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ABSTRACT OF THE DISSERTATION
Catalytic Control of Cytochrome P450
By
Jessica A. Gable
Doctor of Philosophy in Chemistry
University of California, Irvine, 2023

Professor Thomas L. Poulos, Chair

Cytochromes P450 (P450s) are heme-containing monooxygenases that catalyze a variety of
reactions, such as hydroxylation, epoxidation, and C—C bond breakage. Significant efforts have
gone into the study of the catalytic cycle, in which high-valent intermediates are generated under
physiological conditions to break unactivated C—H bonds. The various forms of regulation of the
catalytic cycle required to ensure catalysis proceeds only under the appropriate physiological
conditions are diverse and less well understood. For example, regulation is important in order to
avoid wasting otherwise valuable reducing equivalents, preventing high-valent intermediates from
degrading the protein, and/or preventing the release of reactive oxygen species. This thesis
focuses on a few regulatory aspects of the catalytic cycle. One such aspect is substrate binding
in a bacterial P450, named P450terp, after the substrate a-terpineol. The crystal structure of
P450terp reveals a second substrate binding site. Substrate binding studies reveal that this
second binding site is important for binding of substrate in the first binding site and turnover
assays show that the second substrate binding site is necessary for efficient catalysis. Another
aspect of regulation is the binding of the protein redox partner, in what has historically been called
the effector role. | focus on Pseudomonad P450s, since their similar biological roles might lead to
similar structure function relationships. Studies on P450terp and P450lin, named after the

substrate linalool, reveal that they are promiscuous, able to turnover substrate with an exogenous

Xiii



protein redox partner. While this marks a difference from the model Pseudomonad system, there
is a consistency in the effector role of the protein redox partner that is shared by many P450s. In
all P450s that utilize a protein redox partner studied thus far, binding of the redox partner results
in structural changes in the P450, as evidenced by an increase in the decay of an intermediate in
the catalytic cycle called the oxycomplex. Besides these two external forms of regulation, | also
look into the effects of mutating residues in the active site. One such example is mutation of the
residue immediately following the cysteine residue ligating the heme in an investigation into a
“proximal push” that might mimic redox partner binding and possible effects on the stability of
high-valent intermediates in the catalytic cycle. Another example is the mutation of certain
residues in an investigation of the origin of the P420 species, which is considered to be an
inactivated, damaged P450 incapable of performing catalysis. Together, all of these studies have

advanced our understanding of regulation of the P450 catalytic cycle.
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Chapter 1

Introduction to Cytochrome P450

Cytochromes P450 (P450s) are a class of heme-containing monooxygenases that
catalyze a broad range of reactions, such as hydroxylation, C—C bond formation and cleavage,
and epoxidation, to name a few.! P450s are ubiquitous thorough the biosphere and important in
human health with 70-80% of drugs on the market interacting with a P450 in the liver, and about
a third of those interact with one isoform.2 The chemistry of P450s is powered by a heme cofactor
that is attached to the protein through ligation to a thiolate of a cysteine amino acid residue (Figure
1-1A). Due to the thiolate-ligated heme cofactor, P450s have a unique UV-vis profile that provides
a valuable spectroscopic handle (Figure 1-1B). In fact, P450 stands for pigment 450, which refers
to the Amax Of the most intense feature, called the Soret, when the heme is bound to carbon
monoxide (CO).2 Historically, this band at 450 nm was important for the isolation and
characterization of the enzyme because all other heme proteins at the time, when bound to CO,

exhibited Soret maxima at 420 nm, and this difference is due to the thiolate ligand.*
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Figure 1-1. UV-vis spectra of P450s. (A) The heme cofactor involved in all P450s, which will be
shown as the bottom representation through the thesis. (B) UV-vis spectra of P450cam, as an
example of changes in the Soret. The black line is the Soret in the absence of substrate, at 417
nm. The red line shows the blue shift in Soret upon binding of substrate to 392 nm. The blue line
is the titular 450 nm band after which P450s are named upon reduction and binding to CO.

P450s have a wide range of substrates and biological roles. Some examples of substrates
are small terpenes, such as camphor, which are of particular interest in this thesis. In some cases,
these P450s can oxidatively assimilate potentially toxic terpenes as a sole carbon and energy
source.>® Other examples are macrocycles, like cholesterol or phenobarbital, which are
substrates for human P450s, whether in steroid biosynthesis or drug detoxification, respectively.
As more P450s are discovered throughout nature, the substrate scope correspondingly increases.

Despite the large number of diverse substrates, various types of chemistry, and low
sequence identity, P450s have a conserved triangular fold that makes structure-function
relationships more broadly applicable (Figure 1-2A). The first P450 to have a crystal structure

solved was P450cam, which is named after its substrate camphor. The crystal structure was

solved in 1985, by Professor Thomas Poulos.'® As such, P450cam serves as a cornerstone of



our lab, and a more detailed summary will be provided later. Shown in Figure 1-2 is the cartoon
representation of the crystal structure of P450cam (PDB ID: 2CPP). The | helix is the longest helix
of a P450, and thus can be thought of as the “backbone” of the enzyme structure. The F and G
helices can play a role in substrate binding and can be involved in large structural changes. The
cysteine residue that ligates the heme cofactor is closer to one side than another, and the closer
side is called the proximal side (Figure 1-2B). The side that has the F and G helices and substrate

access channel is called the distal side.

Proximal

Figure 1-2. Overall P450 fold and structure. (A) A cartoon representation of P450cam (PDB ID:
2CPP) is shown. The heme is shown in pink-colored spheres. The | helix is highlighted in purple,
and the F and G helices are shown in cyan. (B) An alternate view of P450cam shows the proximal
and distal sides of a P450.

In addition to the common triangular fold, many P450s undergo conformational changes
upon binding of substrate. These conformational changes mainly involve the F and G helices,
which shift from an “open” conformation in the absence of substrate to a “closed” conformation in

the presence of substrate (Figure 1-3). The open conformation has the F and G helices pulled

away and back, which provides an access channel to the heme pocket. Substrate enters through



this channel and may result in movement of the F and G helices to cover this access channel.
These structural changes often are accompanied by a change in the Soret (Figure 1-1B). The
substrate-free, open form exhibits a Soret at 417 nm. Upon binding of substrate, the Soret shifts
to 392 nm. Substrate binding is the first step of the catalytic cycle, which has been explored in

detail over the years.

Figure 1-3. Open and close transition of P450cam. (A) The surface representation of P450cam
(PDB ID: 2CPP) is shown in the closed conformation, where there is no access to the heme. (B)
A surface representation of P450cam (PDB ID: 3L62) is shown in the open conformation, where
there is an access channel to the heme. The difference between closed and open is due to
presence or absence of the substrate, camphor, for P450cam. The acquisition of the open form
was not trivial, and was obtained 25 years after the initial, closed form crystal structure.

The P450 catalytic cycle has remained an important topic over the years, as the powerful
chemistry of P450s is able to break stable, unactivated C—H bonds under physiological conditions
to form regio- and stereo-selective bonds (Figure 1-4). The catalytic cycle starts in the resting
state with water ligated to the ferric iron in the heme. Substrate binding is the first step in starting
the catalytic cycle. Substrate binds in the heme pocket, displacing the water ligand, but does not

directly coordinate the heme. This displacement of the axial water ligand changes the heme iron

from 6-coordinate to 5-coordinate, resulting in an increase in the reduction potential, allowing for



the first of two electrons to be delivered. The change in coordination of the iron also results in a
change in the distribution of the electrons in the d orbitals of the iron. The 6-coordinate iron is
called “low-spin”, as the 5 electrons of the ferric iron are maximally paired, resulting in a spin state
of S = 1/2. The 5-coordinate iron is called “high-spin”, as the 5 electrons now maximally unpaired
resulting in a spin state of S = 5/2. These spin shifts often are associated with changes in the UV-
vis spectra (Figure 1-1B), with the low-spin species exhibiting the Soret around 417 nm and the
high-spin species around 392 nm. After the binding of substrate, the first electron can now be
delivered, resulting in ferrous heme, and oxygen can now bind, resulting in what is commonly
referred to as the “oxycomplex”. Delivery of a second electron occurs in what is possibly a proton-
coupled step,'"-12 and results in a hydroxyperoxo species. Another proton is delivered via a water-
mediated proton network,3-'5 and the O—O bond heterolytically cleaves to release water and form
Compound I, a Fe(IV)oxo species coupled to a radical species distributed over the porphyrin ring
of the heme and sulfur of the thiolate ligand; this species is the catalytically competent
intermediate in the catalytic cycle.'® The abstraction of an H atom from the substrate results in a
substrate radical and a Fe(lV)hydroxo species called Compound II.'7 In a radical rebound step,
the hydroxyl group recombines with the substrate radical, and the catalytic cycle returns to resting

state upon dissociation of product and return of a water molecule.
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Figure 1-4. P450 catalysis. (A) Net reaction of P450s. (B) Catalytic cycle of P450s.

Despite the extensive investigations of the catalytic cycle, much less is known about the
regulation of these steps in catalysis. Regulation is important because it is imperative that the
catalytic cycle only occurs under the right circumstances; otherwise, valuable reducing
equivalents will be wasted, high-valent intermediates could start degrading the protein, and/or
reactive oxygen species could be released, which would be damaging to the cell. My thesis
focuses on regulation of the catalytic cycle; in particular, substrate binding and the second
electron transfer. Substrate binding is the most general form of regulation across all P450s. On
the other hand, the second electron transfer is more nuanced, and depends on the particular
P450 system. In most P450s, the second electron transfer can only be delivered by a protein

redox partner. This is different from the first electron transfer, which can be delivered by any



biological or chemical reductant with an adequate reduction potential. The reliance of P450s on
protein redox partners for the second electron transfer has historically been called the “effector
role,” and there are spectroscopic and structural data showing the influence of a redox partner on
the P450.1821 The P450s that we mainly study in our lab are Class | P450s, which means that
they require two protein redox partners (Figure 1-5). The redox partner that is important for

interaction with the P450 is the Fe>-S; ferredoxin in this system.

R-H

NADH 7~ . 7 ™

e e’

FdR

NAD* R-OH

Figure 1-5. The flow of electrons in a Class | P450 system. A flavin adenine dinucleotide (FAD)
containing reductase takes 2 electrons from NADH and transfers them one at a time to a Fe>-S»
containing ferredoxin, which then transfers them one at a time to the P450, where the oxidation
of the substrate takes place.

As such, our lab is interested in the generality of structure function relationships in P450s
and studying various isoforms to draw more general conclusions that are broadly applicable
across all P450s. As | mentioned before, our lab has had a long-standing interest in P450cam,
which is possibly the most well understood P450. Thus, much of our other P450 systems are

chosen with P450cam in mind. A brief overview of P450cam is provided next to acquaint the

reader with relevant information about P450cam.

P450cam
As previously mentioned, P450cam was the first P450 to have its crystal structure solved.
It was discovered by selecting for Psuedomonad bacteria that could survive on camphor as a

carbon source.?8 It was not the first P450 discovered, but its ease of expression, purification and



stability enabled generation of large amounts of protein for many experiments. Over the years,
P450cam has run the gamut of experimentation, and is probably the most well-studied P450.
However, recent studies have shown that even the most well understood P450 has new
discoveries, and therefore underscores how much more there is to investigate as a whole.
P450cam is a bacterial Class | P450, which means it has two redox partner proteins
necessary for catalysis. In particular, it requires a flavin adenine dinucleotide (FAD) containing
reductase called putidaredoxin reductase (PdR) and a Fe»-S, containing ferredoxin called
putidaredoxin (Pdx). PdR removes a hydride from NADH and transfers the electrons to Pdx one
at a time, which transfers an electron to P450cam. Redox partner interactions have been and is

an active area of research in our lab and in the field.

Closed Open Pdx Bound - Open
“Effector Role”

Figure 1-6. Various structural conformations of P450cam. (Left) The closed conformation of
P450cam is shown (PDB ID: 2CPP). (Middle) The open conformation of P450cam is shown (PDB
ID: 3L62). (Right) The covalently linked complex of P450cam and Pdx (magenta) is shown (PDB
ID: 4JWU).

Recent focus in the lab has been on the interactions between the ferredoxin and the P450.
There is a wealth of information about the interactions between Pdx and P450cam, which have
come to be recognized as unique. P450cam is very specific for Pdx, and 2 residues in particular

are very important — Asp38 and Trp106 of Pdx.2022 Both of these residues are required for

catalysis, and alteration of either one results in a loss of a catalytically competent system. The



importance of these residues was clarified by the crystal structure of the covalently linked complex
of P450cam to Pdx.'® Pdx binding to P450cam pushes the P450 to resemble more of an open
conformation and allows for the formation of a water-mediated proton network (Figure 1-6). In
particular, Pdx binding frees up a critical residue, Asp251, from being locked in hydrogen bonds,
and can now participate in the water-mediated proton network required for oxygen activation..12
Before the crystal structure of the complex was solved, there were reports of P450cam spectral
changes upon Pdx binding, including UV-vis, NMR, EPR, and Resonance Raman
spectroscopy.?®-32 Pdx binding also increases the decay rate of the oxycomplex, thereby
“activating” the P450.3! All of these changes lead to the idea that Pdx may serve in an “effector
role” of catalysis. Over the years it has become apparent that the P450cam and Pdx interaction
may have unique characteristics. Thus, to test the generality of redox partner interactions, we

turned to the closely related, homologous systems — P450terp and P450lin.

Homologous Pseudomonad P450 — P450terp and P450lin

P450terp and P450lin are some of the early P450s to be studied after P450cam, and they
are Class | P450s that come from Psuedomonad bacteria and enable the bacteria to survive on
a terpene substrate as a sole carbon source. There are some publications about both, but as
many more, diverse P450s were uncovered, investigation into these two P450s stopped.

P450terp was discovered in 1992 in a swamp in Texas and was selected by testing which
bacterial colonies could survive on a-terpineol as a sole carbon-source,” which was similar to the
discovery process of P450cam. P450terp was the second ever P450 to have its crystal structure
determined, almost 10 years after P450cam.3334 The crystal structure does not have substrate
and resembled what we now refer to as an open conformation. There were a couple of other

publications about P450terp, but they became limited after 1995.35-38



P450lin was the second bacterial P450 to be investigated alongside P450cam.8 There is
a report of preliminary crystal structure data, but no subsequent structure emerged.3® There are
some publications about substrate binding and discussion about P420 species with P450cam,
but again publications involving the P450lin system paused after 2002.4041

The relevance of using P450terp and P450lin is in their similarities to P450cam. They all
are Class | Pseudomonad P450s that assimilate a terpene to enable their respective bacteria
allowing them to live off the terpene as a sole carbon and energy source. Therefore, if their
biological roles are similar, we expect their structure-function relationships to be similar as well.
Thus, if what we know about P450cam holds true for P450terp and P450lin, this would indicate
that these bacterial P450s share common regulatory mechanisms.

The structure-function relationships that we investigate are in the context of impact on
regulation and catalysis. There has been many investigations into the importance of the thiolate
ligand of P450s, and one such mutation was made in P450cam. This mutation was L358P in
P450cam, and it mimics the some of the effects of Pdx binding in the absence of redox partner,
like activating the P450 by increasing the rate of decay of the oxycomplex.2?42 Both Pdx binding
and the L358P mutation “push” on the proximal side of the heme and, given the similar effects of
redox partner binding and the L358P mutation, this proximal push effect is very likely important
for oxygen activation. This can be further explored by mutations and exploring the effect of redox
partner binding in other P450s. There are different threads of investigation in this thesis, but

overall, there is a common theme of how these subtle regulations influence catalysis.

Summary of Dissertation
This dissertation focuses on select forms of regulation of the P450 catalytic cycle. In the
second chapter, | will discuss how cooperative substrate binding influences catalysis in P450terp.

The substrate-bound crystal structure of P450terp reveals two substrate binding sites. Therefore,
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a series of mutations were made to weaken both binding sites to investigate their roles in binding
and catalysis. Binding studies reveal cooperativity in substrate binding, and the mutation of a
particular residue, F188A, eliminates the substrate binding cooperativity. The crystal structure of
the F188A variant reveals only one substrate in the active site. Turnover studies show that
mutations vary the coupling efficiency, and it was found that the distant, second binding sight
impacts both binding of the substrate in the first site, and “pins” it in place for productive catalysis.

The third and fourth chapters focus on the redox partner effector role on P450lin and
P450terp. Both P450lin and P450terp are able to turnover substrate with a nonnative ferredoxin,
Arx, which is the redox partner from the CYP101D1 system. Various mutations were made to Pdx
to mimic the native ferredoxin redox partner proteins of P450terp and P450lin systems, to different
degrees of change in turnover rate. However, in both systems, ferredoxins that were able to
enable turnover also increased the decay rate of the oxycomplex. So far, all P450s studied have
an increased rate of decay of the oxycomplex in the presence of redox partner, so this may be a
common theme for all P450s.

