
NADH oxidation by the CYP199A4 system in the presence of 
all these substrates is entirely consistent with the measured re-
dox potentials (Table 1).  

No substrate 



 

The redox potential of the [2Fe-2S] ferredoxin HaPux was de-
termined to be 232 ± 15 mV (Figure S9).41 This is consistent 
with previous measurements of the related [2Fe-2S] ferredoxin, 
Pux from R. palustris CGA009, of 251 mV.46, 51 In agreement 
with the measured redox potentials the physiological electron 
transfer partners of CYP199A4 (HaPuR and HaPux) are able to 
reduce CYP199A4 in the presence of 4-(pyridin-3-yl)-benzoic 
acid. However, when 4-(pyridin-2-yl)-benzoic acid was bound 
to the enzyme the reduction was not detectable using the same 
conditions (Figure S10). 

Crystal structure of the 4-(pyridin-2-yl)- and 4-(pyridin-3-

yl)-benzoic acid bound forms of CYP199A4  

In order to rationalize the different CYP199A4 UV-vis spectra 
obtained on substrate binding with 4-(pyridin-2-yl)- and 4-(pyr-
idin-3-yl)-benzoic acids, crystal structures of the substrate-
bound forms of the enzyme for each were obtained (Table S3, 
Figure S11, PDBs: 6U3K and 6U30, respectively). In both 
CYP199A4 complexes, the overall protein fold was very simi-
lar to previous structures of this enzyme (Figure S12; the 
r.m.s.d. was < 0.622 Å when compared to the 4-methoxyben-
zoic acid-bound structure). There was electron density in the 

substrate binding pocket that was modeled by the appropriate 
pyridinyl inhibitor (Figure 4). The majority of the active site 
amino acids and the capping chloride were also located in com-
parable locations to previously reported structures (Figure S13, 
S14 and S15). One exception was phenylalanine (F298) which 
shifted to accommodate the substrate in the 4-(pyridin-2-
yl)benzoic acid-bound structure. The side chain of this residue 
occupied a position more similar to that observed in the 4-ethyl-
thiobenzoic acid bound-CYP199A4 structure (PDB: 5U6U, 
Figure 4, Figure S16).45 

Other differences are observed between the two structures (Ta-
ble S4). The benzoate moiety of the 4-(pyridin-3-yl)benzoic 
acid structure shifts compared to the equivalent part of the mol-
ecule in the 4-(pyridin-2-yl)benzoic acid and 4-methoxybenzoic 
acid structures (Figure 4, Table S5, and Figure S14 and S15). 
This results in a small shift in the position of the water molecule 
that bridges the carboxylate group with R243. The pyridine ring 
in 4-(pyridin-3-yl)benzoic acid rotates out of the plane of the 
benzene ring by 40.2, whereas in the 4-(pyridin-2-yl)benzoic 
acid structure this angle is 60.6 (Table S4). 

(a) 

 

(b) 

 
(c) 

 

 
Figure 4 (a) The crystal structure of 4-(pyridin-2-yl)benzoic acid-
bound CYP199A4 (feature enhanced map). (b) The crystal structure 
of 4-(pyridin-3-yl)benzoic acid-bound CYP199A4 (composite omit 
map of the substrate and the F298 residue). In both the heme is grey, 
active site amino acid residues are yellow and 4-(pyridinyl)benzoic 
acid is green. The map is contoured at 1.5 σ (dark grey) with a 1.2 
Å carve radius. The heme bound aqua ligand (W1), when present, is 
represented as a red sphere. The occupancy of the aqua ligand to the 
heme was refined to 76%. (c) Overlay of the crystal structures of 4-
(pyridin-3-yl)benzoic acid-bound CYP199A4 (cyan) and 4-(pyri-
din-2-yl)benzoic acid-bound CYP199A4 (yellow). The heme-bound 
water (W1, yellow sphere) is bound to the heme in the 4-(pyridin-2-
yl)benzoic acid structure. The shift of F298 to accommodate 4-(pyr-
idin-2-yl)benzoic acid is highlighted by the black arrow (the posi-
tion of F298 in the 4-(pyridin-3-yl)benzoic acid is similar to that in 
the 4-methoxybenzoic acid bound structure (Figure S14)). 



