
Biophysical Chemistry 200–201 (2015) 34–40

Contents lists available at ScienceDirect

Biophysical Chemistry

j ourna l homepage: ht tp : / /www.e lsev ie r .com/ locate /b iophyschem
Functional role of the conserved i-helix residue I346
in CYP5A1–Nanodiscs
Daryl D. Meling a,1, Susan Zelasko b,1, Amogh Kambalyal b, Jahnabi Roy d, Aditi Das a,b,c,⁎
a Department of Biochemistry, University of Illinois Urbana–Champaign, Urbana IL 61802, USA
b Department of Comparative Biosciences, University of Illinois Urbana–Champaign, Urbana IL 61802, USA
c Beckman Institute for Advanced Science and Department of Bioengineering, University of Illinois Urbana–Champaign, Urbana IL 61802, USA
d Department of Chemistry, University of Illinois Urbana-Champaign, IL 61802, USA
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• CYP5A1 has an Ile instead of the con-
served, I-helix Thr found in most CYPs.

• Mutation of this Ile to a hydroxyl-
containing residues Thr or Ser increases
TXA2 formation.

• Spectral changes are noted between the
WT and hydroxyl-containing mutants.
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Thromboxane synthase (CYP5A1) is a non-classical cytochrome P450 (CYP) expressed in human platelets that
mediates vascular homeostasis by producing thromboxane A2 (TXA2) through the isomerization of prostaglandin
H2 (PGH2). A homology alignment of CYP5A1 with human CYPs indicates that a highly conserved I-helix threo-
nine residue is occupied by an isoleucine at position 346 in CYP5A1.We find that reverse-engineering CYP5A1 to
contain either threonine or serine in this position dramatically increases TXA2 formation. Interestingly, the levels
of malondialdehyde (MDA), a homolytic fragmentation product of PGH2 formed via a pathway independent of
TXA2 formation, remain constant. Furthermore, spectral analysis using two PGH2 substrate analogs supports
the observed activity changes in the hydroxyl-containing mutants. The more constrained active site of the
I346T mutant displays altered PGH2 substrate analog binding properties. Together these studies provide new
mechanistic insights into CYP5A1 mediated isomerization of PGH2 with respect to a critical active site residue.

© 2015 Elsevier B.V. All rights reserved.
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ally to this paper.
1. Introduction

Cytochrome P450s (CYPs) are heme-containing enzymes that cata-
lyze numerous oxidative reactions in nature including the hydrox-
ylation and epoxidation of alkenes, as well as less commonly, the
isomerization of endoperoxide-containing substrates [1]. In order to
catalyze hydroxylation or epoxidation reactions, classical Type I and II
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CYPs shuttle through heme–oxygen reactive intermediates such as
iron–hydroperoxo and iron–oxenoid species (Supplementary Fig. S1).
This hydroperoxo intermediate of the heme is thought to be stabilized
by the hydroxyl group of a highly conserved threonine residue in the
I-helix, positioned on thedistal side of thehemeactive site (Supplemen-
tary Fig. S1 and S2) [2,3]. This residue mediates the formation of an ap-
propriate hydrogen bonding network, either directly by the threonine
group or by the positioning of a water molecule within the active site
[3]. Previous mutagenesis studies on this threonine residue in other
CYPs have shown that mutating this residue significantly impacts en-
zyme function. The alteration of this residue presumably destabilizes
the iron–hydroperoxo intermediate, leading to a decrease in formation
of the native hydroxylated or epoxygenated product and an increase in
the production of reactive oxygen species [3–7]. The hydrogen bonding
network facilitated by this threonine is also important in many CYPs
for two proton transfer steps that allow the heme intermediate to tran-
sition froman iron–peroxo to an iron–hydroperoxo and then to an iron–
oxenoid species, eventually leading to the epoxidation or hydroxylation
of the substrate [8].