The fifth chapter discusses the application of the P450cam L358P mutation to a P450 that
was used to trap Compound I, CYP158A2. CYP158A2 is a natural “L358P” P450, as the WT has
a proline immediately following the ligating cysteine. The proline is thought to push on the heme
and activate it, as evidenced by the P450cam L358P mutation. The preliminary results indicate
that the natural proline stabilizes Compound II.

The sixth chapter is a brief investigation into the development of the P420 species in
P450cam. Historically, it has been regarded that P450s that exhibit a Soret at 420 nm when bound
to CO instead of 450 nm were damaged and inactive. The source of what causes the change in
Soret has been debated, and one such hypothesis is histidine ligation in place of cysteine, as
many hemoproteins that naturally have P420 have histidine ligands. A series of mutations that

alter the closest histidines to glutamines indicate that a histidine ligand is not necessary for
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formation of P420. Thus, the formation of P420 is more nuanced and may be a result of a
disturbance in the heme pocket, and not necessarily alteration of the heme ligand.

Overall, my thesis aims to understand some of the different forms of regulation of the
catalytic cycle of P450s and to broaden our understanding of the diverse and ever-growing field

of P450s.
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Chapter 2
Cooperative Substrate Binding Controls Catalysis in Bacterial Cytochrome P450terp

(CYP108A1)

Introduction

P450s generate highly oxidizing intermediates during the catalytic cycle, such as ferryl-
oxo/hydroxo (Por*+-Fe'V=0/Por- Fe'V-OH) species, Compounds | and Il, respectively.-3 While the
catalytic cycle is well-studied, significantly less is known about the mechanisms by which these
enzymes regulate the formation of their potent intermediates and prevent undesired oxidation of
the protein scaffold.+-6

Despite these uncertainties, much more is known about the binding of substrate for the
initiation of catalysis. Upon substrate binding, a change in spin-state is accompanied by an
increase in the heme redox potential allowing an electron to be transferred from a redox partner
protein. This substrate-dependent control of the first electron transfer ensures that dioxygen
binding to the reduced ferrous state only occurs when substrate is bound minimizing the likelihood
of unproductive dioxygen activation and generation of harmful radical oxygen species (ROS).”

Much of what is known about the molecular level details of P450s derives from studies
with Pseudomonas putida P450cam (CYP101A1) which was the first P450 to be sequenced?®
and have a crystal structure solved.!® Like many other bacterial P450s, P450cam belongs to a
Class | system that requires two additional soluble electron transfer (ET) proteins to perform
catalysis. Specifically, a FAD-containing protein, putidaredoxin reductase (PdR), shuttles
electrons from NADH to the Fe.S, ferredoxin, putidaredoxin (Pdx), where the subsequent
reduction of the heme iron by Pdx enables O, binding and activation followed by substrate
hydroxylation. As more P450s were discovered and the number of detailed mechanistic studies

expanded, it became clear that P450cam exhibits some additional unusual regulatory properties.
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The earliest unique feature of P450cam to be discovered was its strict requirement for its own
redox partner'' while many other P450s can be supported by foreign redox partners.’>-'5 |t now
is known that Pdx binding to P450cam results in a Pdx-specific induced conformational change
that triggers the formation of a proton relay network required for O activation.®-'8 More recently,
P450cam was found to have a second allosteric substrate binding site and undergoes complex
and large structural changes in response to the binding of heme iron ligands.'7:1°

Using P450cam as a model system brings forth an important question: to what extent is
the complexity of P450cam shared by other P450s? Given that P450cam is from Pseudomonas
putida, which uses camphor as a sole carbon source, it is reasonable to expect that other Class
| Pseudomonad P450s that also use a terpenoid natural product as a sole carbon source might
share similar properties. One example is P450terp (CYP108A1), a P450 that begins the oxidative
assimilation of a-terpineol as a carbon source by hydroxylation, forming 7-hydroxy-terpineol
(Scheme 2-1). P450terp is co-expressed with two electron transfer proteins, an FAD-containing
protein, terpredoxin reductase (TdR) and a Fe»S; ferredoxin, terpredoxin (Tdx). CYP108A1 was
the second Pseudomonad P450 to be characterized and have a crystal structure solved.?0-22
However, the available P450terp structure is substrate-free and enzymatic characterization is
limited to a few publications.23-27

Here, the crystal structure of P450terp co-crystallized with its substrate a-terpineol is
presented. Strikingly, this structure reveals two molecules of a-terpineol within the active site,
which suggests that P450terp may exhibit homotropic allosteric control. This possibility was
explored with mutagenesis, additional crystal structures, molecular dynamics simulations, and
substrate binding using both spectroscopic titration and isothermal titration calorimetry. These
studies reveal that P450terp does indeed exhibit substrate cooperativity and that the allosteric
site is required for efficient catalysis. The results underscore how even the seemingly simplest

cytochrome P450s can exhibit complex and diverse regulatory properties. Furthermore, these
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results are discussed in the context of the biological roles that these P450s serve in the

metabolism of unusual alternative carbon sources.

NADH NAD*
OH OH

>
P450 HO

0, + H* H,0

Scheme 2-1. The net reaction of the P450terp system where the FAD-containing TdR shuttles
electrons from NADH to the Fe»S;-containing Tdx. Electrons are then transferred from Tdx to
heme iron of P450terp for O: activation and hydroxylation a-terpineol.

Results
X-ray Crystallography

It was initially anticipated that P450terp would adopt a more closed conformation when
substrate binds given how commonly “open-to-closed” transitions are observed in other P450s.”
As such, P450terp was co-crystallized in the presence of substrate rather than soaking a-terpineol
into substrate-free crystals as to avoid restrictions of a conformational change by any restraints
imposed by the crystal lattice. Regardless, the substrate-P450 complex crystallized with the same
space group and cell dimensions as the previously determined substrate-free structure (1CPT)
and diffracted to a resolution of 2.0 A (Table 2-1).

Table 2-1. Crystallographic data collection and refinement statistics of P450terp

P450terp WT SB P450terp WT SF P450terp F188A SB
PDB entry 8EUH 8EUK 8EUL
Data Collection
Resolution (A) 2.00 1.08 2.24
Resolution range (A _
9 | se5 20 59.52 - 1.984 38.06 -2.244
(2.072 - 2.0) (2.055 - 1.984) (2.324 -2.244)
Space group P6122 P6122 P6122
Unit Cell 68.12 68.12 455.406 | 68.73 68.73 457.039 | 67.81 67.81 456.684
90 90 120 90 90 120 90 90 120
Total reflections 1009679 (100691) | 927460 (75823) 538276 (61645)
Unique reflections 44104 (4262) 46098 (4465) 31395 (3015)
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Multiplicity 22.9 (23.6) 20.1 (17.0) 17.1 (20.3)
Completeness (%) | gg g4 (99.84) 99.92 (99.98) 99.74 (99.01)
Mean ol 1440 261) 27.93 (11.55) 10.53 (3.42)
Wilson B-factor (A?) 32 53 57 62 31.91

Foim 0.03164 (0.2775) 0.01765 (0.04957) 0.04543 (0.2297)
CCir 0.997 (0.91) 0.998 (0.995) 0.996 (0.927)
cc 0.999 (0.976) 0.999 (0.999) 0.999 (0.981)
Refinement

Reflections used in
refinement

44036 (4262)

46079 (4465)

31340 (3009)

Reflections used for

R-free 2232 (188) 2383 (207) 1509 (147)
Ruwor 0.1785 (0.2494) 0.1798 (0.1926) 0.1995 (0.3513)
Riee 0.2096 (0.2586) 0.2065 (0.2231) 0.2235 (0.3230)
CC(work) 0.958 (0.897) 0.951 (0.900) 0.946 (0.773)
CCffree) 0.964 (0.925) 0.949 (0.817) 0.930 (0.729)
Number of non-
hydrogen atoms 3609 3680 3523
Macromolecules 3301 3308 3266
Ligands 100 91 94
solvent 208 281 163
Protein residues 418 418 415
Root-mean-square
deviation for bonds
(A) 0.015 0.011 0.009
Root-mean-square
deviation for angles
(deg) 1.59 1.35 1.26
Ramachandran
favored (%) 97.1 97.83 97.57
Ramachandran
allowed (%) 2.9 2.17 2.43
Ramachandran
outliers (%) 0 0 0
Rotamer outliers (%) 0.56 0 0.86
Clashscore 165 2138 286
Average B-factor (A2) 39 59 35.07 39.18
Macromolecules 39 46 34.74 39.1
Ligands 38.46 35.24 42.92
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Solvent

42.25 38.96 38.7

Statistics for the highest-resolution shell are shown in parentheses. As Rmerge tends to increase
with high multiplicity, Rpim is reported, which better accounts for the increased redundancy
multiplicity.28

Figure 2-1. Crystal structure of P450terp. (A) Overlay of substrate-bound P450terp (grey) and
substrate-free P450terp, 1CPT (green). The F and G helices of substrate-bound P450terp are
shown in cyan and the end residues of the F and G loop are highlighted blue. The heme is shown
in pink. Residues 191 — 206 cannot be modelled in substrate-free P450terp (1CPT) while residues
193-202 cannot be modeled in our structure of substrate-bound P450terp. (B) Overlay of
substrate-bound P450terp (grey) and substrate-bound P450cam (purple). The F and G helices of
P450terp are in cyan, and the F and G helices of P450cam are in blue. The heme is shown in
pink. (C) Surface representation of substrate-bound P450terp and (D) rotated about 20°. The F
and G helices are cyan, while the ends of the loop are blue. Substrate molecules are yellow
spheres.
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Alignment of the substrate-free and substrate-bound structures reveals minimal change
of the overall protein conformation with a Ca-RMSD of 0.26 A (Figure 2-1A). In both structures,
the loop connecting the F and G helices is disordered, but a few more residues in the F-G loop
were modeled that were not previously reported (Figure 2-1A). It was unclear whether this
increase in ordered F-G loop density is due to substrate-binding, improved resolution, or
advancements in data processing. Therefore, an a-terpineol-free P450terp structure was
determined to 2.0 A (Table 2-1) and both the substrate-free and substrate-bound structures have
the same number of F/G loop residues, which suggests the newly ordered residues in the
structure do not appear as a consequence of a-terpineol binding. However, the absence of
substrate did not result in a vacant active site, but rather a molecule of ethylene glycol provided

by the mother liquor fits well into residual density above the heme (Figure 2-2).

Figure 2-2. Active site of P450terp WT substrate free. Ethylene glycol is shown in wheat and the
heme is in pink. Electron density for both is shown at 10 of a 2Fo-Fc map.

Compared to P450cam, substrate-bound P450terp displays a more open active site due

to the F-G loop disorder and positioning of the G-helix (Figure 2-1B), suggesting P450terp may
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not undergo the open/close motions observed in other P450s. In P450cam, these motions change
inter-residue couplings throughout the enzyme that allow for the retention of regioselectivity even
upon alteration of key interactions with substrate.?® It is then natural to question how P450terp
positions a-terpineol for hydroxylation and maintains its regioselectivity. Surprisingly, the
substrate-bound structure exhibited two molecules of a-terpineol in the active site. A surface
representation of the substrate-bound P450terp structure reveals two channels into the active
site, each blocked by the second substrate (Figure 2-1C and 2-1D). While it is possible that
disordered residues of the F-G loop cover the large channel between the two helices (Figure 2-
1C), the number of unmodelled residues is insufficient to cover both channels simultaneously
(Figure 2-1D).

Within the active site, electron density for the primary molecule of substrate (terp1), closest
to the heme, is very well-defined and the carbon to be activated, C7, is positioned 4.2 A from the
heme iron (Fig 2-3A). In P450cam, the corresponding carbon atom of camphor, C5, is 4.0 A from
the iron.'® The proximal substrate is held in place by key nonpolar contacts provided by Phe317
and Phe414 as well as hydrogen bonding interactions between the substrate hydroxyl group and
the side chains of Ser101 and Thr103. Above terp1, large lobes of density were best modeled as
a second substrate molecule (terp2) in two distinct but equally populated conformations refined
to 49% and 51% occupancy (Figure 2-3C). Both conformations of terp2 clearly interact with the
side chain of Phe188 with one conformation forming a hydrogen bond with the phenol sidechain
of Tyr80. A Polder map of terp2 contoured at 50 clearly shows the occupancy of a second
molecule of substrate and supports the existence of two conformations. (Figure 2-3D). The closest
distance between the two substrates is 4.0 A, and there is minimal direct contact between the two
molecules based on a space-filling model of the active site. A majority of the interaction between

the two substrates is mediated by nonpolar contacts of the surrounding residues (Figure 2-4 and
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Table 2-2). Phe188 undergoes a slight rotation to better interact with terp2 in the substrate-bound

structure compared to the substrate-free structure (Figure 2-5).

F317 T103

Figure 2-3. Comparison of two molecules in active sites. (A) Two molecules of a-terpineol are
bound in our crystal structure of P450terp. Residues contacting these molecules are shown. The
bottom substrate (terp1) has one conformation while the top substrate (terp2) has two alternate
conformations. (B) Active site of P450cam in complex with Pdx is shown with one molecule of
product, 5-exo-hydroxycamphor, in the active site, and one molecule of substrate, camphor,
above it. The residues contacting these molecules are shown. (C) Electron density for the two
molecules of a-terpineol is shown at 20 for terp1 and 10 for terp2 of a 2Fo-Fc map. (D) Polder
map for the second substrate is shown in dark purple at 50.
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Figure 2-4. Residues contacting substrate molecules. (A) The residue environment around terp1.
(B) The residue environment around a conformation of terp2, referred to as terp2a in Table 2-2.
(C) The residue environment around a conformation of terp2, referred to as terp2b in Table 2-2.
Solid lines represent hydrogen bonds, and dashed lines indicate nonpolar interactions.

Table 2-2. Residues interactions with substrate molecules. terp1 is the substrate molecule in the
primary binding site, and the two conformations of terp2 are split into terp2a and terp2b.

Residue # Amino Acid | Distance (A)
terp1 Nonpolar 103 Thr 3.87
263 Ala 3.88
267 Ala 3.59
317 Phe 3.87
414 Phe 3.81
Hydrogen 101 Ser 2.85
bonds
103 Thr 2.75
terp2a Nonpolar 98 Val 3.56
188 Phe 3.55
414 Phe 3.92
Hydrogen 80 Tyr 2.34
bonds
terp2b Nonpolar 98 Thr 3.92
188 Phe 3.62
266 Thr 3.76
414 Phe 3.57
415 Val 3.83
Hydrogen 188 Phe 2.90
bonds (backbone)
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Figure 2-5. Rotation of F188. Substrate free (green) (1CPT) and substrate bound (grey)
structures were aligned to F187. F188 is rotated ~20 ° relative to the plane of the phenyl ring in
the substrate free structure to better contact terp2.

Guided by this structure and the hypothesis that the second substrate stabilizes the active
site enabling efficient catalysis, several active site mutants were generated: a single mutant
F188A to weaken binding of the secondary molecule, a double mutant S101A/T103A to disrupt
the primary, and a triple mutant S101A/T103A/F188A to perturb both sites (Figure 2-6). The
structure of the single mutant F188A co-crystallized with substrate using the same conditions as
those for WT was determined to 2.2 A (Table 2-1). While the Ca-RMSD between WT and the
F188A variant is 0.09 A and terp1 remains similarly positioned within the active site, there is no
electron density in the corresponding secondary site of F188A for substrate or any other small
molecule (Figure 2-7B). Additionally, albeit at slightly lower resolution, the B-factor for terp1 in
F188A also increases to 65.9 A2 from 35.2 A2in WT consistent with the hypothesis that the second
substrate molecule serves to stabilize the primary molecule for hydroxylation (Figure 2-7A). Upon
reprocessing the WT structure at a lower, comparable resolution of 2.2 A, the B-factor remains
essentially unchanged at 35.3 A2, which supports the conclusion that the higher B-factor in the

F188A structure results from the loss of the second a-terpineol.
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Figure 2-6. Active site mutations. Mutated residues of P450terp are shown in teal. Heme is in
pink, and substrates, a-terpineol, in yellow. Each residue was mutated to alanine. The side chain
oxygen of T103 is 2.7 A from the oxygen of the first substrate. The side chain oxygen of S101A
is 2.8 A from the oxygen of the first substrate. There were 3 variants made of P450terp: S101A
T103A, F188A, and S101A T103A F188A. The F188A variant expressed just as well as WT, but
the variants with S101A and T103A expressed rather poorly. Thr103 makes an H-bond with Glu77
of the B loop, so in mutating it to alanine, the absence of the H-bond may destabilize the heme
pocket.