 

The positions of the α-carbon and β-nitrogen of 4-(pyridin-2-
yl)benzoic acid-bound CYP199A4 are in a similar location to 
the equivalent atoms at the - and β-positions of 4-ethyl- and 4-
methoxy-benzoic acids in their crystal structures (Figure S14 
and S17). The different position of the benzoic acid moiety and 
rotation of the pyridinyl ring of 4-(pyridin-3-yl)benzoic acid re-
sults in the latter being held closer to the heme rather than being 
directed towards the space vacated by the movement of the 
F298 residue (Figure 4, Table S5 and Figure S15). Thus, 4-(pyr-
idin-3-yl)benzoic acid displaces the aqua ligand, allowing nitro-
gen to coordinate to the heme. The pyridinyl ring is not bound 
perpendicular to the heme plane but is at an angle of 18 to the 
Fe-S(Cys) axis (Figure S18). The nitrogen atom is 2.2 Å from 
the iron, which is closer than the equivalent β-carbon of 4-
ethylbenzoic acid that was 3.0 Å away (Table S4, Table S6 and 
Figure S17). The structure of CYP199A4 with 4-(pyridin-2-
yl)benzoic acid shows that the heme aqua ligand is retained 
(76% occupancy) and the pyridine nitrogen of the substrate in-
teracts with ligand W1 (2.9 Å) and is 4.2 Å from the iron (Figure 
4, Table S4 and Figure S14 and S18). The next closest substrate 
atom to the iron in this structure is C05 that is 4.4 Å away (Table 
S4). Importantly these structures provide a rationale for the op-
tical spectra that are observed when these two substrates bind to 
CYP199A4 by clearly highlighting the different heme coordi-
nation environment. 

 

Substrate binding in frozen-solution as determined by 

EPR 

To further ascertain the spin-state and active site configuration 
of CYP199A4 after addition of 4-methoxy-, 4-(pyridin-2-yl)-, 
and 4-(pyridin-3-yl)-benzoic acid, as well as for substrate-free 
CYP199A4, CW and pulsed EPR data in frozen-solution were 
measured. A CW EPR spectrum provides a fingerprint for high-
spin (HS) and low-spin (LS) species, as well as detecting if a 
substrate binds to the active site by measuring shifts in the g-
values (especially relevant when there is no spin state change). 
The high-resolution pulsed EPR experiments HYSCORE and 
ENDOR can be used to provide further information on the prox-
imal ligand in the LS species of CYP199A4 via measurement 
of small hyperfine and nuclear quadrupole interactions which 
are unresolved in CW EPR spectra.28 

X-band CW EPR spectra for the set of CYP199A4 samples 
measured at 15 K are shown in Figure 5. Table S7 provides EPR 
spin Hamiltonian parameters obtained from simulation, g-val-
ues for each component and the percentage of HS and LS . The 
full set of spectra and the simulations are provided in the Sup-
plementary Information (Table S7 and Figure S19-S22). The 
presence of several LS species after the addition of 4-methox-
ybenzoic acid indicates the presence of multiple active site con-
formations or substrate binding modes. 

All samples, both substrate-free and ligand bound CYP199A4, 
contain one or more LS species. HS components were observed 
only for CYP199A4 samples with 4-methoxybenzoic acid (Ta-
ble S7). The HS proportion determined by CW EPR in frozen-
solution is less than the proportion determined through UV-vis 
spectroscopy at room temperature (Table 1), as is generally ob-
served.28, 33, 65, 66 The observation of an increase in the signal 
percentage arising from LS forms has been attributed to the low 
temperature of the EPR experiments modifying the spin-state 
equilibrium. A comparison of the LS components from the 4-

methoxybenzoic acid spectrum with the substrate-free spectrum 
shows shifts in the g-values, consistent with substrate binding 
in the active site with a high occupancy (ca. 100%). In the case 
of both 4-(pyridin-2-yl)- and 4-(pyridin-3-yl)-benzoic acid sam-
ples only LS species are observed, indicative of six coordinated 
ferric heme centers. In the 4-(pyridin-2-yl)benzoic acid sample 
a single species was detected and the shift in all three g-values 
is very small (Figure 5, Table S7). This suggests that the sub-
strate binds to CYP199A4 but does not displace the resting state 
aqua ligand in agreement with the crystal structure.33, 35 