Interestingly, a sequence homology alignment of the known human
CYPs show that there are a few human CYPs that lack this conserved
threonine and instead contain isoleucine or asparagine (Supplementary
Fig. S2 and S3). These CYPs are either isomerases (e.g. CYP5A1, CYP8A1)
instead of typical hydroxylases or they have unknown functions (e.g.
CYP20A1, CYP39A). Prostacyclin synthase (CYP8A1) has an asparagine
(N287) residue instead of threonine and the CYP8A1 crystal structure
suggests that the capacity to form a hydrogen-bond network through
the asparagine remains [9]. In contrast, an isoleucine residue is present
in two human CYPs, thromboxane synthase (CYP5A1) and the orphan
CYP20A1, as well as in allene oxide synthase (CYP74A1) from the plant
Arabidopsis thaliana [10,11]. Isoleucine is incapable of participating in
a hydrogen bonding network and the purpose of this active site residue
in product formation has not been thoroughly examined.

Of the two human CYPs with an isoleucine instead of a threonine,
CYP5A1has been studiedmore extensively and is known tomediate car-
diovascular homeostasis by generating thromboxaneA2 (TXA2). CYP5A1
is expressed in platelets [12] and converts prostaglandin H2 (PGH2)
either into TXA2 via an isomerization of the endoperoxide bond or into
two fragmentation products, 12-L-hydroxy-5,8,10-heptadecatrienoic
acid (HHT) and malondialdehyde (MDA) (Fig. 1) [13,14].
Fig. 1.Mechanismof TXA2, MDA andHHT formation by CYP5A1. The proposedmechanismof TX
way A [15]. Two fragmentation products (MDA and HHT) form via pathway B [15]. The boxed i
active sites of the I346T and I346S CYP5A1 mutants.
HHT is an endogenous ligand for the leukotriene B4 receptor BLT2
which is implicated in allergic airway inflammation [16]. The precise
role of MDA remains undetermined, however, it has been found to
form adducts with proteins, phospholipids [17], and DNA, particularly
in atherosclerotic lesions [18]. Homeostatic imbalances in CYP5A1
that lead to the over-production of TXA2 have been implicated in the
development of several major disorders [19–22]. Owing to the unique
biochemical nature and physiological significance of CYP5A1, it is im-
portant to better understand the mechanistic details of this enzyme
with respect to this specific residue Ile346.

In this work, we have reverse-engineered the native isoleucine 346
to threonine in CYP5A1 in order to understand its role in substrate bind-
ing and product formation.We have alsomutated this isoleucine 346 to
serine, a smaller hydroxyl-containing residue, to examine the spatial
constraints of the substrate orientation within the enzyme active site.
Here we describe the biochemical characteristics of these mutants and
show that the introduction of a hydroxyl-containing residue significant-
ly influences native CYP5A1 function. All studies were performed using
CYP5A1 in Nanodiscs (i.e. nanoscale lipid bilayers) that stabilize the en-
zyme in a native membrane environment. This produces reproducible
and cleaner spectroscopic data and provides a native-like membrane
environment to evaluate the enzyme function [23–30]. Hence, this
work provides insights into the role of the key active site residue 346
in thromboxane synthase function within a native membrane environ-
ment with respect to substrate isomerization and substrate analog
binding.

2. Results

2.1. Expression of CYP5A1 mutants and incorporation into Nanodiscs

Wemutated the isoleucine at position 346 of CYP5A1 to threonine to
investigate how a hydroxyl-containing residue near the catalytic heme
would affect the native CYP5A1 reactions. In order to examine the po-
tential influence of residue size on the binding and stabilization of the
substrate within the enzyme active site, this position was also mutated
to serine. The mutations were carried out using site-directed mutagen-
esis. The proteins were purified and incorporated into Nanodiscs as de-
scribed in theMaterials andMethods section. Protein purification yields
are listed in Supplementary Table S1.
A2 formation followed by non-enzymatic hydrolysis to form TXB2 is shown to follow path-
ntermediate that precedes TXA2 formation is likely better stabilized or repositioned in the



Table 1
Spectral characterization of CYP5A1–ND and mutants. The average wavelength shift (λ)
and dissociation constant values (Kd) with standard deviations were obtained from spec-
tral titrations, performed in duplicate.