Figure 2-7. Crystal structure of P450terp F188A. (A) Electrn density for terp1 is shown at 10 of
a 2Fo-Fc map. (B) The second substrate site is shown with electron density at 10. The mutation
of Phe188 to Ala is shown in green. No density is observed in the second site.
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Substrate Binding

In the absence of substrate, the UV-vis spectra of all four variants are nearly identical,
displaying similar Soret maxima and Q-band profiles (Figure 2-8A). However, in the presence of
1 mM a-terpineol (~300-fold excess), the variants show substantially different distributions of
Soret intensities corresponding to different populations of their nominal low- (418 nm) and high-
spin (396 nm) states. The origin of the differences in the relative low-spin and high-spin
populations is challenging to interpret, and may be due to changes in the substrate dissociation
constant, presence of an axial ligand, spin-state equilibria, or some combination of these factors.
As one may expect, wild-type (WT) displays a complete shift to its respective high-spin species
similar to WT P450cam, indicating a complete occupation of the active site by a-terpineol. The
single mutant F188A, which was designed to disrupt the secondary site, exhibits an incomplete
shift, ~70% (Figure 2-8B), where even at high substrate concentrations (10 mM), the Soret band
does not fully convert to the substrate-bound spectrum (Figure 2-9). Since spectral changes of
the Soret band directly report on perturbations to the heme cofactor upon substrate binding, the
decrease in the high-spin state formation reflects a decrease in the occupancy and/or greater
mobility of the primary substrate position compared to WT. Furthermore, from the X-ray crystal
structure, it is known that mutation of Phe188 weakens the binding of a-terpineol in the second
position, which in combination with the incomplete spin-shift, suggests that the binding ability of
terp2 directly impacts the binding ability of terp1. The S101A/T103A variant displays a smaller
Soret shift than the F188A mutant. Presumably, the elimination of hydrogen bonding interactions
with the primary substrate molecule greatly decreases the affinity for the first site. Based on the
crystal structure of substrate-bound WT P450terp, interactions with several hydrophobic residues
nearby, Phe414 and Phe317, help retain some favorable interactions along with an unperturbed
secondary site, which serves to entrap terp1 and leads to the observed partial binding. As

expected, the S101A/T103A/F188A variant displays the smallest high spin shift as critical contacts

27



for both sites are eliminated (Figure 2-8C). Table 2-3 lists the maximal high spin percentages of

each of the variants.
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Figure 2-8. Absorbance spectra of P450terp variants in the (A) absence and (B) presence of 1
mM a-terpineol in 50 mM KPi pH 7.4. (C) Difference spectra of P450terp variants of substrate-
bound (SB) minus substrate-free (SF).
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Figure 2-9. Absorbance spectra of P450terp F188A in the presence of 0 mM, 1 mM, and 10 mM
a-terpineol. The increase of absorbance around 260-280nm is due to the increase of a-terpineol.
Even in the presence of ~300 fold excess a-terpineol, P450terp F188A does not shift completely
to high spin. Instead, it shifts ~87% relative to WT. Allowing time for the P450 and substrate to
equilibrate did not increase the extent of the spin shift. In general, time did not play a role in the
observed spin shifts of any of the variants or WT.

Table 2-3. Table of Ks and maximal high spin percentages for the four P450terp variants.
denotes no experiment for Ks was performed as the spectral shift is not high enough for
reasonable calculations.

P450terp Ks Maximal HS
WT 2.67 £0.18 100%
S101A T103A - 28.3%
F188A 36.1+1.4 70.1%
S101A T103A F188A | — 14.9%

Another important point of comparison is the differences between the UV-vis absorption
spectra of the different variants. The Soret maxima of WT and F188A remain identical at 418 nm
in the absence of substrate, while the variants containing S101A and T103A display shifted
maxima at 419 and 421 nm in the double and triple mutants, respectively, indicating a change in
their ground state electronic structure. Moreover, in the canonical carbon monoxide bound (CO-

bound) P450 spectra, P450terp WT and the F188A variant exhibit P450-type spectra while the
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S101A/T103A/F188A variant displays the “inactive” P420-type spectrum (Figure 2-10). In the
presence of substrate, the S101A/T103A variant is P450-type, and in the absence of substrate is
P420. As the S101 and T103 residues are directly adjacent to the heme, it is likely that mutation
of these residues does not only perturb substrate binding but also affects the stability, and
therefore electronic structure, of the heme. It seems that binding of substrate in this case helps to
stabilize the heme pocket in the S101A/T103A variant. This is further evidenced upon examination
of the spectra of the reduced species prior to CO binding where the Soret band of the
S101A/T103A variant and triple mutant red-shifts to ~425 nm and the Q-bands are sharp and
distinct from the broad profiles displayed by WT and F188A (Figure 2-10A and 2-10B). Both the
shift in the Soret as well as the sharp o and B bands at 528 and 560 nm, respectively, of the
double and triple mutants are consistent with spectral features observed for pressure-inactivated
ferrous P450 (P420) species as well as low-spin ferrous 6-coordinate cytochromes ¢ and bs.30-32
This similarity supports the assignment of the reduced state of these P450terp variants as low-
spin and/or hexacoordinate. It is also, therefore, interesting to note that these results are
consistent with previous work that demonstrates that a histidine ligand is not necessary for

formation of the “inactivated” P420 species.3?
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Figure 2-10. Absorbance spectra of reduced and carbon monoxide bound (CO-bound)
P450terp variants. P450terp in the (A) absence and (B) presence of 1 mM a-terpineol plus an
excess of dithionite. WT is 3.0 uM, F188A is 4.1 uM, S101A T103A is 4.0 uM, S101A T103A
F188A is 3.3 uM in the reduced spectra. P450terp in the (C) absence and (D) presence of 1 mM
a-terpineol plus an excess of dithionite in CO-bubbled buffer to generate the CO-bound P450.
WT is 4.6 uM, F188A is 4.5 uM, S101A T103A is 3.8 uM, S101A T103A F188A is 4.0 uM in the
CO-bound spectra.

For the substrate free spectra (Figure 2-8), WT and F188A exhibit a Soret maxima at 418
nm, while S101A T103A and S101A T103A F188A display Soret maxima at 419 nm and 421 nm,
respectively. Thr103 H-bonds with Glu77 on the B loop, so it is logical that the T103A mutation
results in a perturbation of the heme pocket. Even in the substrate bound spectra, the variants

with altered heme pockets containing S101A and T103A, the Soret maxima shifts to 418 nm in
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the presence of substrate. It appears that the destabilization of those mutations might be
somewhat stabilized by substrate ordering of the active site.

The reduced spectra of P450terp clearly show a difference between the variants with and
without the mutations of S101A and T103A (Figure 2-10A and 2-10B). The Soret maxima are
around 410 nm for WT and F188A, while they are around 420 nm for S101A T103A with and
without F188A. The Q bands of the variants with S101A and T103A suggest reduction has indeed
occurred. These data suggest that the S101A and T103A mutations alter the heme pocket in
some capacity. These sharp Q-band features and the ratio of the a/  bands is observed in other
reduced heme-proteins like cytochrome c. However, in the presence of substrate, the spectra of
the variants with the S101A and T103 mutations become different upon reduction. The Soret
maxima of the S101A T103A variant is ~410 nm and displays broad Q bands, while the S101A
T103A F188A variant has changed much less and resembles the substrate free spectra,
supporting the assignment that this species lacks the ability to bind substrate binding. The
difference of the F188A mutation suggests that the second substrate helps to order the heme
pocket, as the reduced spectra have changed.

The CO-bound spectra exhibit a similar pattern where WT and the F188A variant are
mostly P450, while the variants with the S101A and T103 mutations are mostly P420 in the
absence of substrate. These changes again can be attributed to changes in the heme pocket.
The exact origin of P420 remains debated, but a recent paper by our group demonstrates that
P420 can be generated without the requirement of a histidine ligand to replace the thiolate ligand
of the heme and this more likely do to disordering of the heme pocket.3® This is supported by the
fact that in the presence of substrate, the S101A T103A variant is mostly P450 while the S101A
T103A F188A variant remains P420, suggesting that the second substrate might help to order the

heme pocket.
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These spectra also corroborate our coupling efficiency data, as WT, F188A, and S101A
T103A variants all had appreciable coupling, and are mostly P450 in the presence of substrate.

The S101A T103A F188A variant had almost nonexistent coupling and is mostly P420.

Binding Affinities of a-Terpineol

To test the hypothesis that substrates act cooperatively in the P450terp active site, the
binding affinities of a-terpineol to WT and F188A were measured by UV-vis spectral titrations and
isothermal titration calorimetry (ITC). From the spectral titrations, a spectral binding constant, Ks,
was determined to be 2.67 uM for WT and 36.1 uM for the F188A variant (Figure 2-11 and Table
2-4). More importantly, however, the data for WT were not well represented by a one- or two-site
binding model (Equations 2-1 and 2-2), which contain the underlying assumption that each site
exhibits a fixed and invariant affinity, where Bmax is the maximum specific binding, and Kp is the
equilibrium dissociation constant, Y is fraction of sites occupied by the substrate, and X is the
concentration of substrate. Double-reciprocal plots of the data made this inadequacy obvious as
the substrate dependency of the WT was not linear and displayed an upward concavity (Figure
2-12). The data were instead best-fit to a binding site model utilizing a Hill-coefficient that accounts
for cooperative interaction between multiple substrates (Equation 2-3), where Bmax is the
maximum specific binding, Ko is the equilibrium dissociation constant, h is the Hill coefficient, Y
is fraction of sites occupied by the substrate, and X is the concentration of substrate. The fit of
WT P450terp exhibited a Hill-coefficient of 1.41, where a value >1 indicates positive cooperativity,
consistent with our hypothesis (Fig. 2-11G). The assumptions underlying the Hill-coefficient
equation are not the most microscopically accurate representation of the binding modes occurring
here. However, comparison to the F188A spectral titration still provide semi-quantitative and
significant insight, as data for the mutant fit well to a one binding site model: 36.1 uM with Hill-

coefficient of 1.01, indicating a lack of cooperativity (Fig. 2-11H). As previously mentioned, since
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spectral titrations report on the status of the heme environment, it is therefore reasonably
assumed that the obtained binding affinity of 36.1 uM reflects the diminished affinity of a-terpineol

for the primary binding site, as the secondary binding site has likely been impaired.
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Figure 2-11. Spectral titration data expanded. Left column: Absolute spectra of the titrations of
P450terp (A) WT and (B) F188A. Black is starting, substrate free; red is final, substrate bound;
grey are the intermediate titrations. Difference spectra of substrate free subtracted from each
titration step of P450 (C) WT and (D) F188A. Black is starting, substrate free; red is final, substrate
bound; grey are the intermediate titrations. Curves for different fits are shown for P450terp (E)
WT and (F) F188A. The final curves for P450terp (G) WT substrate binding with a Hill coefficient
and (H) F188A with one binding site are shown with error bars. Fits were performed in Prism.
P450terp WT demonstrates a complete shift to high spin after the titration, while P450terp F188A
has an incomplete shift. Even at the end of the F188A titration, the final spectrum does not fully
resemble the substrate bound spectrum of the F188A variant in 1 mM a-terpineol. However, the
maximum solubility of a-terpineol has different reports, but to err on the side of caution, we chose
not to go above 10 mM a-terpineol. Although the data did not fully converge, P450terp WT is
best fit with a Hill coefficient greater than 1, suggesting positive cooperativity. P450terp F188A
gave the same results for one site binding and specific binding with a Hill coefficient, showing that
there is no cooperative binding with the alteration of the second substrate binding site.
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Figure 2-12. Double reciprocal and logarithmic plots of spectral titration data. (A) Double
reciprocal plot of the spectral titration of P450terp WT shown with a line of best fit highlighting
the upward concavity. (B) Double reciprocal plot of the spectral titration of P450terp F188A
shown with a line of best fit. (C) Logarithmic plot of the spectral titration of P450terp WT fit to a
one site binding model (red), two site binding model (green), and binding with Hill coefficient of
1.41 (blue). (D) Logarithmic plot of the spectral titration of P450terp F188A fit to a one site
binding model (red) and specific binding with Hill coefficient of 1.01 (blue).

Table 2-4. Binding affinities of P450terp WT and F188A for a-terpineol.

P450terp Ks (M) Hill Coefficient | Kb (pM) N; (sites) | Kbp2 (MM) N>
(sites)
WT 2.67 £0.18 1.41 1.19+0.09 | 1.18 £0.06 | 31.2+3.7 | 0.931 =
0.075
F188A 36.1+1.4 1.01 33.6 +4.1 0.941 = - -
0.011
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Y — Bmax * X
(Kp +X)
Equation 2-1. One-Site Binding Model

Y = Bmax1*X Bmax2*X
(Kp1+X)  (Kpz+X)

Equation 2-2. Two-Site Binding Model

By * X"
(Ko + XM
Equation 2-3. Specific Binding Model with a Hill Coefficient

Corroboration for these observations was obtained by ITC where the thermodynamic
binding profiles lead to similar conclusions. The titration of WT P450terp with a-terpineol was
enthalpically driven, indicated by the negative heats of enthalpy in the binding curve (Figure 2-
13A). This observation contrasts with homologous P450 systems investigated by our lab, such as
P450cam?* and CYP101D135, that display entropically driven bindings of substrate. Additionally,
each titration exhibited an unusual slow recovery to equilibrium in comparison to previous work.
The data for WT were best fit to a two-site binding model with dissociation constants, Kp, of 1.19
MM and 31.2 pM, and site occupancies of 1.18 and 0.931, respectively (Figure 2-13C and Table
2-4). Again, recognizing that the assumptions of a two-site model are inadequate for a precise
description of the affinities for these sites, the data were also fit to a single binding site model
which provides similar results with a slightly higher error. This fit resulted in a Kp of 2.69 uM, which

is consistent with our spectrally determined binding constant (2.67 uM).
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Figure 2-13. ITC data. (A) Raw heat of injections for P450terp WT with a-terpineol. (B) Raw heat
of injections for P450terp F188A with a-terpineol. (C) The fit of a two-site binding model to the
data of P450terp WT. (D) The fit of a one-site binding model to the data of P450terp F188A.
Substrate binding in P450terp WT is enthalpically driven which is not typical of other P450s
previously investigated. The F188A mutation alters the second site and removes cooperativity
and as a result the data now fit well to a one-site binding model. Additionally, the binding becomes
inverted (i.e. entropically driven). The data for WT were fit with both one-site binding (Equation 2-
1) and two-site binding (Equation 2-2). Both yielded good fits, but two-site binding was determined
to be a better fit due to a lower x2. The data for F188A were fit with both one-site binding (Equation
2-1) and two-site binding (Equation 2-2). However, convergence was only achieved with the one-
site binding model.

ITC titrations were performed with the F188A variant, and the data became rather
complicated. With a reduced affinity for the second site, it was observed that substrate binding
becomes apparently entropically driven (Figure 2-13B). Entropically driven binding modes are
generally attributed to desolvation of hydrophobic substrates as they enter the active site which

is to be expected of terpenoid compounds like camphor and a-terpineol.3¢ Alteration of the second
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site exposes features associated with the affinity of a weakened active site. However,
complication in the data interpretation arises upon inspection of the baseline recovery of the
titration. The F188A variant displays an enthalpic slow recovery phase post-injection similar to
WT (Figure 2-14). This slow re-equilibration phase caused difficulty in peak integration and proper
assignment of a baseline for the titration. Inclusion of this slow feature into the background results
in a well-defined binding curve that is best fit to a single binding site model with a Kp of 33.6 uM
(Figure 2-13D and Table 2-4) matching the Ks of 36.1 uM for F188A. The reasoning for this
inclusion is based on the assumption about the mechanism of binding and the origin of the slow
re-equilibration phase. It is assumed that binding to the primary site is observed as the positive
feature followed by the enthalpic stabilization of the primary site upon a cooperatively enhanced
affinity for a debilitated second site. Therefore, subtraction of this enthalpic contribution reveals a
binding constant for the active site in accordance with a Ks that reports directly on interaction with

heme.
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Figure 2-14. ITC of P450terp F188A without the adjusted baseline. There is an enthalpic
relaxation phase after each injection. This same injection phase can be seen in WT (Figure 2-14)
and is presumably part of the protein. An explanation for why the baseline was adjusted can be
found in the main text.

Turnover and Coupling Efficiency

The structural and spectral/thermodynamic binding studies demonstrated the existence
and impact of the second substrate site on active site stabilization. It is therefore reasonable to
ask whether there is any influence of the secondary molecule on turnover performance. As
discussed in the introduction, Class | P450 systems require the shuttling of electrons from a
molecule of NADH to and between three independent soluble proteins for turnover. As the rate
limiting step of P450 catalysis is the first electron transfer,3” NADH consumption assays provide
an indirect but simple measure of activity (Scheme 2-1). Further, the ratio of NADH molecules
consumed to the amount of product formed allows for the coupling efficiency to be determined
and related to the rate of reactivity from the consumption assays. P450cam displays a rapid rate

of NADH consumption, ~<1000 min-', and an exemplary coupling efficiency of near 95%.3834 Due
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to the nearly complete shift to high-spin upon camphor binding in P450cam, it is tempting suggest
a relationship between the degree of high-spin shift and coupling efficiency of enzyme turnover.
However, it is important to keep in mind that systems such as CYP101D1 display a similar NADH
consumption rate and coupling efficiency to P450cam, but does not demonstrate a complete high-
spin shift.3°

P450terp WT has a high turnover rate of 670 min'' comparable to that of P450cam and
CYP101D1.3 The coupling efficiency of P450terp was determined by substrate depletion
monitored by GC/MS (Figures 2-15, 2-16, 2-17, 2-18), revealing that WT is also almost perfectly
coupled at 96.9%, which may be expected as both P450cam and P450terp fulfill the same
biological role. Additionally, as expected, the S101A/T103A/F188A variant exhibited negligible
activity, 0.193 min-' and accordingly is nearly completely uncoupled at 3.7% (Table 2-5).