 
Figure 5 X-band (9.7590 GHz) CW EPR spectra recorded at 
15 K showing only the low-spin field region. Spectra are from 
substrate-free CYP199A4 (NS) and after addition of 4-methox-
ybenzoic acid (4MeOBA), 4-(pyridin-2-yl)benzoic acid 
(4Py2BA), and 4-(pyridin-3-yl)benzoic acid (4Py3BA). Exper-
imental trace – black. Simulation – blue, which is the sum of all 
EPR components (see Table S7). Figures S19-S22 show the full 
spectrum including any high-spin signals and the simulation for 
each component. A background resonator signal is marked with 
‘*’. 
 

In the case of 4-(pyridin-3-yl)-benzoic acid all three g-values of 
the major component shift, with large gx and gz changes, which 
supports coordination of the pyridinyl nitrogen of the substrate 
to the ferric paramagnetic center (Figure 6).29 However, to de-
finitively determine the proximal ligand on the basis of the g-
value shifts alone carries uncertainty, and thus we sought to 
identify the proximal ligand using high-resolution pulsed EPR 
methods. 

X-band HYSCORE was used to measure small 1H and 14N elec-
tron-nuclear couplings which are not resolved in the CW EPR 
data. The 1H region of these spectra enable an aqua ligand to be 
identified through the magnitude of the dipolar part of the pro-
ton hyperfine interaction.67 The substrate-free CYP199A4 spec-
trum (Figure 6a) displays typical 1H hyperfine coupling ridges 
characteristic of water axially coordinated to the ferric heme 
paramagnetic center of the P450 enzyme.67,68 HYSCORE spec-
tra collected on samples with 4-(pyridin-2-yl)-benzoic acid 
(Figure 6b) display characteristic water 1H signals allowing the 
proximal aqua ligand to be unambiguously identified. 



 

  

  

Figure 6 X-band (~9.738 GHz) HYSCORE spectra measured at 12.5 K from substrate-free CYP199A4 (a) and after addition of (b) 
4-methoxybenzoic acid, (c) 4-(pyridin-2-yl)benzoic acid and (d) 4-(pyridin-3-yl)benzoic acid. In (a) and (c) anisotropic proton hy-
perfine coupling ridges characteristic of directly-coordinated water molecules are visible in the weak coupling quadrant (+,+).In the 
4-(pyridin-3-yl)benzoic acid sample (d) water 1H couplings are absent, indicating the ligand coordinates directly to the FeIII ion. With 
4-methoxybenzoic acid (b) the intensity of these signals is very weak indicating low water occupancy. In all spectra peaks at frequen-
cies < 9 MHz in both the strong (,+) and weak (+,+) coupling quadrants are characteristic of coordinated heme pyrrole nitrogens; 
these signals change slightly with different ligands and in the sample with 4-(pyridin-3-yl)benzoic acid the appearance of new cross-
peaks is consistent with direct coordination by nitrogen. 

 
The HYSCORE spectrum from the LS species of the 4-meth-
oxybenzoic acid-bound CYP199A4 sample (Figure 6b) only 
displays signals with very low intensities that are characteristic 
of an aqua ligand, indicating that this substrate largely displaces 
the water coordinated to iron in the active site of substrate-free 
enzyme. Similarly, the CYP199A4 with 4-(pyridin-3-yl)ben-
zoic acid sample shows a HYSCORE spectrum (Figure 6d) 
without characteristic proton ridges from an aqua ligand, in 
agreement with the distal ligand in this case being the nitrogen 
of the 4-(pyridin-3-yl)benzoic acid substrate (Figure 6d). Fur-
ther information on ligand coordination with this substrate was 
obtained by the appearance of new 14N HYSCORE signals in 
additional to the normal peaks from the 14N pyrrole nitrogens.37 
This can be seen by comparison of HYSCORE spectra from the 
substrate-free to the 4-(pyridin-3-yl)benzoic acid bound 
CYP199A4 samples where the new 14N peaks are clearly iden-
tified in the latter. To further confirm coordination of the 4-
(pyridin-3-yl)benzoic acid ligand X-band Mims ENDOR spec-
tra in the 14N frequency range were collected (Figure S23). The 
ENDOR spectra of all the substrates except 4-(pyridin-3-
yl)benzoic acid exhibit characteristic 14N pyrrole signals that are 
all very similar and thus demonstrate that the electronic struc-
ture of the LS forms of these species is not significantly altered. 