Spectral characteristics of CYP5A1–ND

WT I346T I346S

Oxidized (nm) 417 417 419
Reduced (nm) 412 412 413
CO-bound (nm) 452 451 454
Aver. λ shift for U46619 (nm) 3.0 ± 0.0⁎ 4.0 ± 0.0 8.5 ± 0.7
Aver. λ shift for U44069 (nm) 4.0 ± 0.0⁎ 4.5 ± 0.7 5.5 ± 0.7
U44069 Kd (μM) 6 ± 3.0⁎ 5.0 ± 0.3 4.0 ± 1.8
U46619 Kd (μM) 5 ± 4.0⁎ 15 ± 3.0 2.9 ± 0.1

⁎ Previously published data [30].
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2.2. Metabolism of PGH2 by CYP5A1

CYP5A1converts PGH2 into themajor physiologicalmetabolite TXA2,
aswell asMDA andHHT. TXA2 rapidly hydrolyzes non-enzymatically to
TXB2 (Fig. 1). The enzymatic activity of CYP5A1 and the mutants was
determined by quantifying the TXB2 and MDA formation following in-
cubation of CYP5A1–Nanodiscs (CYP5A1–ND) with PGH2. The amount
of TXB2 formed via Pathway A was determined using an ELISA-based
detection method and MDA was monitored spectroscopically at
268 nm (Fig. 2). Mechanistically, MDA and HHT are formed in an equi-
molar ratio, hence, onlyMDAwasmonitored to track pathwayB (Fig. 1).
Quantification ofMDAand TXB2 revealed that themutation from isoleu-
cine to a hydroxyl-containing threonine or serine residue caused an
approximately two-fold increase in TXB2 production. The I346T mutant
produced 239% and the I346S mutant produced 161% TXB2, relative
to wild-type. Interestingly, MDA and HHT formation, which was at a
higher overall rate than TXB2 production, remained statistically con-
stant for wild-type and I346 mutants of CYP5A1–ND. Lipids in the
Nanodiscs were 100% POPC, which allow statistically the same amount
of TXB2 production as a more physiological lipid mixture of POPC/
POPE/POPS (53:40:7) [30]. Additionally, the product ratio of the mu-
tants was unaffected by the use of Nanodiscs (data not shown) and
the Nanodisc system yielded reproducible data.
2.3. Spectral characterization

The oxidized spectra of the CYP5A1–NDwild-type, I346T, and I346S
proteins had Soret peaks at 417 nm, 417 nm, and 419 nm, respectively,
with theα and β bands (Q-bands) appearing near 536 nm and 570 nm,
respectively. Determination of the heme content and assessment of pro-
tein folding was obtained from a dithionite-reduced CO bound spec-
trum of the heme proteins (Table 1). The Fe(II) CO-bound complex
formed showed a 452 nm and 451 nm peak in the wild-type and
I346T mutant proteins, respectively. The I346S mutant showed a red-
shifted CO-bound spectrum at 454 nm, indicating that the active site
Average Product Formation

Relative Producti
MDA compared t

Wild-Type 100 ± 1.7%
Ile346Thr 107 ± 20.2%
Ile346Ser 96 ± 4.2%

A

Fig. 2. Relative product formation of CYP5A1mutants. Addition of the native substrate PGH2 to
using UV–visible spectroscopy, while TXB2 (the hydrolysis product of TXA2), wasmeasured usin
performed are reported alongwith standard error. (B) Schematic showing the conversion of PG
into the lipid bilayers (white) and these layers are surrounded bymembrane scaffold protein (
deviations.
had become more polar or that the hydroxyl of the serine residue may
interact with the heme group [31,32] (Supplementary Fig. S5).

2.4. Equilibrium binding studies of CYP5A1 with substrate analogs

We further performed spectral titrations using two analogs of
the native substrate PGH2, U44069 and U46619. The analog 9,11-
epoxymethano PGH2 (U44069) has an oxygen atom at the C9 position,
while the analog 11,9-epoxymethano PGH2 (U46619) has an oxygen
atom at the C11 position. In both cases, an oxygen of the endoperoxide
bond is replaced by amethylene groupmaking a CH2–O bond instead of
an O–O bond (Figs. 1 and 3).