Intriguingly, both the S101A/T103A and F188A variants showed moderate rates of NADH
consumption. However, interpretation of their rates is complicated as they do not exhibit simple
zero order kinetics possibly indicating a change in the rate-limiting step (Figure 2-15). Due to the
complexities of determining the origin of this change, | report the qualitative observation that both
rates are slow compared to WT, and the S101A/T103A variant is faster than the F188A variant.
The S101A/T103A variant displays a coupling efficiency of 70.6% while F188A remains 51.2%
coupled. The increased coupling efficiency of S101A/T103A compared to F188A highlights the
importance of the secondary binding site for not only substrate binding but also for catalytic

efficiency.
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Table 2-5. NADH turnover rates and coupling efficiencies for P450terp variants. The S101A
T103A and F188A variants display complicated kinetics for NADH consumption, so their rates
are not reported. Examples of these kinetics can be found in Figure 2-16.

P450terp NADH Turnover (min-') Coupling Efficiency (%)
WT 676 + 27 97 =1
S101A T103A - 71 =1
F188A - 51 + 1
S101A T103A F188A 0.193 £ 0.045 3.7x1.1
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Figure 2-15. NADH consumption spectral traces. Absorbance traces at 340nm, monitoring the
consumption of NADH with the P450terp (A) WT, (B) S101A/T103A, (C) F188A, and (D)
S101A/T103A/F188A variants. The rates for WT and S101A/T103A/F188A can be fit to zero
order, but not S101A/T103A and F188A.
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P450terp NADH Coupling Chromatogram

2.5 -

——— Control - no NADH

—WT

——S101A T103A

21|—F188A
[’ ——S101A T103A F188A
c
= .
8151 a-terpineol
T
(]
N
= camphor
g “
L
@)
Z
0.5
| & impurity
o T T T

4.6 4.7 4.8 4.9 5 5.1 5.2 5.3
Time (min)

Figure 2-16. NADH coupling chromatograms with the 4 variants. All chromatograms are
normalized to the camphor peak employed as an internal standard. Additionally, there is an
impurity in the a-terpineol source. This impurity is noted by the manufacturer with a purity of 84%
a-terpineol. The impurity peak is indeed about 16% of the total area of the control a-terpineol
peak. A search of the NIST mass spectra database for the impurity peak (Figure 2-18) does not
yield an exact match but does return isomers of a-terpineol. Throughout the reactions, the impurity
peak area remains unaffected, indicating that the impurity or isomers of a-terpineol are not being
metabolized by P450terp during the turnover assays.
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Figure 2-17. Mass spectra of the NADH coupling assays. These are the 4 mass spectra of the
corresponding 4 peaks that emerge from the chromatograms: (A) camphor, (B) a-terpineol, (C)
impurity, and (D) product. The masses of relevant fragmentations are shown. The camphor and
a-terpineol spectra match well with their respective NIST database mass spectra reports. As
previously mentioned, the impurity closely matches isomers of a-terpineol, but its exact identity is
unknown. Additionally, in cases where the product peak could be identified, isomers are found of
7-hydroxy-terpineol but its identity is not definitive by its mass spectrum alone, and while library
searches reveal isomers of the product with similar masses, they exhibit different fragmentation
patterns.
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P450terp WT NADH Consumption in Plastic P450terp WT NADH Consumption in Glass
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Figure 2-18. Differences in tubes for NADH coupling. The full chromatograms of NADH coupling
assay are shown in (A) plastic and (B) glass. Product emerges at about 7 minutes. Plastic
microcentrifuge tubes were used due to better separation by centrifugation of the aqueous and
organic layers. However, glass tubes were used in several cases and as controls and were not
able to be rapidly centrifuged, and therefore did not result in a good separation of layers in the
extraction. Importantly, spectra of the chromatograms derived from experiments performed in
glass demonstrate that there are only 4 chemicals in the reaction mixture. Further, due to the
multiple hydroxyl groups of the product, solubility in DCM may also be affected and reduce
extraction efficiency.
Interactions with Linalool

Given that our lab has worked with a number of P450s that use terpenes as substrates, |
wanted to see if P450terp could possibly bind or turnover other terpene molecules. The two
terpenes | tested were camphor and linalool, which are used in the P450cam and P450lin
systems, respectively. The addition of camphor to P450terp did not cause a spectral shift, but the
addition of linalool did induce an almost complete conversion to high-spin (Figure 2-19). The shift
to high-spin indicates that linalool is indeed binding in the active site of P450terp. Linalool is a

more flexible terpene, and thus it is reasonable to think that it could better fit into the open active

site of P450terp.
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Figure 2-19. Spectral change of P450terp upon addition of linalool. P450terp was added to 50
mM KPi pH 7.4 to a concentration of 1.6 uM.

Given that P450terp could bind linalool in some capacity, | wanted to test if NADH
consumption was possible with linalool as a substrate. The NADH consumption was carried out
as previously done, and P450terp could indeed turnover linalool (Figure 2-20) at a rate of 577
min-!, which is very close to the rate for turnover of a-terpineol (670 min-'). The kinetics were best

fit as zero order, which suggests there was no change in the rate limiting step.
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Figure 2-20. NADH consumption assay of P450terp with linalool. The consumption of NADH was
monitored at 340 nm. The reaction mixture contained 0.5 uM P450terp, 5 uM Tdx, and 0.5 uM
TdR in 50 mM KPi at room temperature. 2 pL of 185 mM NADH was added to a final concentration
of 370 uM to collect the background rate. 20 uL of 10 mM linalool was added to initialize turnover.

47



Given that linalool induced a near-complete shift to high-spin in P450terp, | wanted to see
whether or not linalool is bound in the second site, as a-terpineol does. Thus, a crystal structure
of P450terp co-crystallized with linalool was solved to 2.36 A (Figure 2-21 and Table 2-6). There
was only one molecule of linalool bound in the active site, and there was no density for any
molecule, linalool or water, near F188 in the second substrate binding site. However, even with
the apparent lack of linalool in the second site, the NADH consumption trace looks similar to that
of P450terp WT with a-terpineol, and not like that of P450terp F188A with a-terpineol. The kinetics
of NADH consumption remain pseudo-zero order. Perhaps P450terp WT with an intact second
site is better equipped to handle substrates, even non-native ones, than the weakened F188A
variant. As a whole, the crystal structure of P450terp bound to linalool was still open, and there
were not any major changes in the rest of the structure. The positioning of F188 resembled that
of the substrate-free structure, and not was not rotated like in the a-terpineol-bound structure
(Figure 2-5). Since it seems that P450terp exhibits an open structure and thus has a more open
active site, P450terp can accommodate other exogenous terpenes. P450terp might be a better

target for bioengineering enzymes as it might have a broader substrate range.

/ # ‘\
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Figure 2-21. Linalool bound in the active site of P450terp. Linalool is shown in yellow, the heme
is shown in salmon, and the protein backbone of P450terp is shown in grey. The electron density
for linalool both is shown at 10 of a 2Fo-Fc map in blue mesh.
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Table 2-6. Crystallographic data collection and refinement statistics of P450terp bound to linalool.

P450terp WT linalool-bound

Resolution range

43.82 -2.36 (2.444 -2.36)

Space group

P6122

Unit cell

68.11 68.11 458.194 90 90
120

Total reflections

429682 (45674)

Unique reflections

27442 (2630)

Multiplicity 15.7 (17.3)
Completeness (%) 98.87 (99.81)
Mean I/sigma(l) 8.66 (2.33)

Wilson B-factor 48.86

R-merge 0.1876 (1.339)

R-meas 0.1941 (1.38)

R-pim 0.04842 (0.328)

CC1/2 0.989 (0.932)

ccr 0.997 (0.982)

Reflections used in refinement | 27143 (2632)

Reflections used for R-free 1305 (120)

R-work 0.2070 (0.2985)

R-free 0.2295 (0.3604)

CC(work) 0.927 (0.818)

CC(free) 0.944 (0.560)

Number of non-hydrogen 3421

atoms
macromolecules 3285
ligands 74
solvent 62

Protein residues 416

RMS(bonds) 0.009

RMS(angles) 1.15

Ramachandran favored (%) 97.57

Ramachandran allowed (%) 1.94

Ramachandran outliers (%) 0.49

Rotamer outliers (%) 0.57

Clashscore 2.72

Average B-factor 55.1
macromolecules 55.2
ligands 57.61
solvent 46.64
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Discussion

The importance of allosteric interactions in the regulation of cytochromes P450 chemistry
is well-recognized although the types of cooperativities exhibited by these systems are P450- and
substrate-dependent, complex, and far from well-understood.#® In this study, it was demonstrated
how cytochrome P450terp (CYP108A1) simultaneously and cooperatively binds two molecules of
its substrate, a-terpineol. This type of allostery demonstrated by P450terp where the binding of
multiple copies of the same substrate enhances the relative affinities of one another is referred to
as positive homotropic allostery. In particular, the direct interaction of both substrate molecules
within the same active site reflects a special type of positive homotropic cooperativity that is
common amongst several P450s.45 Positive homotropy is often discussed in the context of the
most abundant P450 in humans, CYP3A4, which exhibits an extremely broad substrate profile
and is responsible for the majority of xenobiotic metabolism.#° In fact, owing to its critical biological
role, much of what is known about allosteric interactions in P450s originates from studies of the
CYP3A4 isoform.52 However, CYP108A1 (P450terp) serves a very different biological function
than CYP3A4 and represents the first Class | bacterial P450 displaying positive homotropic
allostery with its natural substrate that mediates catalytic efficiency.

This type of regulation represents an important concept in P450s that serve the biological
role of oxidative assimilation of unusual carbon sources for energy. Several bacterial P450s have
been shown to act as the first step in the oxidative metabolism of their substrates as sole carbon
sources including P450cam,*>43 P450terp,2044 P450lin,*546 P450cin*” and others.484° Regulation
of biodegradative P450 activity has been shown at the organismal,® genetic,5'-%% and protein
levels.95* Bacterial P450s of this type represent important targets in the development of whole-
cell and enzymatic biocatalysts.5> Descriptions of the regulatory mechanisms like those presented

here for P450terp are, therefore, critical not only for the understanding regulatory mechanisms in
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bacterial metabolism but also for the design of systems that perform desired oxidative
biotransformations.

Despite cytochrome P450terp originating from a plasmid-borne Class | Pseudomonad
system like P450cam, it does not display many of the characteristic features associated with
substrate binding including a large rearrangement of the F/G helices from an “open” to “closed”
form or a shift of the I-helix. Instead, P450terp utilizes its second molecule of substrate to confer
stability to the a-terpineol proximal to the heme center. This lack of a global conformational
change upon substrate binding puts P450terp into a special category. In fact, historically it was
debated whether this type of interaction truly constitutes allostery given the lack of a clear
conformational change, but it was later shown that microscopic conformational changes (or
subensembles) can describe this class of cooperative systems referred to as “nested allostery”.5*

Using both X-ray crystal structures along with spectral and thermodynamic titrations, it
was confirmed that this second binding site positively contributes to the cooperative binding of
the primary substrate and stabilizes it for hydroxylation. Fitting of the spectral titrations and ITC
binding curves revealed that neither one nor two site binding models were ideal for treating the
interaction of P450terp with a-terpineol. To accommodate for this deviation, spectral titrations
were fit with a binding model employing a Hill coefficient (HC) that allowed for the semi-
quantitative comparison between binding affinities of the WT (Koss: ~2.7 uM, HC: 1.41) and a
F188A mutant (Kpss: ~36 yM, HC: 1.01) that drastically decreased affinity of a-terpineol for the
second site.

Mutation of Phe188 decreased the affinity for the second site so drastically that only the
proximal substrate molecule was observed in the X-ray crystal structure of the F188A mutant.
This observation along with the reduction of the Hill coefficient to 1 indicates a loss of any positive
cooperativity. Further, inversion of the ITC binding profile from an enthalpic to entropic binding

mode corroborated these findings and is consistent with previous studies on P450cam and its
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homologues that display single binding sites in X-ray structures. The excellent agreement of the
Kb and Ks (~36 pM) for this variant support the assignment that these titrations are reporting the
affinity for a weakened primary site adjacent to the heme. Moreover, the F188A variant not only
affects the affinity of substrate for P450terp, but also alters the rate of substrate turnover and
efficiency of coupling. Upon mutation of Phe188, the coupling efficiency decreases by nearly half
to 51.2% and substantially slows the rate of turnover, possibly changing the nature of the rate
limiting step.

Despite their differences in substrate scope and biological function, CYP3A4 exhibits an
analogous critical phenylalanine at 213 to Phe188 of P450terp. Mutation of Phe213 results in
significant changes to homotropic and heterotropic allosteric effects involving 3A4 substrates
carbamazepine, progesterone, and a-naphthoflavone.*! In fact, the general region of the F-F’
loop, also known as substrate recognition site 2 (SRS-2), is key for the control of positive homo-
and heterotropic interactions. In CYP3A4, mutations in SRS-2 have been found to alter the
responsiveness to allosteric effectors, diminish the extent of homotropic allostery, and even
change the regioselectivity of substrate hydroxylation.5

Binding of the proximal substrate in P450terp, on the other hand, is not only controlled by
interactions with the second substrate residing in the upper part of the active site channel, but
also through hydrogen bonding with residues next to the heme center, Ser101 and T103. Mutation
of these two positions to alanine residues resulted in a loss of measurable substrate binding
affinity, as ITC indicated no heat change upon titration of a-terpineol and spectral titrations were
impeded by substrate solubility and lack of binding saturation. Additionally, while WT P450terp
exhibits rapid turnover (670 min-') and is highly coupled (97%), removal of S101 and T103
sidechains significantly diminishes both the rate of turnover and the extent of coupling (70.6%).
The triple mutant, where both the primary and secondary sites are affected, exemplifies the critical

nature of these residues as both turnover and coupling efficiency are essentially abolished. The
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UV-vis spectra of reduced and CO-bound S101A/T103A and the S101A/T103A/F188A variants
(Figure 2-10), however, indicate these mutations may serve not only to destabilize substrate
binding but also change the electronic structure the heme-cofactor. It is, therefore, possible that
this is what gives rise to a decrease in the coupling efficiency and the complicated NADH
consumption kinetics. Moreover, this observation may also explain, in part, the reduced spin shift
observed upon addition of a-terpineol in the S101A/T103A containing-variants. Changes in the
heme electronic structure (e.g. perturbations to the Fe—S bond) induced by these mutations may
alter the ability of these variants to achieve the high-spin state even upon binding of substrate.
Regardless, the lack of thermal changes in the ITC isotherms of the S101A/T103A titrations
supports the conclusion that these mutations substantially reduce the affinity for a-terpineol in the
terp1 position. This reduction in affinity could also be accompanied by a change in identity of the
hydroxylated product if the substrate is more mobile within the active site and capable of
reorientation.

While there are many instances of positive homotropic allostery in P450s, most do not
reflect cooperative interactions with a natural substrate. This led to the hypothesis that open active
sites were associated with substrate promiscuity of xenobiotic metabolizing P450s. Here,
however, P450terp is believed to serve the sole purpose of hydroxylating a-terpineol and initiating
the process of oxidative assimilation of a-terpineol as an alternative carbon source by its host
organism. In contrast to many P450s exhibiting similar biological functions, P450terp exists in its
“open” form in the presence of its natural substrate. Additionally, the occupancy of the
endogenous substrate in the second site directly impacts catalytic efficiency, which has not been
observed before in a Class | bacterial system. While P450terp serves the same function and
displays similar efficiency to P450cam, it is unlike P450cam in several ways. It is possible that the

strict regulatory elements of P450cam may represent more extreme forms of regulation, while
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other bacterial systems like P450terp may display less stringent requirements, acting as a bridge
for understanding substrate binding between the model system and more flexible isoforms.

This work demonstrates that this phenomenon may be a much more common than
previously appreciated but hard to capture in some P450 systems due to the nature of regulatory
requirements for active site rearrangement. For example, in the structure of the complex of
P450cam bound to its redox partner Pdx, a well-ordered second camphor molecule is observed
in 3 of the 4 asymmetric units just above the normal substrate binding site (Figure 2-3).'® The
occupation of the open active site access channel with a second molecule of camphor was
suggested to confer stability to the structure while holding the primary molecule in place for
oxidation similar to P450terp. This raises the interesting possibility that the closed form of
P450cam with a single molecule of substrate bound is not the active form but instead, it is the
more open form with two molecules of camphor bound similar to P450terp. The difference, of
course, is that in P450cam the binding of its redox partner is required to shift P450cam to the
more open active state.