Conversely, the 4-(pyridin-3-yl)benzoic acid sample shows ad-
ditional intense signals from a strongly coupled 14N nucleus 
which confirms binding of the pyridin-3-yl nitrogen to the ferric 
iron of the heme. 

The above EPR data show that all substrates investigated bind 
(either noncovalently or through coordination) to ferric 
CYP199A4. A significant proportion of the sample is the aqua 
complex with 4-(pyridin-2-yl)-benzoic acid, whereas 4-meth-
oxybenzoic acid displaces the aqua ligand to give a five coordi-
nate HS state (with potentially some binding from another oxy-
gen donor in the frozen solution EPR resulting in a six coordi-
nate LS complex). Addition of 4-(pyridin-3-yl)benzoic acid to 
CYP199A4 leads to ligand substitution of aqua ligand by the 
pyridinyl N-donor.  

 

Comparison of the CYP199A4 substrate binding modes 

A comparison of the spectroelectrochemical and biochemical 
data for CYP199A4 and the different substrates along with the 
now available crystal structure of each enables detailed analysis 
of the heme binding environment and the properties of the en-
zyme. We can consider three different substrate binding scenar-
ios; the first, archetypal type I binding generates a 5-coordinate 



 

heme as observed with 4-methoxybenzoic acid and other sub-
strates such as 4-ethylbenzoic acid.7, 43 4-(Pyridin-2-yl)benzoic 
acid provides an example of a type II substrate which does not 
fully displace the 6th aqua ligand from the iron. In this instance 
reduction of the iron leads to dissociation of the aqua ligand. 
Finally, 4-(pyridin-3-yl)benzoic acid forms a type II 6-coordi-
nate ferric P450 complex with nitrogen coordination at the dis-
tal position. Reduction results in a 6-coordinate ferrous species 
maintaining the Fe-N bond. All of these different coordination 
states and environments around the heme, including the bond 
lengths as well as the angle of approach of the donor ligand, 
have an impact on the FeIII/II redox potential. 

Comparison of the iron coordination environment of the ferric 
species in each of the crystal structures also highlights other dif-
ferences. As is typical of substrates which generate a 5-coordi-
nate HS substrate-bound ferric P450, the CYP199A4 iron is 
drawn toward the axial Cys ligand and sits below the plane of 
the porphyrin ring and its coordinating nitrogen donors (by 0.20 
- 0.31 Å, Figure S24, Table S8). This is in line with previously 
reported crystal structures of this and other enzymes.7, 43, 45, 69, 70 
Both of the 6-coordinate species have the iron more in the plane 
of the porphyrin ring (Figure S24, Table S8). The iron in those 
structure with a nitrogen donor at the distal coordination site 
moves further into the plane (0.05 Å below the pyrrole nitro-
gens) than that with water (0.13 Å). The length of the iron-cys-
teinate sulfur and the iron-porphyrin ring nitrogens were also 
measured (Table S9 and S10). Only minor changes were ob-
served in the latter. For the 6-coordinate type II ligand the Fe-S 
bond length was marginally shorter than in the 5-coordinate 
heme structures (2.29 - 2.30 Å versus 2.34 - 2.40 Å, Table S9). 
These changes would also be expected to contribute to the var-
ying redox potential of CYP199A4 with the different ligands. 