There were some interesting differences in the binding of the sub-
strate analogs to the I346T and I346S mutants. The binding of U44069
to wild-type CYP5A1–ND that is thought to reflect native PGH2 binding
showed a typical trough near 426 nm and a peak near 409 nm, as ex-
pected [30]. The spectral dissociation constant (Kd) for binding of
U44069 to wild-type CYP5A1–ND is 6.0 ± 3.0 μM, to the I346T mutant
is 5.0 ± 0.3 μM, and to the I346S mutant is 4.0 ± 1.8 μM. The UV–vis
spectral wavelength shifts due to U44069 bindingwere nearly constant
for allmutants (Table 1).While spectral perturbations seenwith respect
on of 
o WT

Relative Production of 
TXB

2
compared to WT

100 ± 0.27%
239 ± 4.9%
161 ± 1.6%

B

CYP5A1 in Nanodiscs results in the formation of TXA2, MDA and HHT. MDAwasmeasured
g a standard ELISA kit. (Top) (A) Results for assays with CYP5A1–NDWT, I346T, and I346S
H2 into TXA2, MDA and HHT by CYP5A1–ND. The protein CYP5A1 (purple) is incorporated
blue). (Bottom) Table showing the average product formation from Panel A with standard



Fig. 3. Equilibriumbinding studies of CYP5A1–NDwith substrate analogs. The binding of substrate analog U44069 to (A) CYP5A1–ND I346T and (B) CYP5A1–ND I346S showed an average
Kd of binding of 5.0 ± 0.3 μM and 4.0± 1.8 μM for I346T and I346S, respectively. The binding of substrate analog U46619 to (C) CYP5A1–ND I346T and (D) CYP5A1–ND I346S showed an
average Kd of binding of 15 ± 3.0 μM and 2.9 ± 0.1 μM for I346T, and I346S, respectively. (Insets) Absorbance spectra of equilibrium binding of CYP5A1–ND with substrate analogs.
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to binding U44069 were not significant, those observed for the binding
of U46619 with the mutants were significant.

The difference spectrum of each CYP5A1–ND bound to U46619
shows a characteristic high-spin state based on a peak shift to around
390 nm, which suggests that the C9 methylene group of the analog
is near the CYP-bound heme. Interestingly, the I346S mutant of
U46619-bound CYP5A1–NDproduced red-shiftedUV–vis spectral shifts
of 8.5 ± 0.7 nm compared to 4 ± 0.0 nm and 3 ± 0.0 nm for the I346T
mutant and wild-type CYP5A1–ND, respectively (Table 1; Fig. 3) [30].
There is significant decrease in the binding affinity with U46619 and
the I346T mutant (Kd is 15 ± 3 μM) (Table 1) compared to the I346S
mutant. It is likely that the smaller cavity near the active site in the
I346T versus the I346S mutant appears to accommodate U46619 to a
lesser extent, leading to lower binding affinity in the I346T mutant.

2.5. LC–MS analysis of product formation by mutant CYP5A1

We determined the product profiles of the wild-type and the threo-
nine and serine mutants of CYP5A1 following incubation with PGH2

using LC–MS as described in the Materials and Methods section. No
novel products were detected in the mutant proteins beyond those
quantified using UV–vis spectroscopy and ELISA.

3. Discussion

3.1. The role of the isoleucine residue in CYP5A1

The vast majority of CYPs contain a highly conserved threonine res-
idue positioned on the distal side of the heme active site; however, the
role of this residue is variable [2,3]. Inmany classical CYPs, the threonine
hydroxyl group is believed to be involved in hydrogen-binding and
proton delivery to the heme-bound oxygen during reactions [5,33]. In
CYP8A1, the conserved I-helix threonine is replaced with an asparagine
residue that is capable of forming hydrogen-binding networks through
the available nitrogens [9]. In contrast, CYP5A1 contains an isoleucine in
place of this conserved threonine [12,14]. It is important to note that the
close placement of this residue on the distal side of the heme active site
can significantly influence native catalytic function. Therefore, the
introduction of a hydroxyl near the heme may change the capacity of
CYP5A1 towards radical stabilization. In the absence of a crystal struc-
ture for CYP5A1, we prepared a Molecular Operating Environment
(MOE)model of CYP5A1 bound to PGH2 that indicated that both isoleu-
cine and the hydroxyl groups of threonine and serine arewithin 4 to 6 Å
of the heme active site (Fig. 4 and Supplementary Fig. S6).

Mutation of isoleucine 346 to hydroxyl-containing residues in-
creased native product formation of TXA2, confirming the influence of
this residue position on CYP5A1 catalysis [34]. Excess TXA2 is detrimen-
tal to cardiovascular health, thus this naturally occurring I346 residue
may deviate from the conserved hydrogen-bonding residues in order
to attenuate TXA2 levels in vivo.