As a result of Pdx shifting P45cam to a more open state, critical salt bridges between
Asp251 on the I-helix and two residues on the F-helix/loop region, Arg186 and Lys178 are broken.
The freeing of Asp251 is accompanied by a change in rotomer conformation to a position that
faces the active site. This switch allows for the formation and participation of Asp251 in a proton
relay network required for the controlled delivery of protons to the Fe-O- unit for the activation and
subsequent heterolytic cleavage of the O-O bond.'7:185 P450terp contains an analogous
aspartate (Asp270) on the | helix followed by a conserved threonine (Thr271) also critical for
oxygen activation in P450cam (Thr 251).57.58 Like Asp251 in P450cam, Asp270 in P450terp
appears to be tied up in a similar but possibly weaker salt bridge with F-helix residue GIn185 as
well as Lys419 which reaches over from the 35 sheet. Both interactions, however, engage the

same carboxylate oxygen atom of Asp270 leaving the remaining sidechain oxygen to participate
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in interactions with water molecules (Figure 2-22). While this does not preclude a redox partner
induced change in conformation, it does suggest that P450terp may not require the same redox

partner initiated global rearrangements to be activated for catalysis.

(“;

GIn185
f " Lys419

Figure 2-22. P450terp Asp270. Asp270 forms a 2.9 A H-bond with GIn185 and a weaker 3.3 A
H-bond with Lys419. The other carboxylate oxygen is 2.5 A and 3.3 A from two water
molecules.
Conclusion

| have solved a crystal structure of P450terp with substrate bound, wherein two substrate
sites were revealed. Mutagenesis of these two sites showed a striking difference in their relative
affinities for a-terpineol. Furthermore, the variants verified critical residues for substrate binding
and each decreased their rates of NADH consumption as well as coupling efficiencies. Along with
an X-ray crystal structure of the F188A variant and substrate titrations, the turnover assays
showed that binding to the second site directly contributes to efficiency of P450 catalysis. While
the presence of a second substrate molecule and its effects on reactivity may be relatively
common in mammalian P450s, occurrence of this behavior in bacterial P450s with small active
sites is rather surprising. This exploration raises the question of how commonly multiple molecules
of substrate are present in the active site during catalysis and whether redox partner binding can

initiate binding of multiple molecules when conformation changes are involved. It is quite possible
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that the serendipitous capture of the second substrate in crystallo might represent an

underappreciated but important tool in the evolution of P450 regulatory mechanisms.

Methods

Protein Expression

P450terp wild-type (WT) was encoded on a pET28a+ vector with N-terminal His6-tag (Genscript).
Primers for each mutation (Genewiz) were made, and the variants with multiple mutations were
created sequentially (i.e. WT to S101A to S101A/T103A to S101A/T103A/F188A) (Table 2-7).
Site-directed mutagenesis was performed using standard polymerase chain reaction (PCR)
protocols (Takara PrimeSTAR Max). The vector was transformed into E. coli C41(DE3) and plated
onto Luria Broth (LB) plates containing 50 pyg/mL kanamycin. Each mutation was verified by
sequencing (Genewiz) after performing Minipreps (Macherey-Nagel) using standard protocols.
Single colonies of each variant were taken to inoculate 100 mL LB with 50 ug/ml kanamycin and
grown overnight at 37°C, 220 rotations per minute (RPM). The following day, 10 mL of the
overnight starter culture were inoculated into 1 L of Terrific Broth (TB) supplemented with 50
pg/mL kanamycin. Cultures were grown at 37°C and shaken at 220 RPM until the ODgoo = 0.8 —
1. Expression was induced with 1 mM isopropyl B-d-1-thiogalactopyranoside (IPTG) and
supplemented with 0.4 mM 5-aminolevulinic acid (D-ALA). The temperature was then decreased
to 25° C. After 1 hour, the speed was decreased to 100 RPM and the cells were grown for 48

hours, harvested, and then lysed or frozen, if necessary.
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Table 2-7. Primers for mutagenesis.

Mutation Primer
S101A forward 5’ — gtaatcgatGCGttgACCtcgatgg — 3’
S101A reverse 5’ — ccatcgaGGTcaaCGCatcgattac — 3’

S101A T103A forward | 5’ — gatGCGttgGCCtcgatggac — 3’
S101A T103A reverse | 5’ —gtccatcgaGGCcaaCGCatc — 3’
F188A forward 5’ — caggatttcGCAggggtac — 3’
F188A reverse 5’ — gtaccccTGCgaaatcctg — 3’

Protein Purification

Cells containing P450terp were resuspended in lysis buffer (50 mM KPi pH 7.4, 250 mM NaCl, 2
mM B-mercaptoethanol) and stirred overnight at 4° C. Cells were lysed by two passes through a
microfluidizer. The lysate was centrifuged for 1 hour at 15000 RPM at 4°C (Beckman Coulter
Avanti JA-17). The supernatant was loaded on to a nickel column pre-equilibrated with lysis buffer
(Thermo-Fisher HisPur Ni-NTA), washed with lysis buffer for 5 column volumes (CV), then
washed with lysis buffer containing 15 mM imidazole for 5 CV. The protein was then eluted with
lysis buffer containing 250 mM imidazole. Fractions exhibiting red color were collected, pooled,
and then dialyzed against wash buffer (50 mM KPi 7.4, 2 mM BME). Protein was removed from
the dialysis bag and loaded on to a pre-equilibrated DEAE Sepharose column (Cytiva). The
column was washed with 5 CV of wash buffer followed by a gradient elution from 0 to 500 mM
NaCl over the course of 10 CV. Fractions with an optical purity ratio (Reinheitzahl, R/Z, As1s/Azs0)
> 1.2 were pooled and dialyzed against wash buffer to remove salt. The protein was then loaded
on to a pre-equilibrated Q Sepharose column (Cytiva), washed, and eluted following same steps
as the DEAE column. Fractions displaying an R/Z > 1.5 were pooled and concentrated to <2 mL.
The protein was then loaded on to a pre-equilibrated size-exclusion chromatography column
(SEC) (Cytiva Sephacryl S-200 HR) with SEC buffer (50 mM KPi pH 7.4, 150 mM NaCl, 5 mM
dithiothreitol, DTT). Fractions with R/Z > 1.8 were collected. Samples used for assays were buffer

exchanged into 50 mM KPi pH 7.4 and 5 mM DTT in 30 kDa centrifugal filters (Millipore Amicon).
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Samples used for crystallization were buffer exchanged into 50 mM Bis-Tris pH 7.5 and 30 mM

DTT in centrifugal filters.

Crystallization

Crystals were grown from the Morpheus (MAKER) crystal screening condition (0.06 M
magnesium chloride hexahydrate, 0.06 M calcium chloride dihydrate, 0.1 M sodium HEPES and
MOPS pH 7.5, 20% v/v ethylene glycol, 10% v/v PEG 8000) at 4°C by hanging drop vapor
diffusion. Hexagonal rods appeared within several days. Substrate-free crystals appeared bright
red, while substrate-bound crystals appeared a darker reddish brown. Substrate-bound crystals
were grown in the same conditions, with the addition of excess substrate in the mother liquor as
well as the crystal drop. Substrate-free crystals grew significantly larger with the addition of 200
mM KCI in the mother liquor, while the same addition of KCI into the substrate-bound condition
resulted in loss of crystallization. Crystals used for X-ray diffraction were grown by sitting drop
vapor diffusion (2 pL:2 uL, protein:condition). Mother liquor containing 25% glycerol was used as
cryoprotectant. Data were collected at the Advanced Light Source synchrotron (ALS). Data were
indexed, integrated, and scaled using Mosflm and Scala.5® Molecular replacement (MR) was
performed using PHASER?®%61! by applying the substrate-free P450terp (1CPT) as the MR model.
Refinement was carried out in Phenix.refine®263 and COQOT.6465 Refinement was further aided by

PDB_REDO.¢¢ Data collection and refinement statistics are listed in Table 2-1.

Spectroscopy
All ultraviolet-visible (UV-vis) spectroscopy was performed on a Cary 300 spectrophotometer.
The following extinction coefficients were used: €418 = 120 mM-'cm-! for substrate-free P450terp

WT and variants; esgs = 96 mM-'cm-! for substrate-bound P450terp WT only; €415=6.5 mM-'cm-!
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for terpredoxin (Tdx); e4s5 = 12.2 mM-'cm-! for terpredoxin reductase (TdR); €340 = 6.22 mM-'cm-"

for nicotinamide adenine dinucleotide (NADH).”

Enzyme Assays

The NADH consumption of the P450terp system was determined by monitoring the absorbance
of NADH at 340 nm upon addition of substrate to a cuvette containing the catalytic components.
The reconstituted systems contained 0.5 pM P450terp, 5 uM Tdx, 0.5 pM TdR and 185 pM NADH
in 50 mM KPi for a final volume of 980 uL. Reactions were initiated by the addition of 20 pL of 1
mM a-terpineol, for a final volume of 1 mL and concentration of 200 uM a-terpineol. Rates were

determined using the least-squares regression method.

Isothermal Titration Calorimetry

All experiments were performed on a MicroCal PEAQ-ITC instrument using a previously published
protocol.?* Concentrations of proteins and substrate were as follows: 100 uM P450terp WT in the
cell and 2 mM a-terpineol in the syringe; 100 uM P450terp F188A in the cell and 2.5 mM a-

terpineol in the syringe.

NADH/Substrate Coupling Assays

Each coupling reaction was run in triplicate in microcentrifuge tubes (ThermoFisher) at room
temperature in 50 mM KPi pH 7.4, with the same protein concentrations as the spectral assays,
and 122 uM a-terpineol. The reaction was initiated by adding 100 uM NADH. The reactions were
given different end times to account for the different rates: 10 min for WT; 30 min for the S101A
T103A and F188A variants; and > 1 hour for the S101A TO13A F188A variant. Prior to extraction,
an internal standard of camphor at 50 yM was added after the reactions were complete. Extraction

was performed by addition of 500 pL of dichloromethane (DCM) to the reaction mixture and
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vortexing for 30 seconds. The tubes were then centrifuged at 9000 RPM at RT for 5 minutes. The
aqueous layer was removed and the extraction procedure was repeated on the aqueous layer.
Then organic layers from both extractions were combined. The samples were run on a GC-MS

(Thermo Fisher) and data analyzed in Chromeleon.
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Chapter 3

Redox Partner Recognition and Selectivity of Cytochrome P450lin (CYP111A1)

Introduction

As discussed in chapter 1, we are also interested in the regulation of the delivery of the
second electron in catalysis by a protein redox partner. The cofactors and arrangements of
electron transfer proteins utilized for P450 activity are diverse and often related to the biological
purpose they serve, which has led to a classification scheme based on their composition. Many
microbial P450s fall into Class |, which means they are powered by two soluble electron transfer
proteins: a Fe»S,-ferredoxin that shuttles electrons to the P450 and a flavin-containing reductase
that reduces the ferredoxin. These P450s often perform the initial oxidation in the metabolism of
alternative carbon sources that allow the host organism to survive on unusual substrates. In fact,
a common method of isolating microbial P450s is by the enrichment of the host media with
potential substrates.

One such P450 isolated by this method was P450cam, which despite its significance as a
model system, exhibits an uniquely strict requirement for its native electron transfer partner,
putidaredoxin (Pdx), during the hydroxylation reaction of its substrate, camphor.” Over several
decades, it was demonstrated that this specificity arises from a conformational change induced
by the binding of Pdx necessary for initiating O- activation and formation of the active oxidant,
Compound 1.223 The requirement for Pdx sets P450cam apart from other Class | P450s, which are
often capable of turnover with non-native redox partners.*” This specificity raises the question of
whether it is related to either its biological role in the detoxification and oxidative metabolism of

camphor or its origin as a plasmid-borne P450 from Pseudomonads.
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Strict redox partner selectivity is shared by one P450cam homologue, P450tcu, which also
originates from a Pseudomonad host, Pseudomonas sp. strain TCU-HL1, and performs the same
stereoselective hydroxylation chemistry as P450cam.8® The associated ferredoxins of P450tcu
and P450cam, Pdxiu and Pdx, respectively, can be interchanged for camphor turnover between
the homologous systems.® However, the same cannot be said of the redox partner of another
Class | P450cam homologue, CYP101D1 from Novosphingobium aromaticivorans DSM12444.1°
CYP101D1 utilizes a ferredoxin redox partner known as Arx to support catalysis. While Pdx can
support CYP101D1 catalysis, Arx can support neither P450cam nor P450tcu turnover.

The electron transfer proteins of P450cam and P450tcu originate from the same gene
cluster as the P450s themselves.®'" In contrast, Arx and the associated ferredoxin reductase,
ArR, are genetically associated with another P450, CYP101D2, but service as many as five
related P450s from the host organism.'2'3 It is, therefore, reasonable to hypothesize that
Pseudomonad P450s may exhibit greater selectivity for their redox partners and perhaps that the
conformational changes associated with Pdx binding to P450cam may not be required in systems
serviced by ferredoxins that support several P450s.

As such, our lab has focused on understanding the molecular origins of redox-partner
specificity as well as examining other similar P450-redox partner interactions for insights. Like
P450cam, P450lin (CYP111A1) is a plasmid-borne Class | P450 derived from Pseudomonas
incognita and was the second bacterial P450 to be expressed and characterized. P450lin
catalyzes the conversion of linalool to 8-hydroxylinolool (Scheme 3-1) and is expressed along
with its redox partners, linredoxin reductase (LdR) and linredoxin (Ldx).'4+-'¢ The sequence for Ldx
is known, but the sequence of LdR is incomplete since a region of about 140 amino acids is
missing from the initial sequence determination.'> Ldx was unable to be recombinantly expressed,
so | mutated Pdx at key amino acid residues to resemble Ldx, as the expression and purification

protocols for Pdx are robust. | modified Pdx at several key positions (Figure 3-1) by removing the
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terminal tryptophan (W106 — A106) and changing Asp38 to Leu (D38L) to resemble P450lin’s
native redox partner and reconstitute activity. Here, the interaction between P450lin and several
ferredoxin-type redox partners was examined, including Pdx and Arx, and the impact of these

redox partners on the stability of the oxycomplex (Fe'-0O,) were assessed.

NADH NAD*

)\/\)&H/ ¢
NN Z > M
P450 HO

02 + H* H20

Scheme 3-1. The hydroxylation of linalool to 8-oxo-linalool as catalyzed by the P450lin system.

Results

The specificity of P450lin for non-native redox partners was determined by NADH
consumption assays. The NADH consumption assay is a simple technique for testing redox
partner selectivity. Based on the behavior of P450cam and other Class | P450s, the first electron
transfer from the ferredoxin to the P450 is assumed to be the rate-limiting step.'” Therefore,
substrate-initiated NADH consumption is an indirect reporter of the turnover rate. If the ferredoxin
is not compatible with the P450, there will be negligible NADH consumption upon addition of
Substrate.

P450lin was capable of turnover with non-native redox partners Pdx and Arx (Table 3-1,
Figure 3-2) in contrast to the selectivity exhibited by P450cam. However, neither of these rates
are as fast as the previously published rate using the native LdR and Ldx from the host
Pseudomonas incognita,'* which | was unable to recombinantly express. The native turnover rate
of P450lin with Ldx and LdR was similar to that of P450cam, around 1000 min-'. Of the non-native

ferredoxins tested, Arx displayed the highest turnover rate. Examination of the sequence similarity
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between Ldx, Arx, and Pdx revealed that a critical residue for the P450cam-Pdx interaction,
Asp38,'8 is a leucine in both Ldx and Arx (Figure 3-1). Furthermore, the C-terminal residue of
Pdx, Trp106, which also plays an important role in P450cam-Pdx binding and electron
transfer,8.19 is not present in either of the other redoxins. Pdx was therefore mutated to resemble
Ldx and Arx by changing Asp38 to a leucine in both WT and a tryptophan knockout variant, A106.
While both the D38L and A106 variants increased NADH consumption slightly over WT Pdx, the
D38L/A106 double mutant enabled the highest rate of turnover of the ferredoxins with P450lin.
Additionally, as expected, the single and double mutants of Pdx did not exhibit turnover with
P450cam.

Pdx MSKVVYVSHBGT LDVADEVSEMOAAVSNEGIYDIVED S YMNEAFTDK 60

Ldx MPMISVNVC LELSANPGITEMETILRDSEGVGDI SAL CcC FMLEGS—--D 58

Arx -TAILVTT TRTEIQAEPEGLSEMEALRDAGI DELLAL CC LMAPAFADR 59
: Lot EF R ke gk . L SN B .