 

Discussion 

The altered type II spectra observed between the two pyridine 
based inhibitor molecules may be rationalized by the different 
coordination modes of binding observed in the X-ray crystal 
structures. Others have reported that nitrogen donor ligands 
which are coordinated to the iron and those which bind non-
covalently with the iron-bound aqua ligand are difficult to dis-
tinguish based on UV-Vis spectra.23, 34 In the CYP199A4 sys-
tem, coordination of nitrogen to the heme induced a greater ab-
solute shift in the wavelength of the Soret band. The changes in 
the optical spectra of 4-(pyridin-3-yl)benzoic acid reflect those 
of the “normal” (N-coordination) nitrogen donors to P450cam 
described by Dawson and co-workers in experiments used to 
help identify the sixth ligand of P450cam (CYP101A1). In con-
trast, the optical spectrum of the 4-(pyridin-2-yl)benzoic acid-
CYP199A4 complex shows clear differences and could be de-
scribed as an “abnormal” nitrogen donor. One feature of the op-
tical spectrum of 4-(pyridin-2-yl)benzoic acid-bound 
CYP199A4 is that it has an α-band which is more intense than 
the β-band. This is characteristic of complexes of P450cam with 
oxygen donor ligands and those which do not displace the wa-
ter. This work highlights that closer inspection of the -, -, and 
- regions in the absolute and difference spectra may highlight 
different binding modes more reliably. One potential reason for 
this situation being more complex in other systems may be that 
the molecules may bind in multiple conformations which com-
plicates analysis. This could arise if the small molecule inhibi-
tors do not resemble the physiological substrates of the P450s 

or if the enzyme has evolved to bind a broad range of substrates 
and is conformationally flexible. 

Electrochemical or chemical reduction of the CYP199A4 ferric 
substrate-bound complexes to the ferrous form provided further 
evidence for nitrogen coordination with 4-(pyridin-3-yl)ben-
zoic acid but not the pyridin-2-yl isomer. EPR measurements 
reveal that the situation in solution, albeit at low temperatures, 
was consistent with that observed in the UV-Vis spectra and the 
X-ray crystal structures. Importantly EPR evidence was ob-
served for N-coordination by 4-(pyridin-3-yl)benzoic acid but 
not for 4-(pyridin-2-yl)benzoic acid. For the latter substrate 
there was strong evidence from HYSCORE of an aqua ligand 
in agreement with the X-ray crystal structure.  

Jones et al. have previously observed that type II ligands, which 
form axial Fe-N bonds, bind with substantially higher affinity 
than analogues that bind in a type I fashion.18, 19 They utilized 
quinoline-4-carboxamide analogues incorporating a pyridine 
moiety in which the location of the nitrogen was varied.18 Those 
compounds with the nitrogen in the para position were capable 
of forming Fe-N bonds, but not those with the nitrogen in the 
ortho or meta positions.18 Analogues which formed Fe-N bonds 
with the heme were found to bind with up to 4200-fold greater 
affinity than those which did not coordinate to the iron.18 De-
spite forming an Fe-N bond with the heme, 4-(pyridin-3-yl)ben-
zoic acid displays lower affinity for CYP199A4 than 4-(pyri-
din-2-yl)benzoic acid (Kd = 2.3 μM vs. 1.0 μM). The crystal 
structures reveal that the orientation of 4-(pyridin-3-yl)benzoic 
acid in the active site differs substantially from the orientation 
of 4-(pyridin-2-yl)benzoic acid and other substrates such as 4-
methoxybenzoic acid. It therefore seems that in order for 4-
(pyridin-3-yl)benzoic acid to coordinate to the iron, it must 
adopt a strained and less favorable orientation in the active site 
which must counteract the gain in affinity resulting from for-
mation of the Fe-N bond.  

The aromatic heterocyclic ring was not perpendicular to the 
heme in any of the CYP199A4 complexes. Ideally the nitrogen 
containing ring would be perpendicular to the heme (Table S4, 
Figure S18 and S25).35, 71, 24 This and the longer bond could in-
dicate weaker than expected Fe-N bonds which are compen-
sated for by other ligand binding interactions. The attachment 
of the pyridinyl ring to a benzoic acid substituent, and the re-
quirement of other interactions in the active site presumably 
prevents optimal Fe-N bond formation at the heme. 