3.2.Mechanistic interpretation of the increase of thromboxane formation in
I346T and I346S mutants

From a mechanistic standpoint, the isomerization of PGH2 by
CYP5A1 has been proposed to follow the Fe(III)–porphyrin pi–cation
radical route that involves a bifurcation of a key intermediate into two
different pathways leading to separate products [15] (Fig. 1). In path-
wayA, PGH2 is converted to TXA2 and in pathway B, PGH2 is fragmented
to MDA and HHT (Fig. 1). The PGH2 endoperoxide consists of two oxy-
gens attached to carbons at positions C11 and C9. The oxygen attached
at the C9 position interactswith hemeat the active site (Fig. 1)while the
oxygen attached at the C11 position forms the carbonyl group in the
intermediates preceding product formation. We hypothesize that
this oxygen attached at the C11 position is stabilized by hydrogen bond-
ing in the I346T and I346S mutants. This stabilization would favor the
cyclization of the intermediate leading to TXA2 formation, but has no ef-
fect on the fragmentation of this intermediate to form MDA and HHT.
Evidence to support this hypothesis stems from the observation that
upon binding U46619, in which the oxygen attached to the C11 carbon
is proposed to be near the hydroxyl of the threonine or serine residue in
the mutated protein, the Soret peak shifts by as much as 8.5 ± 0.7 nm



Fig. 4. Energy Minimized MOE active site models. Full view of (A) CYP5A1 WT bound to
PGH2 with the active site heme shown in red. Panels (B–D) show the PGH2-bound
CYP5A1 active sites of the following: (B) Wild type with isoleucine in yellow, (C) I346T
mutant with threonine in green, and (D) I346S mutant with serine in magenta. The pro-
tein is represented as blue ribbons. The endoperoxide oxygens bound at carbon positions
C9 and C11 are displayed in red near the heme. Note, however, that the binding of PGH2

into the serine active site is different from the wild-type and I346T proteins, placing the
oxygens at carbon positions C9 and C11 further away from the heme.
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for the I346S mutant. Interestingly, no such spectral shifts were ob-
served using the U44069where a –CH2– group replaces the C11 oxygen
in U46619 [30]. Additionally, the increased polarity of themutant active
sites due to the presence of a hydroxyl group may in general facilitate
the electron transfer from the PGH2 intermediate to the heme moiety
as a part of TXA2 formation.However, this does not explain the observed
spectral changes discussed above.

3.3. I346S vs. I346T, the role of the smaller residue

We observed that the I346S mutant shows an 8.5 ± 0.7 nm wave-
length shift on binding U46619 (Table 1; Fig. 3). Moreover, the Fe(II)–
CO-bound spectrum is more red-shifted for the I346S mutant suggest-
ing a change in the electronic environment of the heme due to the ori-
entation of the polar serine group [31,32]. When threonine is changed
to serine at this position in other CYPs, there is a precedent for a wider
range of products being formed. For instance, a change in substrate ori-
entation and specificity was observed when the conserved T303 of
CYP2E1 was mutated to serine, along with a change from high-spin to
mixed-spin in the ferric absorption spectrum [35]. This is presumably
due to the greater freedom of movement of the substrate. In our studies
we did not detect any additional products using LC–MS, however, the
I346S mutant did display altered activity and more extreme spectral
characteristics from those of the wild-type and I346T mutant.