* *hkkkkkk X

Pdx VPAANERETIGMEBECVTAELKPN CEOIIMTPELDEIVVDVPDR 107

Ldx SCRLSGEEGDMEDSS-LEFRRDN QIEASFEGLTIEIAPE 103

Arx LPALSGDENDLEDSS-DHRTPH SEOITINDKLEGLEVEIAPE 104
* oK o . o« ok e LY .

e kkk KKk o

Figure 3-1. Ferredoxin sequence alignment. Conserved residues are highlighted in red and are
marked with an asterisk. Highly similar residues are highlighted in yellow and are marked with
two dots. Similar residues are highlighted in cyan and are marked with one dot. The residues
mutated in this study are shown in a black box. Ldx and Pdx have 33.98% identity. Ldx and Arx
have 54.90% identity.

Table 3-1. NADH consumption assay rates for P450lin and P450cam. Rates are given in mM-!
NADH pM-' P450 min-'.

P450 Redox Partner NADH Consumption Rate | Coupling Efficiency
lin Arx 179 £17 95.6 +0.9 %
Pdx WT 5.44 +0.45 53.8+1.9%
Pdx A106 8.67 +0.17 44.0 + 3.6 %
Pdx D38L 40.3+3.3 83.4+1.1%
Pdx D38L/A106 198 +1 97.5+0.8 %
cam Arx —10 -
Pdx WT ~1000 20 95% 21
Pdx A106 -1 -
Pdx D38L - -
Pdx D38L/A106 - -
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Figure 3-2. NADH traces at 340 nm for the consumption assays. (A) P450lin with Arx and ArR.
Background rate is from 0-3 minutes, and rate of turnover is the linear slope from 4-5 minutes.
(B) P450lin with Pdx WT and PdR. Background rate is from 0-1.5 minutes, and rate of turnover is
from 3-10 minutes. (C) P450lin with Pdx D38L and PdR. Background rate is from 0-1 minutes,
and rate of turnover is from 2-4 minutes. (D) P450lin with Pdx A106 and PdR. Background rate is
from 0-4 minutes, and rate of turnover is from 6-10 minutes. (E) P450lin with Pdx D38L/A106 and
PdR. Background rate is from 0-1.5 minutes, and rate of turnover is from 2.3-2.8 minutes. (F)
P450cam with Pdx WT and PdR. Background rate is from 0-1.5 minutes, and rate of turnover is
from 1.8-2 minutes. (G) P450cam with Pdx D38L and PdR. Background rate is from 0-1 minutes,
and rate of turnover is from 2-10 minutes. (H) P450cam with Pdx D38L/A106 and PdR.
Background rate is from 0-2 minutes, and rate of turnover is from 3-8 minutes.

To test whether the consumption of NADH leads to a productive consumption of substrate,
the coupling efficiency of P450lin was determined with each of the redox partners. In a completely
coupled system, one molecule of NADH leads to the consumption of one molecule of substrate
and the formation of one molecule of product. The use of plastic centrifuge tubes led to
contamination in the extractions using DCM (Figure 3-3). However, there is minimal overlap of
contamination peaks (Figure 3-3, black line) with the peaks of interest in our reaction mixture (blue
line). The peaks for linalool (substrate), camphor (internal standard), and product are clearly
visible. Linalool and camphor were identified by their respective mass spectra (Figure 3-5).
Identification of the product isomer was not possible with GC/MS by NIST database search, but

instead gave molecules with the expected masses for product. Qualitatively, there was a linear

relationship between the decrease in substrate and an increase in product.
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Figure 3-3. Chromatogram of DCM in plastic and extraction of reaction mixture in DCM in plastic.
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UM ferredoxin, and 0.5 yM ferredoxin reductase. The ferredoxin and reductase partners in the
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Figure 3-5. Mass spectra of camphor, linalool, and product from reaction mixtures.
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Both Arx and Pdx D38L/A106 were almost perfectly coupled at 95.6 and 97.5%,
respectively (Table 3-1, Figure 3-4). Pdx D38L exhibits a coupling efficiency of 83.4% while Pdx
WT and Pdx A106 display nearly half the efficiency of Arx and Pdx D38L/A106 at 44.0 and 53.8%,
respectively. These data reveal that minimal alteration of Pdx can result in near perfect coupling
efficiency between a P450 and a non-native redox partner. More specifically, it highlights the
importance of the leucine residue in retaining the coupling efficiency between P450lin and its
redox partner.

The redox partner selectivity of P450cam is also associated with a spectral shift towards
a low-spin state upon the binding of Pdx in the presence of high concentrations of camphor (Figure
3-6).2225 Therefore, P450lin was examined to see if it undergoes similar changes in its UV-vis
spectral profile upon association with the Pdx D38L/A106 variant that supports catalysis.
However, in contrast to P450cam, a shift towards a low-spin population of P450lin in the presence
of linalool and Pdx D38L/A106 was not observed despite its appreciable turnover rate. | was
unable to test whether the native redox partner of P450lin shifts the spectrum accordingly due to
challenges in the recombinant expression of Ldx. As such, Ldx might still induce the low-spin
spectral shift. Regardless, these results indicate that the residues that allow Ldx, Arx, and Pdx
D38L/A106 to support P450lin turnover are distinct from those that may induce a spin-state

change in P450lin’s active site.
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Figure 3-6. UV-vis spectra of the P450 spin-shift in presence of redox partner. P450cam was in
10 mM KPi pH 7.4 containing 5 mM camphor in the (A) absence and (B) presence of 2 molar
equivalents of Pdx. P450lin was in 10 mM KPi pH 7.4 with 5 mM linalool in the (C) absence and
(D) presence of 2 molar equivalents of Pdx double mutant (DM, D38L/A106). The low-spin
population of P450cam in the presence of high-concentrations of camphor is attributed to the
binding of a second substrate in an allosteric site.2226.27

It is now known that the connection between a P450’s spin-state and its global
conformation is much more complicated than previously thought.?227.28 This observation means
that while there is no apparent spin shift upon addition of Pdx D38L/A106 to substrate bound
P450lin, a change in conformation cannot be ruled out. Since the selectivity of P450cam for Pdx

is, in part, due to a conformational change driven by Pdx binding, | sought to determine whether

alternative redox partners could induce a similar structural change in P450lin. In the absence of
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direct structural information, the stability of the reduced oxygen bound P450 or “oxycomplex” has
been used to provide insight into redox partner induced conformational changes.?®30 As Pdx
binding pushes P450cam towards a more open conformation, it was reasoned that redox partner
induced structural changes would destabilize the oxycomplex resulting in a faster decay
compared to the rate of auto-oxidation in the absence of a redox partner. Accordingly, the addition
of Pdx increases the rate of oxycomplex decay by ~150 fold over the auto-oxidation rate (Scheme

3-2).31

02 +e le-

Autooxidation (k) |

02+ e

Oxidation (k + k,)

Fdx

oXx

Scheme 3-2. Preparation and oxidation of the ferrous-O2, oxycomplex. Substrate-bound high-
spin ferric iron (Fe3*) is reduced by dithionite, which provides 1 electron to produce the ferrous
state (Fe?*). Dioxygen then binds to form the oxycomplex. The reduced spectra and the
oxycomplex exhibit Soret maximum at ~410 nm and ~422 nm, respectively. Without the delivery
of a second electron to initiate the heterolytic cleavage of oxygen, the oxycomplex decomposes
or auto-oxidizes, releasing a superoxide equivalent returning to high-spin Fe3+ state. In the
presence of oxidized ferredoxin (Fdx), the complexation of the P450-oxycomplex and the
ferredoxin results in an increase in the decay rate of the oxycomplex.
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In P450lin, the decay of the oxycomplex was monitored with stopped-flow kinetics by the
decrease in absorption at 431.5 nm and the growth of the ferric substrate-bound Soret at 388.8
nm (Scheme 3-2). The rate of autooxidation of the P450lin oxycomplex in the absence of redox
partner was fit to a monoexponential (Equation 3-1) with both wavelengths exhibiting similar rates
of decay and growth (Table 3-2, Figure 3-7, Figure 3-8), where a is the amplitude, k is the rate
constant, and cis a constant. Differences in these two values, particularly in the case of Arx, could
be attributed to the residual dithionite peak at ~350nm contributing to noise in the 388.8nm trace.
In the presence of redox partner, the rates for P450lin were best fit to a biexponential model
(Equation 3-2) where the first component is attributed to the decay of the oxycomplex or growth
of the oxidized ferric species (Table 3-2, Figure 3-7, Figure 3-8). Consistent with the NADH
consumption assays, Pdx D38L/A106 displayed the highest oxycomplex decay rate, at ~150x,
remarkably similar to P450cam with Pdx. Arx had a similar effect on the oxycomplex, with a decay
rate ~50x. Pdx WT had the lowest impact on the oxycomplex, with ~5x increase in decay rate.
These values are consistent with the trend in NADH consumption rates.

Table 3-2. P450lin oxycomplex decay rates from stopped-flow kinetics.

Wavelength (nm) | Ferredoxin ki (s) ko (s) Fold Increase

431.5 — 0.0584 + 0.0007 — 1

431.5 Pdx WT 0.274 £ 0.007 0.0663 + 0.001 | 4.69

431.5 Arx 415 +0.02 0.645 +£0.010 711

431.5 Pdx D38L/A106 | 9.61 +0.14 1.28 £ 0.07 165

388.8 — 0.0590 + 0.0005 — 1

388.8 Pdx WT 0.310 £ 0.005 0.0795 +|5.25
0.0006

388.8 Arx 1.28 £ 0.01 0.0206 +|21.7
0.0015

388.8 Pdx D38L/A106 | 9.10 +0.24 1.31 £0.09 154

Y =ax*exp(—kx) +c
Equation 3-1. Monoexponential

Y = aq *xexp(—kix) + a, * exp(—kyx) + ¢
Equation 3-2. Biexponential
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Figure 3-7. Stopped-flow kinetics of P450lin oxycomplex decay. (A) P450lin oxycomplex decay
monitored at 432 nm and return to ferric at 389 nm in the (A) absence of redox partner and in the
presence of (B) Arx at 2-fold concentration, or (C) Pdx at 2-fold concentration, or (D) Pdx
D38L/A106 at 2-fold concentration. The residuals of each fit of the traces are shown in the panels
underneath their respective plots.
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Figure 3-8. Stopped-flow spectra and difference spectra. (A) P450lin oxycomplex decay in the
absence of redox partner (top) and difference spectra (bottom). (B) P450lin oxycomplex decay in
the presence of Arx (top) and difference spectra (bottom). (C) P450lin oxycomplex decay in the
presence of Pdx WT (top) and difference spectra (bottom). (D) P450lin oxycomplex decay in the
presence of Pdx D38L/A106 (top) and difference spectra (bottom). The red line is the starting
spectra, the grey are the intermediate spectra, and black is the final spectra for all. All reactions
were run in 50 mM KPi pH 7.4 with 1 mM linalool at room temperature. The P450 solution was
degassed and anaerobically reduced with dithionite. The redox partner solution was made with
buffer that had air bubbled in from an in-house air line for 10 minutes. The time scales for each
are the same as its counterpart in Figure 3-8.

Discussion

The ability of redox partners to modulate the structure and activity of P450s is an active
area of research, yet there is limited structural information on how these proteins associate and
induce such pronounced effects.>32 As such, co-crystallized complexes like those of P450cam-
Pdx have allowed for a deeper understanding of redox partner selectivity and the origin of induced
conformational changes.33 However, conservation of the selectivity of P450cam and the redox
partner induced transitions across other P450s remains unclear. Based on the biological
similarities between P450cam and P450lin, it was hypothesized that these two systems would
behave quite similarly. When P450lin was first expressed and purified from the host
Pseudomonas incognita, its selectivity was tested with Pdx and PdR.'* The results with P450lin
with Pdx and PdR showed selectivity on par with the previous report, albeit at slightly different
rates of turnover. The scope of redox partners tested for activity were expanded to investigate the
origin of selectivity and efficiency of electron transfer.

The native redox partner of CYP101D1, Arx, is more promiscuous than Pdx as it services
many P450s in its native organism.'>13 This fact could explain why CYP101D1, while tightly
coupled, is less selective with respect to a redox partner for supplying electrons to oxidize
substrate. On the other hand, P450s that initiate the metabolism of unusual carbon sources in

Pseudomonads serve a critical role in assimilating their substrates as alternative energy sources,

suggesting Class | systems from these organisms may be more selective and sensitive to redox
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partners. Clearly this is not the case since Arx can support P450lin catalysis since NADH
consumption assays revealed that Arx enables significant turnover rates in P450lin.

A sequence alignment of Pdx, Arx, and Ldx revealed high degrees of similarity between
Ldx and Arx (54.90% identity) and moderate conservation between Ldx and Pdx (33.98% identity)
(Figure 3-1). There are several important differences between the three ferredoxins including a
critical aspartate in Pdx, Asp38, that forms an interfacial ion pair with Arg112 of P450cam.3
Mutation of D38 in Pdx kills P450cam turnover activity.'® In the analogous position of Arx and Ldx,
there is a leucine residue. Therefore, Asp38 of Pdx was mutated to leucine which resulted in a
slight increase in NADH consumption activity. Additionally, both Arx and Ldx lack a terminal
tryptophan that has been identified as essential for Pdx to bind and transfer electrons to P450cam
(Figure 3-1). Using a C-terminal tryptophan knockout variant of Pdx, A106, a double mutant was
created including the D38L substitution. While A106 itself allowed for only slight improvement in
turnover compared to Pdx (8.67 min-'), the D38L/A106 variant displayed a substantial increase in
activity (198 min-') over both WT ferredoxins and the single mutant. The ~5 and ~20-fold increase
in activity of D38L/A106 compared to the single mutant D38L and knockout, respectively,
highlights how sensitive the interfacial interactions are between P450s and their redox partners.
The coupling efficiency of the Pdx variants follow a similar trend as the turnover assays with Pdx
D38L/A106 display almost complete substrate conversion.

Based on these mutations, it appears that P450lin and Ldx likely share a similar interface
to those found in other Class | systems like P450cam. As there is no crystal structure of P450lin,
we utilized the Alphafold predicted structure for P450lin to analyze the potential interfacial
interactions with Ldx (Figure 3-9).3435 The predicted structure exhibits the expected conserved
P450 triangular fold. The areas of lowest confidence are also coincidentally the areas that vary
the most from P450cam and likely participate in substrate binding. The Alphafold structure

appears in an open conformation and while it is not known whether P450lin exhibits an open-to-
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close transition upon substrate binding, the P450cam-Pdx complexes are found in a slightly open

conformations even in the presence of substrate, allowing for a reasonable comparison.

Figure 3-9. Structural alignment of P450cam in grey (PDB code: 3L62) and P450lin in blue
(AlphaFold). (A) P450lin Alphafold structure. Regions of high confidence are shown in blue,
average confidence shown in cyan, and low confidence shown in yellow. The heme of the
Alphafold structure was added in Coot based on the structure of P450terp (PDB code: 1CPT) and
is shown in pink. The heme of P450terp was chosen as the orientations of the heme propionates
are more common than those found in P450cam. (B) P450lin Alphafold structure rotated ~ 60°.
(C) P450lin Alphafold structure aligned to P450cam open structure and (D) rotated ~ 60°.
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Many of the crucial P450cam residues that interact with Pdx originate from the C
helix.33637 Qverlaying the C helix from the P450cam-Pdx complex structure (PDB code: 4JWU)
with the Alphafold structure of P450lin (Figure 3-10) reveals that the structural alignment
correlates well with the sequence alignment (Figure 3-11) for this structural element. In P450cam,
there are several residues that point towards Pdx, namely Arg109, Arg112, Ala113, and Asn116
and the corresponding residues of P450lin are Thr100, Arg104, Lys105, and Met107. Only one
of these residues is conserved, Arg104, corresponding to Arg112 in P450cam, which is essential
for electron transfer and forms a hydrogen bond with one of the heme propionates.?” The retention
of this residue and its role in electron transfer makes the results of our selectivity experiments
quite surprising as D38 in Pdx interacts with Arg112 and its mutation to a leucine in Ldx and Arx
would likely weaken the strength of this contact, but instead enhances the rate of NADH
consumption and substantially improves the degree of coupling. Such a result points to the
possibility that, while the surfaces P450lin and its redox partner that interact are conserved, the
specific interactions and possibly the orientation of the protein-protein interface is not.
Additionally, the single mutant, A106, that removes an interfacial tryptophan, increases the
turnover frequency but decreases the coupling efficiency compared to Pdx WT. This behavior
suggests that while the removal of the C-terminal tryptophan allows for more rapid electron
transfer due to improved interactions with P450lin, the leucine mutation is necessary to ensure

coupling for productive turnover.
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Figure 3-10. Structural alignment of residues involved in ferredoxin binding on C helices of
P450cam (grey) and P450lin (blue). The heme is shown in pink. Residue labels are shown in
black for P450cam and blue for P450lin.
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Figure 3-11. P450 sequence alignment. P450lin and P450cam have 25.26% identity.
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P450lin is highly sensitive to the nature of the residues that form the interface with its

redox partner as changing only two residues of Pdx to be more like Ldx results in restored activity

and improved coupling efficiency. The drastic changes in turnover rate and coupling efficiency

from the subtle changes to the interface may suggest that a conformation change of P450lin may

be occurring upon redox partner binding. However, more experiments are needed to demonstrate

this effect. The conformational change in P450cam-Pdx complex is supported by the observation

that Pdx pushes P450cam towards a low spin state,3® however the Pdx D38L/A106 mutant that

allows for the highest rate of NADH consumption and degree of coupling does not induce a similar
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shift in the UV-vis spectrum of linalool-bound P450lin. There is, however, one feature shared by
several bacterial P450s including P450Iin.2%31:3% The productive binding of a redox partner results
in destabilization of the P450 oxycomplex. This could be due to back electron transfer from the
ferrous oxycomplex to iron-sulfur cluster of the redox partner. Alternatively, there is the
functionally much more interesting possibility that redox partner binding in all these P450s results
in similar protein conformational changes or more subtle changes in the heme and ligands
required for activation of the oxycomplex. If so, then redox partner binding serving an effector role
in the activation of the P450 oxycomplex may be a general feature in P450 catalysis.