CW EPR provided evidence for conformational heterogeneity 
in substrate-bound forms of CYP199A4, at least at low temper-
ature. This is consistent with reports of other P450 enzymes 
which show this type of behavior when investigated via EPR 
and other spectroscopies. This could arise from open and closed 
forms of the P450, as observed with P450cam and others,47, 72-74 
or from changes in the location of the active site residues such 
as F298 of CYP199A4, which has been shown to move in var-
ious X-ray crystal structures depending on the size of the sub-
strate. As with other P450s, a mixture of high-spin and low-
spin species were observed by EPR and the percentage of low-
spin species is higher in frozen solution.  

The positive shift in the redox potentials with 4-methoxyben-
zoic acid is in agreement with those reported previously for type 
I substrates. The relationship between the magnitude of the re-
dox potential shift, the measured spin state, the extent of aqua 
ligand occupancy and the rate of turnover of the catalytic cycle 
are as expected. It is often stated that coordination of a stronger 



 

nitrogen donor should lower the redox potential and this is pur-
ported to be one of the major reasons why these molecules in-
hibit P450 activity. However, there are only a few reported ex-
amples of such measurements in the literature.20, 75 The redox 
potential of CYP199A4 with 4-(pyridin-3-yl)benzoic acid, in 
which the ligand remains bound on reduction to give a 6-coor-
dinate ferrous heme, resulted in a significant positive shift in the 
FeIII/II redox potential. Therefore, addition of this substrate re-
sults in a stabilization of the ferrous form of the enzyme relative 
to the ferric when compared to the substrate-free form. The 
mechanism of CYP199A4 inhibition with 4-(pyridin-3-yl)ben-
zoic acid therefore seems not to be directly related to the effect 
on the FeIII/II redox potential and would be due to competitive 
inhibition of substrate or dioxygen binding. 4-(Pyridin-2-yl)-
benzoic acid was the only ligand that lowered the redox poten-
tial of CYP199A4 compared to the substrate-free form. This 
shift was relatively small which is in agreement with the pres-
ence of the aqua ligand in the six-coordinate LS form. Reduc-
tion and resulting removal of the 6th distal ligand appears to be 
more difficult than in the substrate-free form. Intriguingly the 
results suggest that this type of heme coordination environment 
could result in better P450 inhibitors than those coordinated 
through a nitrogen donor. Although the factors that control the 
redox potentials of cytochrome P450 enzymes are complex it is 
tempting to speculate that the ease of reduction of ferric 
CYP199A4 observed here could be related to the strength of the 
distal ligand bonding. Stronger coordination of an aqua ligand 
makes the system more difficult to reduce in the case of 4-(pyr-
idin-2-yl)benzoic acid. Nitrogen-donor coordination may not 
always result in a higher redox potential perhaps if, as is ob-
served here with an aromatic heterocyclic substrate, the ligand 
cannot bind in an optimal position to the iron. 

Conclusion 

Application of multiple spectroscopic techniques and measure-
ments are required to fully understand substrate binding in dif-
ferent cytochrome P450 monooxygenases. Here we show that 
detailed analysis of the optical spectra (using readily available 
UV-vis spectroscopy) can differentiate between nitrogen ligand 
coordination and noncovalent binding through a bridging aqua 
ligand for type II substrates. These observations were con-
firmed by X-ray crystallography and EPR spectroscopy. The 
spectra measured here for the ferric and ferrous forms, as well 
as those previously published for the normal and abnormal 
binding modes of P450cam, are valuable in assessing if other 
measured optical difference spectra could arise from these dif-
ferent type II and type I binding modes or populations of them. 
The redox potentials highlight that nitrogen ligand coordination 
may not always result in the best P450 inhibitors. The crystal 
structures and EPR identified other differences in the heme en-
vironment such as ligand coordination and the location of the 
iron relative to the porphyrin ring and coordinating cysteine, 
which could have an impact on the redox potential and catalytic 
activity of P450 enzymes with different substrates. Measure-
ment of the UV spectrum and redox potential are both critically 
important when assessing the binding modes and mechanism of 
action of drug molecule inhibitors with microbial and mem-
brane-bound eukaryotic P450 enzymes. 
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