4. Conclusions

In summary, in this paper we uncover new aspects of CYP5A1 func-
tion. Firstly, we reverse-engineered the native isoleucine in CYP5A1 I-
helix to the conserved threonine found in classical CYPs to understand
the role of this residue in product formation by CYP5A1. Uponmutation
of I346 to threonine we observed a 239% increase in thromboxane for-
mation while MDA and HHT formation remained almost the same. Ex-
cess thromboxane is detrimental to cardiovascular health, thus this
naturally occurring I346 residue might help in keeping the levels of
thromboxane lower in the platelets in the human body. In addition,
we mutated this I-helix residue to serine, a smaller hydroxyl-
containing residue, in order to gain a better understanding of the spatial
constraints of the active site, polarity of this residue, and substrate ori-
entation. Again, we saw an increase in the production of thromboxane
without any concomitant increase in MDA or HHT. Based on spectral
characterizations, we hypothesized that the selective increase in the
production of thromboxane is due to stabilization of the C11 oxygen
of the carbonyl in the intermediate by hydrogen-bonding interactions
between the hydroxyl moiety of threonine and with the oxygen atom
at C11 of the substrate PGH2. The hydroxyl-containing residue selective-
ly stabilizes the reaction pathway leading to TXA2 formation, but would
not alter the MDA and HHT fragmentation pathway. Evidence to sup-
port this hypothesis comes from the observation that the binding of
U46619, which only has an oxygen bound at the C11 position, to the
threonine or serine mutants significantly perturbs their Sorets.
5. Materials and methods

5.1. Materials

The human CYP5A1 gene was obtained from Origene. PCR reagents
were purchased from New England Biolabs. Molecular biology enzymes
and Escherichia coliDH5αwere purchased from Invitrogen. PlasmidDNA
was purified using a Qiagen Gel Extraction kit. Ampicillin (Amp), arabi-
nose, chloramphenicol (Chlr), isopropyl β-D-1-thiogalactopyranoside
(IPTG), and Ni-NTA resin were bought from Gold Biotechnology. δ-
Aminolevulinic acid (δ-ALA) was purchased from Frontier Scientific.
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was
purchased from Avanti Polar Lipids. PGH2, 9,11-dideoxy-9α,11α-
epoxymethano Prostaglandin F2α (U44069), and 9,11-dideoxy-
9α,11α-methanoepoxy Prostaglandin F2α (U46619) were purchased
from Cayman Chemicals. NADPH was purchased from P212121.com.
The TXB2 ELISA kit was purchased from Oxford Biomedical Research.
5.2. Protein engineering of CYP5A1

The CYP5A1 gene (Origene) was cloned into the pAr5 (modified
pCWOri+) plasmid using the NdeI and XbaI restriction fragment sites
located downstream of the IPTG-inducible tac promoter with Amp
resistance. The CYP5A1 protein was modified by truncating the first
29 amino acids, incorporating an N-terminal hydrophilic sequence
MAKKTSS, and a C-terminal 6-histidine tag [30]. The plasmidswere am-
plified and purified using a Qiagen Plasmidmini-prep kit (Valencia, CA).
The I346T and I346S mutations were made using forward primers
containing single nucleotide substitutions at residue 346. The reverse
primer was phosphorylated with T4 polynucleotide kinase (New
England Biolabs). The forward and reverse primer sequences are listed
in Supplementary Fig. S4. The PCR reaction consisted of 1 μMof forward
and reverse primers in HF reaction buffer (New England Biolabs)
containing 50 pg/μL CYP5A1-containg plasmid, 200 μM dNTPs, 5%
DMSO, and Phusion DNA polymerase (10 U/mL). The PCR thermocycler
was set to 95 °C for 3 min, 20 cycles (95 °C for 30 s, 65 °C for 30 s), and
then 72 °C for 4 min. Chemically competent DH5α cells were trans-
formed by heat shock at 42 °C for 45 s, then set on ice. The addition of
1 mL of warm Super Optimal Broth (SOC)media was followed by shak-
ing (250 rpm) at 37 °C for 1 h. Cells were plated on LBAmp in order to
screen for the desired mutant plasmid. The mutant dsDNA was con-
firmed by DNA sequencing.
5.3. Expression of CYP5A1 mutants

The expression of the CYP5A1mutants was performed as previously
described [30,36,37].

http://P212121.com
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5.4. Carbon monoxide binding assay

The heme content of the purified CYP5A1 protein was analyzed
using UV–vis spectroscropy (Agilent Technologies, Santa, Clara CA) as
previously described [30].

5.5. PGH2 assay and TXB2 quantification

The enzymatic activity of each protein was determined by quantify-
ing TXB2 and MDA formation using a Cary 300 UV–vis spectrometer
(Agilent Technologies) in scan mode and a competitive binding ELISA
assay read using a microplate reader at 650 nm, respectively, as de-
scribed previously [30,38].