Beyond its role in electron transfer, Pdx induces structural changes that allow for the
formation of a proton relay network in P450cam. Without crystallographic or NMR structural
information, it is difficult to assess whether similar changes occur in P450lin upon redox partner
binding. P450lin has a conserved Thr at position 248 that, in other P450s, provides a hydrogen
bond to stabilize the oxycomplex and promotes the heterolytic cleavage of the iron-linked oxygen
molecule.4® It also displays an adjacent glutamate at position 247 where P450cam employs a
similar Asp251. This distinction is subtle but important because when D251 is changed to a Glu
in P450cam, activity is completely lost and Pdx loses its ability to shift P450cam toward low-spin.4!
CYP101D1, however, also has the corresponding Asp but it is tied up in fewer salt bridges than
P450cam. The D259E variant retains partial activity and displays a large kinetic isotope effect
(KSIE) indicating a similar importance to D251 in P450cam for the formation of a proton relay
network.4! The two residues that form the ion pair with D251 in P450cam are Arg186 which is
conserved in CYP101D1 and Lys176 which is a glycine that is unable to form the second ion-pair.
The lack of a second ion-pair in CYP101D1 is what allows for the retention of activity in the D259E
variant. The D259E P450cam mutant is inactive as the more flexible Glu cannot be freed from the
strong local H-bonding interactions upon Pdx binding, while in D251E CYP101D1 is able to break

the single R186 contact. In P450lin, the alignments suggest no analogous ion-pairing for E247.
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Although the Alphafold structure indicates this area of the F-helix is of moderate confidence, the
corresponding residues of P450lin are Y168 and G176, which may account for why P450lin

exhibits less selectivity for its redox partner.

Conclusion

P450lin is less selective for its redox partner than P450cam despite originating from a
highly homologous system. P450lin exhibits almost complete coupling with non-native redox
partner Arx, while WT Pdx retains ~54% coupling, the turnover rate is dramatically reduced. The
removal of W106 and mutation of Asp38 to Leu remarkably recovers both the turnover rate and
coupling efficiency. Like other P450s, the interaction of P450lin with its redox partner does result
in a change upon redox partner binding that leads to a destabilization of the iron-linked O- unit.
Although the selectivity of P450cam is so far unique, the influences of redox partner binding on
the stability of the oxycomplex, and its important role in activation of O», may be conserved in

many P450s.

Future Prospects

One of the initial steps in this project was the crystallization of P450lin. Crystals were
obtained in two conditions: one with sodium thiocyanate and PEG 3350, and another with
potassium iodide and PEG 3350 (Figure 3-12). These conditions yielded thin plates that did not
diffract well. Crystallization was improved with streak seeding with a whisker, but the crystals still
diffracted poorly. There is also a published account of crystals with a preliminary space group.+?
However, there was no follow-up paper and any attempts to replicate these conditions did not
yield crystals. As such, the crystal structure of P450lin remained elusive. Similarly, the
recombinant expression of Ldx never was successful. Attempts to perform a BLAST search the

three proteins of the P450lin system yielded too many results that would be difficult to narrow
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down to pursue meaningfully. However, | did discover a potential new P450lin system that might

fill some of the holes in the existing P450lin system.

Figure 3-12. Crystals of P450lin. (A) The protein condition was 27 mg/mL P450lin in 50 mM Tris
pH 7.4 and 15 mM DTT. The well condition was 0.2 KSCN and 25% v/v PEG 3350. (B) The protein
condition was 25 mg/mL P450lin in 25 mM KPi pH 7.4 and 15 mM DTT. The well condition was
0.2 M Kl and 25% v/v PEG 3350. The drop ratio was 1:1, protein:well for both.

When searching for the Alphafold structure for P450lin in the Alphafold database, two
results were presented: P450lin from Pseudomonas putida and one from Acinetobacter baylyi
(strain ATCC 33305/ BD413 / ADP1). The Psuedomonas putida P450lin sequence was identical
to the one of P450lin | had been using.’™ A sequence alignment of the two P450lin sequences
gave a sequence identity of 77% (Figure 3-13). When looking back at the BLAST search results
for P450lin, this “new” P450lin sequence was one of the top results. Since the sequence identity
was so high, and there was a proposed structure from Alphafold, | searched the genome from
this Acinetobacter strain*® for the operon, and possible ferredoxin and reductase genes. There is
only one P450 in the in the entire genome, and the operon is very similar to that of the
Pseudomonad system. The Pseudomonad system has an order of a hydratase, P450lin, a

regulatory protein, an aldehyde dehydrogenase, an alcohol dehydrogenase, Ldx, and then LdR.

Similarly, the Acinetobacter operon has a hydratase-related protein, an acyl-CoA synthase, a
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transporter, P450lin, a regulatory protein, an aldehyde dehydrogenase an alcohol
dehydrogenase, Ldx, and then LdR. There are two additional putative proteins, but the similar
organization of the operon is further evidence that these P450lin systems are homologs. The
sequence identity of the two Ldx’s is 58% (Figure 3-14) — not as high as that of the P450lins, but
given that the Pseudomonad Ldx could not be expressed, maybe a change in sequence could
lead to expression. The new LdR sequence was 56% identical to the existing Pseudomonad LdR
sequences (Figure 3-15). All of these sequences were above 40% identity, which means that they
probably share similar functions. In fact, the sequence identity of P450s can be much lower and
still retain P450 functionality. Also, the differences could be explained by the different bacterial
strains over the years.

Given the promising similarities, the 3 genes were ordered in pet28a with an N-terminal
H6-tag. The P450 was expressed identically to P450lin (described below), and the redoxin and
reductase were expressed as reported previously.** The cells for the P450 appeared a red color,
and the cells for the reductase appeared a yellow color, indicating that they had both expressed.
The new Ldx did not express with a histag, but redoxins expressed with a histag have a long
history of not being successful. Therefore, the new Ldx was cloned into the same vector used for
Pdx, Tdx, and Arx, without a histag. Ldx did express recombinantly, which was personally
fantastic, as | had struggled for quite a time with the Pseudomonad Ldx expression. This new
Acinetobacter system has provided two proteins that were unable to be obtained from the

Pseudomonad system, and perhaps this new P450lin protein will crystallize well.
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Figure 3-13. Sequence alignment of the P450lins from Pseudomonad and Acinetobacter.
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Figure 3-14. Sequence alignment of the Ldxs from Pseudomonad and Acinetobacter.

LdR_Pseudomonas Nterm MERFDVL I VGSGHGGAQAA I ALRHDGFSGTIGWSAKSFTSPTNAPPLSKEYLSS3

LdR Pseudomonas Cterm - - - - - o = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 0

LdR_Acinetobacter MSNYDVIIVGTGHAGGQAAVALRQQGFTGSILMIGEELHLPYERPPLSKEYFS53

LdR Pscudomonas Ntorm Q) - - = = - - - o & 0 0 o c C o C D - - et s asssaamaeeaaeaoaoaceaa-aaa~ 55
) 0 0 00 000 0000000000000 0000000000000000000C000000occ0oo0 oo 0

LdR_Acinetobacter GEKTFERILLRPEQFWKDKNIDLKLGQRVIQIDAQSHRILTQQNHEYHYGKL 1106

LdR Pseudomonas Nterm = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 55
LdRPseudomonas CleM - - = - - - - - o o o o o o o ;o ;o - - = =2 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 0

LdR_Acinetobacter WATGGKPRRLSCEGADLDGIHYIRNREDVDRINQELDRVQKCVVIGGGY I GLE159

LdR_Pseudomonas Nterm - - - - = - = = = = = - = & = - & & & & 4 & 4 4 & & 4 & & - e e s e e e e e e e e e e e e e e - e - 55
LdR_Pseudomonas Clemm - - - - - - = = = = = = = = = & & & & & & = & & & =& & & & & oo oo oo GVTFHLGQGVDAI12
LdR_Acinetobacter AASALRKINRDVTLVEAQSRVLARVAGPI ISDFYQQYHQQKGIEFYLGQGVDH212
LdR_Pseudomonas Nterm - - - = - = = = = = o o o = & o & o & = 4 & 4 4 4 = = = = = = = = = = = = = = = & = e = e e . m e - o= 55
LdR_Pseudomonas Cterm | EGSDGRVAAVSLTDGTRLPADLVIVGIGLIPEVSQAGQCWCAGEQWSGGDSRG®65
LdR_Acinetobacter LEGDQGRVHTVILANGTRIATDMVIVGIGLNPEINALIEAGAISSNGIETDRR265
LdR_Pseudomonas Nterm - - - - = - = = - = = - = & = o & & & & 4 & & 4 & = 4 & = 4 4 = = e == e == e e e e e e e e - e - 55
LdR_Pseudomonas Cterm CRTSYLNVFA I GDCACHVNPYASGARVRLESVQNANDQATVAAKEILGVGEDY 118
LdR_Acinetohactar CRTSLPDIFAIGDCANHENIFADGQRIRLESVQNANDQAMIVAKEILDKGEDYS318
LdR_Pseudomonas Nterm - - - = - = = = = = o o o = & o & o & 2o 4 = 4 = = = = = = = = = = = = = = = = = = = % = = = == = o= = - - 55
LdR_Pseudomonas Cterm HAV PWFWSNQYDLRLQTVGLS IGHDETVLRRDLASRSFSVIYLNQGR-WALDC170
LdR_Acinetobacter AAIPWFWSNQYDLKLQTIGLSIGYDQEVLRSEPDSGSFTVIYLRQGTI IALDCS371
LdR_Pseudomonas Nterm - - - - = - = = - = = - = & o - & & & 4 & & -4 4 & & 4 & = 4 & = = . e = - e - - - o 55
LdR_Pseudomonas Cterm V NA TP AYVQGRALVARGAAIPRETLADSTIPLKSMLS - - - - - 207
LdR_Acinetohactar VNRPADFIQGKA I 1QQSISIPTEQLSDHTLPFKELIQRYKNS 413

Figure 3-15. Sequence alignment of the LdRs from Pseudomonad and Acinetobacter.
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Materials and Methods

Protein Expression and Purification

P450lin was encoded on a pET28a+ vector with N-terminal His6-tag (Genscript). E. coli
BL21(DE3) cells were grown in Luria Broth (LB) overnight culture of 100 ml with 50 mg/L
kanamycin. 10 mL of overnight culture were inoculated into 7 flasks each containing 1 L of Terrific
Broth with 50 mg/L kanamycin. Cells were grown at 37 °C and 220 RPM until ODgpo = 0.8 — 1.
Expression was induced by addition of 1 mM isopropyl 3-d-1-thiogalactopyranoside (IPTG) and
supplemented with 0.4 mM 5-aminolevulinic acid (D-ALA) The shaker conditions were turned
down to 25°C and 100 RPM. Protein was expressed over 48 hours, and then the cells were
harvested. Cells were resuspended in lysis buffer (50 mM KPi pH 7.4, 250 mM NaCl, 2 mM BME)
and lysed by two passes through a microfluidizer. The cell lysate was centrifuged at 15,000 RPM
(~31,000 RCF) for 1 hour at 4°C (Beckman Coulter Avanti JA-17). The supernatant was loaded
onto a NiNTA column (ThermoFisher, 50 mL) pre-equilibrated with lysis buffer. After washing with
3-5 column volumes (CVs) of lysis buffer, the protein was eluted with 1 CV of lysis buffer
containing 250 mM imidazole. Fractions containing the red-colored protein were pooled. A few
granules of thrombin (ThermoFisher) were added into the pooled solution. The protein solution
was then dialyzed against lysis buffer overnight at 4°C. The dialyzed protein was loaded and
passed through a second NiNTA column (20 mL) pre-equilibrated with lysis buffer to remove any
residual protein retaining a His-tag. Protein was buffer exchanged into wash buffer (50 mM KPi
pH 7.4, 2 mM BME) by several rounds of centrifugation in 30 kDa centrifugal filters (Millipore
Amicon), then loaded onto a pre-equilibrated Q Sepharose column (Cytiva, 50 mL). The column
was washed with 5 CVs of wash buffer followed by a gradient elution of the protein with 0 — 600
mM NaCl in wash buffer. Collected fractions with an optical purity ratio (Reinheitzahl, R/Z,
As17/A280) > 1.4 were pooled and concentrated to less than 2 mL. The protein was then loaded

onto a size exclusion column (SEC) (Cytiva Sephacryl S-200 HR, 180 mL) equilibrated with SEC
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buffer (50 mM KPi pH 7.4, 5 mM DTT). Fractions with R/Z > 1.6 were collected, concentrated,

and flash frozen for storage at -80°C.

P450cam, Pdx, PdR, Arx, ArR, were purified according to previously published procedures.!0.45:46
Several unsuccessful attempts were made to express and purify the natural P450lin redox
partner, Ldx. | therefore generated mutants of Pdx that converted the expected binding interface
to that of Ldx. The two most important differences at the binding interface are Asp38 in Pdx which
is a leucine in Ldx and Trp106 of Pdx is missing in Ldx. The D38L mutation was made using by
standard polymerase chain reaction protocols (Takara PrimeSTAR Max). The vector was
transformed into E. coli C41(DE3) stock and plated onto ampilcillin-supplemented LB plates.
Successful mutation was verified by miniprep (Macherey-Nagel) and sequencing (Genewiz) using
standard protocols. The gene sequence for Ldx is known'5; however, expression of the ferredoxin
has proven elusive despite many attempts in different vectors, cell lines, and expression

protocols.

Spectroscopy

The NADH consumption assays were run using a Cary Series 300 UV-Vis Spectrophotometer by
monitoring the absorbance at 340 nm. The reaction mixtures contained 0.5 uM P450, 0.5 uM
reductase, 5 uM ferredoxin in 1 ml of 50 mM KPi pH 7.4. PdR was used with all Pdx proteins, and
ArR was used with Arx. The reaction was blanked, and then 2 pyL of 185 mM NADH was added
(for a final concentration of 370 uM) to collect the background oxidation rate. Substrate solution
(20 wl) was then added to initiate the reaction. Reactions with P450cam and P450lin used 8 mM
camphor and 10 mM linalool, respectively. Rates were calculated using a least-squares

regression method.
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NADH/Substrate Coupling Assays

Each coupling reaction was run in triplicate in microcentrifuge tubes (ThermoFisher) at room
temperature in 50 mM KPi pH 7.4, with the same protein concentrations as the spectral assays,
and 200 ¢M linalool. The reaction was initiated upon addition of 100 uM NADH. After the reactions
were run to completion, an internal standard of camphor at 50 yM was added. An extraction was
performed on the reaction mixture by the addition of 500 uL of dichloromethane (DCM) to the
reaction mixture. The solutions were vortexed for 30 seconds and then the aqueous and organic
layers were separated by centrifugation at 9000 RPM for 3 minutes at room temperature. The
aqueous layer was removed and the extraction was repeated. Then organic layers from both
extractions were combined. The samples were separated and analyzed by gas chromatography-
mass spectrometry (GC-MS) (Thermo Fisher) and data analyzed in Chromeleon software. The
concentration of substrate after the reaction was determined using a standard curve of linalool,

where GC peaks corresponding to linalool were integrated.