5.6. Equilibrium binding of CYP5A1–ND with substrate analog

The binding of substrate analogs U44069 and U46619 to CYP5A1–
NDmutants were performed by spectroscopic titrations with each ana-
log. First, each CYP5A1–ND mutant (WT, I346T, and I346S) at final
concentrations of 0.5 μM in potassium phosphate buffer was incubated
with increasing concentrations of U44069 or U46619, ranging from final
concentrations of 0 to 100 μM dissolved in ethanol such that the final
ethanol concentration did not exceed 1.5%. The absorbance readings
weremeasured using a Cary 300UV–vis spectrometer (Agilent Technol-
ogies) in full scanmode. The datawas analyzed usingMATLAB by taking
a difference spectrum of the absorbance peaks and troughs at wave-
lengths of 426 and 409 nm for U44069 and 418 and 395 nm for
U46619, then plotting absorbance change versus analog concentration
in Origin Lab (Origin Lab, Northampton, MA). The data was fit using
the Hill equation (Eq. (1)).

ΔΑ¼Amax � Sn
Kn
s þ Sn

; ð1Þ

In Eq. (1), ΔΑ is the absorbance difference at 426 and 409 nm for
U44069 and 418 and 395 nm for U46619, Amax is the amplitude corre-
sponding to maximal spin shift, Ks is the spectral dissociation constant,
S is the substrate concentration, and n is the Hill coefficient. The binding
data fit closely to n = 1. Therefore, for final fitting a single binding iso-
thermwas used. The calculated spectral binding constants are averages
of two independent experiments.

5.7. Assembly of CYP5A1–Nanodiscs

CYP5A1–ND were assembled as previously described [30,36,37]
from a mixture of CYP5A1, membrane scaffold protein (MSPD1(−)),
cholate, and POPC lipids by removing the detergents using Amberlite®
[39,40] and cleaving the histidine tag of MSP1D1 [41].

5.8. Liquid chromatography–mass spectrophotometric analysis

PGH2 (20 μM) was added to CYP5A1 suspended in Tris–Cl buffer
(200 nM, pH 8.0). MDA formation was monitored spectroscopically at
268 nm for 3 min. This reaction was quenched with one volume of
ethyl acetate and the organic layer was removed and re-extracted
with another volume of ethyl acetate. The organic layers were dried
under N2 gas and resuspended in ethanol. The productsweremonitored
by an LC–MS system that consisted of a Waters Alliance 2795 analytical
high-performance-liquid-chromatography separation module (Waters,
Milford, MA) coupled to an electrospray ionization mass spectrometer
(Waters Quattro Ultima, Waters, Milford, MA) operated in negative
ion mode. The sample was analyzed using a reverse-phase C18, 1.3 Å,
2.1 mm × 20 mm and 2.5 μm pore size column (Waters, Milford, MA)
at a flow rate of 0.2 mL/min. The solvent system was composed of two
solutions: solvent A (95% H2O, 5% acetonitrile and 0.1% formic acid
(FA)) and solvent B (5%H2O and 95%ACN, and 0.1% FA). The 40min gra-
dient LC separation consisted of a linear gradient 35%→ 85% solvent B.

5.9. Molecular Operating Environment Modeling and Ligand Docking

The models of CYP5A1 WT, I346T, and I346S were developed using
homology modeling in PHYRE2 [42]. An open conformation of the
CYP5A1 model was generated and used for subsequent ligand binding
studies inMolecular Operating Environment software (MOE) (Chemical
Computing Group Inc., Montreal, QC, Canada). Docking was performed
using the Dock module of MOE. The activity site cavity was identified
near the heme in the homology model of each protein. The ligand
PGH2 was prepared in the MOE Molecular Editor module and was
docked into the cavities to generate possible ligand conformations.
The default nonstochastic Triangle Matcher placement method was
used as well as molecular mechanics refinement. Ten models with the
ligand bound within the cavity with the endoperoxide oxygens near
the heme (less than 7 Å)were generated and chosen for energyminimi-
zation. The models were verified by review of the Ramachandran tor-
sion angles of amino acid residues. The energy minimized CYP5A1
models with the substrate docked were used to measure the average
distances from the heme iron to the hydroxyl group of the mutated
346 residue and to the endoperoxide oxygens of the substrate. Interac-
tion energies, which indicate the change of free energy when the sub-
strate is bound, were compared for all three mutants.
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