Stopped-flow Kinetics

Stopped-flow experiments were performed using an Applied Photophysics SX18 stopped-flow
spectrophotometer. Spectra were acquired using photodiode array (PDA) detection at room
temperature. The P450 concentration was 15 pM, and the redoxin concentration was 30 UM, both
in 50 mM KPi pH 7.4 with 1 mM linalool. The P450 was reduced with dithionite in degassed buffer.
The experiments were performed in a single mix injection, where reduced P450 was mixed in
equal volumes with the redoxin in oxygenated buffer. The data were fit to exponential models
(Equations 4-1 and 4-2) using the ProData SX software. In some cases, the initial data points

were removed to allow for convergence of the fit due to noise contributions at early times.
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Chapter 4

Redox Partner Recognition and Selectivity of Cytochrome P450terp (CYP108A1)

Introduction

As | discussed in the previous chapter, our lab is interested in investigating the structure
function relationships of P450s with endogenous and exogenous redox partner proteins. The first
protein | worked with was P450lin, and in Chapter 3 it was established that P450lin is not as
selective for its redox partner as P450cam, but the redox partner proteins that were capable of
supporting turnover maintain an effector role. However, our lab is always looking to investigate
other P450 systems to broaden our understanding. Within this context, we extended our
investigation to P450terp with its natural redox partner protein, the Fe>-S; ferredoxin terpredoxin
(Tdx). This project has been ongoing for a few years, and was started by former graduate student
Alec Follmer,” who established many of the vital expression and purification protocols, and early
experiments with selectivity. P450terp provides a good comparison to P450cam because it is also
a Class | Pseudomonad P450 that catalyzes the first step in the oxidative assimilation of a terpene
as an alternative carbon and energy source.? The study on substrate binding (Chapter 2) has
illustrated some key differences between P450terp and P450cam. With respect to redox partner
interactions, the most important distinction is that P450terp exhibits an open conformation in the
presence or absence of substrate.® This is critical because the binding of Pdx to P450cam shifts
P450cam to a more open conformation,*5 but it is unclear if this preference carries over to other
P450s, and if and/or how it may affect selectivity. First, the selectivity with native and nonnative
redox partners was tested for P450terp, and then the extent of the effector role was investigated.

Unlike the P450lin system, the protein redox partners for the P450terp system have
complete sequences and can be expressed. The expression and purification of the FAD-

containing reductase, terpredoxin reductase (TdR) and the Fe»-S ferredoxin, Tdx, have been
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previously described.! Tdx lacks the C-terminal tryptophan of Pdx and has Glu38 in place of the
Asp38 of Pdx (Figure 4-1). Given that Tdx has a similar charged residue that is essential for Pdx
function, the initial hypothesis was that P450terp would be selective, and the effector role would

be similar. However, this turned out not to be the case, and once again it seems P450cam is

unique.

px SKVVYVSHDGTRRELDVADGVESEMQAAVSNGBI YD I VG|DJEGE S A SICA 46
W PRVVFIDEQSGEYAVDAQDGQSLMEVATQNGVPGIVAIEICGGSCVICA4
Aax TAILVTTRDGTRTEIQAEPGLSLMEALRDAGIDELLA|LJCGGCCSICA4
rix TGHVYVNEBAFTDKVPAANERE IGMBECVTAELKPNSRECE@ ! IMTP92
o« TCRIEIEDAWVEIVGEANPDENDLLQSTGEPMTAGTRLSCQVFIDP9
ax TCHVLVAPAFADRLPALSGDENDLLDSS-DHRTPHSRLSCQ I TINDOJ
rex EL DB/ | VMD VP DR QW 106
W« SMDGL IMRVPLPA|- 105
ax KLEGLEME | APED|- 104

Figure 4-1. Sequence alignment of Arx, Pdx, and Tdx. Identical residues are highlighted in blue,
and similar residues are highlighted in light blue. Residues that were targets for mutagenesis are
boxed in red. Tdx has 32.7% identity with Arx, and 35.8% identity with Pdx.
Results and Discussion

The first goal in this project was to determine selectivity of P450terp for redox partners
using an NADH consumption assay. If, upon addition of substrate, there is an increase in the rate
of NADH consumption, then that ferredoxin can support turnover in P450terp (Figure 4-2). The
consumption rate for Tdx with TdR has already been determined (Table 4-1)3 providing a
reference for the comparison of alternative redox partners. The redox partners from homologous
systems were tested first: Pdx from the P450cam system and Arx from the CYP101D1 system.6-
8 Pdx has a very slow rate of turnover, while, surprisingly, Arx enables a high rate of turnover
(Table 4-1). It was surprising that Arx supports turnover by P450terp, because the critical Glu in
P450cam-Pdx complex is conserved in Tdx while in Arx this residue is a Leu. This surprise is in
contrast to P450lin where both Arx and Ldx have a Leu in this interfacial position. Regardless, it

is clear that P450terp, like P450lin, is not as selective for redox partner.
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Given that P450terp is not as selective as P450cam, | made a series of mutations to test
the degree of redox partner promiscuity. First, | mutated Tdx Glu38 to Leu to directly test if a
charged residue is important in that position. While Tdx E38L enabled turnover, it occurred at a
rate of 217 min-! or about one third of the rate with WT Tdx (Table 4-1). This decreased rate
indicates that Glu38 is moderately important but not essential for the interaction of Tdx with
P450terp. In sharp contrast, mutation of Asp38 in Pdx drastically reduces activity in P450cam.®
Furthermore, an additional surprising result is that Arx exhibits a much higher turnover rate than

Tdx E39L.
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Figure 4-2. NADH consumption traces of P450terp with various redox partners monitored at 340
nm. The conditions for the experiment were 0.5 uM P450terp / 5 uM ferredoxin / 0.5 uM reductase
in 50 mM KPi pH 7.4 at room temperature. NADH was added to a concentration of 185 uM, and
the background rate was collected 0-1 min. Substrate (a-terpineol) was added after 1 minute to a
concentration of 200 uM and the rate was determined using a fit to zero order of the resulting
linear slope. P450terp selectivity was tested with (A) Tdx C44S and TdR, (B) Tdx E39L and TdR,
(C) Arx and ArR (the reductase from the CYP101D1 system that corresponds to Arx), (D) Pdx
and PdR, (E) Pdx D38E and PdR, (F) Pdx D38L and PdR, (G) Pdx A106 and PdR, (H) Pdx D38E
A106 and PdR, and (I) Pdx D38L A106 and PdR. The dip in absorbance in (G) is a result of
pausing the collection for substrate addition, which occasionally happens instead of the flat line
as seen in the other traces.

101



Table 4-1. NADH turnover rates and coupling efficiencies for P450terp with various ferredoxins.
The coupling efficiencies of Pdx WT and variants are works in progress.

Ferredoxin NADH turnover (min-') Coupling Efficiency
Tdx 659 + 8 97 £13
Tdx C44S 646 + 12 95.2+0.2
Tdx E39L 217 +9 92.0+1.6
Arx 510 +12 93.9+1.0
Pdx 2.18 +0.46

Pdx A106 28.2+0.2

Pdx D38E 9.27 +0.62

Pdx D38L 11.6 +0.8

Pdx D38E A106 11.6 +0.6

Pdx D38L A106 8.26 + 1.06

Since Pdx has a very slow rate of turnover with P450terp and single mutations can exhibit
substantial effects on turnover ability, | set out to alter Pdx to resemble Tdx, similar to what was
done for P450lin (Chapter 3) by mutating Pdx Asp38 to Glu as well as deleting the terminal
tryptophan (W106). Since Arx also supported turnover of P450terp, | used the Pdx variants from
the P450lin investigation (Chapter 3) to see if they enabled catalysis. All variants displayed very
slow rates and there was no discernable pattern in combining mutations like there had been with
P450lin. The fastest was Pdx A106, and the rest displayed negligible differences in rate. The lack
of a pattern indicates that the interfacial surface of Pdx is not as compatible with the surface
P450terp. All of the Pdx variants displayed pseudo-zero order kinetics in their NADH consumption
traces (Figure 4-2) indicating that the first electron transfer step is still rate limiting.'°

To determine if redox partners that enable the consumption of NADH lead to productive
turnover of substrate, | determined the coupling efficiency with the highest performing redox
partners: Tdx E38L, Tdx C44S (used in crystallization), and Arx (Table 4-1). All redox partners
tested so far had coupling efficiencies greater than 90%. Coupling efficiency was determined by
tracking the depletion of substrate (Figure 4-3), as was done in Chapter 2. The high coupling
efficiencies, especially that of Arx, show that external redox partners enable productive turnover

yielding qualitatively similar levels of product. The coupling efficiency with the Pdx variants with
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slower turnover rates will be done next to determine if very slow turnover can lead to actual

product formation and substrate depletion.

am for Arx
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Figure 4-3. NADH coupling chromatograms with the 3 ferredoxins. All chromatograms are
normalized to the camphor peak employed as an internal standard. Peak 1 is camphor (internal
standard), peak 2 is a-terpineol, and peak 3 is an impurity from the a-terpineol source.

Now that it has been determined that different redox partners can enable turnover, |
wanted to establish whether redox partners play an effector role in P450terp turnover by exhibiting
a structural influence on the P450. One method to test this influence is by the observation of a
spectral shift of the Soret in the presence of Tdx, similar to what is observed in P450cam.''-14
However, there was no spectral change (data not shown) and while the lack of a spectral change
doesn’t rule out a structural change, we have shown that substrate binding in P450terp and does
not adopt a closed conformation when substrate binds.3

Another way to probe possible structural changes upon ferredoxin binding is to monitor
the decay of the oxycomplex in the presence of redox partner (Figures 4-4 through 4-8). This type
of experiment has been done numerous times, with P450cam,'> P450lin,® P450cin,’® and
CYP101D18. The decay of the P450 oxycomplex increases in the presence of redox partner in
each of these cases. The autooxidation of P450terp was previously determined,!” but not in the
presence of Tdx. Preliminary results for P450terp also indicate that redox partner binding does

increase the decay of the oxycomplex. In this study, Tdx has the largest influence on P450terp,

at about a 30-fold increase (Table 4-2), while Arx and Tdx E38L are closer together at about 13-

103



fold increase. It is interesting that although turnover rates are quite different, both ferredoxins
display a similar influence on the oxycomplex decay. Pdx was used as a control, as it was the
slowest redox partners, and it had an almost negligible increase on the decay of the oxycomplex
at 1.5-fold increase. These results further support a seemingly common thread in P450 chemistry
— binding of a redox partner induces structural changes that affect the active site and lead to an
increase in the decay rate of the oxycomplex. In this case, in the absence of a second electron to
proceed with catalysis, the oxycomplex decays unproductively, but in the case of catalysis under
turnover conditions, the second electron would be delivered. Since all P450s studied so far all
increase the rate of decay of the oxycomplex in the presence of a productive redox partner, it is
tempting to suggest that whatever structural changes that result from redox partner binding are
required for catalysis. If, indeed, structural changes are involved in the first electron transfer step
then this could explain why the first electron transfer step is rate limiting given that structural

changes are usually slow relative to the bond breaking and making reactions.
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Figure 4-4. Stopped-flow spectra and kinetics of oxycomplex decay of P450terp. (Left) P450terp
oxycomplex decay in the absence of redox partner. The red line is the starting spectra, the grey
are the intermediate spectra, and black is the final spectra. (Right) P450terp oxycomplex decay
monitored at 434 nm and fit to a single exponential.
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Decay of oxycomplex of P450terp with Tdx
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Figure 4-5. Stopped-flow spectra and kinetics of oxycomplex decay of P450terp with Tdx. (Left)
P450terp oxycomplex decay in the presence of Tdx at 2-fold concentration. The red line is the
starting spectra, the grey are the intermediate spectra, and black is the final spectra. (Right)
P450terp oxycomplex decay monitored at 434 nm and fit to a single exponential.
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Figure 4-6. Stopped-flow spectra and kinetics of oxycomplex decay of P450terp with Tdx E39L.
(Left) P450terp oxycomplex decay in the presence of Tdx E39L at 2-fold concentration. The red
line is the starting spectra, the grey are the intermediate spectra, and black is the final spectra.
(Right) P450terp oxycomplex decay monitored at 434 nm and fit to a single exponential.
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starting spectra, the grey are the intermediate spectra, and black is the final spectra. (Right)

P450terp oxycomplex decay monitored at 434 nm and fit to a single exponential.
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Figure 4-8. Stopped-flow spectra and kinetics of oxycomplex decay of P450terp with Pdx. (Left)

P450terp oxycomplex decay in the presence of Pdx at 2-fold concentration. The red line is the

starting spectra, the grey are the intermediate spectra, and black is the final spectra. (Right)

P450terp oxycomplex decay monitored at 434 nm and fit to a single exponential.

Table 4-2. P450terp oxycomplex decay rates from stopped-flow kinetics.

Ferredoxin Rate (s) Fold Increase
— 0.101 £0.014 —

Tdx 3.06 +0.04 30.3

Tdx E39L 1.37 £0.02 13.5

Arx 1.28 +0.03 12.7

Pdx 0.151 +£0.003 1.49
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To further understand the regulatory mechanisms of the redox partner at the molecular
level, a crystal structure of Tdx, the P450terp Fex>-S» redox partner, was solved. First, Tdx C44S
was expressed and purified, and used to set up crystal screens. This mutation was necessary to
obtain good diffraction quality crystals. Fortunately, the C44S mutation did not significantly alter
turnover rate or coupling efficiency (Table 4-1). Crystals were grown by hanging drop vapor
diffusion at a concentration of 13 mg/mL in 1.6 M sodium citrate pH 6.5 at a protein:well drop ratio
of 2:1. The crystals were harvested and sent for data collection. The structure was solved by
molecular replacement using Arx (PDB ID: 3LXF) as a search model. The statistics for data

collection and refinement are in Table 3-3.

Table 4-3. Statistics for data collection and refinement of Tdx C44S.

Data Collection

Space group P212121

Unit cell dimensions

a, b, ¢ (A) 30.9699, 80.45, 86.1398
a, B,y (°) 90, 90, 90

Resolution range (A)
(highest shell)

37.97 - 2.15 (2.227 — 2.15)

Multiplicity (outer shell)

2.0 (1.9)

Total observations

23412 (2110)

Unique reflections (outer shell)

11865 (1084)

Completeness (%) (outer shell)

96.00 (89.64)

<l/o> (outer shell)

4.78 (0.84)

Refinement

Ruwork %/ Riree % (outer shell)

0.2147/0.2680 (0.3184/0.3185)

B-factor (Wilson)

23.91

RMSD Bond length (A)

0.01

RMSD Bond angle (°)

1.3
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Figure 4-9. Crystal structure of Tdx C44S. (A) A ribbon representationo of the crystal structure of
Tdx C44S in pink and the NMR solution in green. The RMSD is 1.999 A. (B) Crystal structures of
Tdx C44S (pink), Pdx C73S (teal) (PDB ID: 1XLQ), and Arx (purple) (PDB ID: 3LXF) show a very
similar fold. The C-termini of Tdx and Pdx are shown in sticks. The mutated residues of Tdx E39
and Pdx D38 are shown in sticks at the bottom, along with the corresponding L38 of Arx. The
RMSD between Tdx and Pdx is 0.870 A, and 1.069 A between Tdx and Arx.

The NMR structure of Tdx has been solved,'® and the comparison to the crystal structure
of Tdx C44S shows that the two structures from two different methods align well (Figure 4-9A).
An alignment of Tdx, Pdx, and Arx (Figure 4-9B) shows that all three ferredoxins have very similar
overall folds. Their C-termini are flexible loops that end in different positions in the crystal
structure, but presumably in solution would be mobile. Both Tdx and Arx are shorter by one amino
acid, and lack the terminal tryptophan that is vital for the Pdx-P450cam interaction.®'® In the
structure of Tdx C44S, the last residue from Tdx is not visible in the electron density, and so the
second-to-last residue is shown (P104). The C-terminal tail is not close to the proposed interface
as Pdx is, so the mechanism for inducing structural change may be different. Additionally, the
residues proposed to be important at the interface are shown as sticks: D38 from Pdx, E38 from

Tdx, and L38 from Arx. The mutagenesis studies show that these single residues are important,

but their roles are not as clear as it is for Pdx with P450cam.®
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In order to investigate the possible Tdx-P450terp interface, in lieu of a complex crystal
structure, the two crystal structures of Tdx C44S and P450terp (PDB ID: 1CPT) were docked
using two different automatic protein docking servers: ZDOCK?2° and ClusPro2'24 (Figure 4-10A).
ZDOCK is a Fast Fourier Transform based protein docking program that searches all possible
binding modes in translational and rotational space between two PDB files and evaluates each
using an energy-based scoring function. ClusPro is a rigid body docking followed by RMSD
clustering of lowest energy structures. The selected structures are then refined using energy
minimization. For both methods, the two structures are selected as inputs, and there is an option
of selecting residues to include or exclude from the interface. | chose to not bias the docking
results by not including or excluding any residues. Docking results are only a prediction that can
aid further structural studies. In all top five results from both methods, Tdx was placed on the
proximal side of the P450, with Tdx in a variety of orientations, with the iron-sulfur cluster close to
the heme. The models shown above have the iron-sulfur cluster within 15 A of the heme. As a
comparison, in running Pdx and P450cam through the same methods with no bias, only three out
of the top 5 predictions placed Pdx on the proximal side. Furthermore, the docking results position
Tdx in a different orientation than Pdx (Figure 4-10A). The models shown are the top results that
most resemble each other. In all five of the top models, Glu38 did not interact with Arg114 of
P450terp. This is important because Asp38 from Pdx interacts with Arg112 from P450cam. The
top predicted model for Pdx and P450cam with ZDOCK showed the Asp38-Arg112 interaction,
which is known from crystallography and mutagenesis studies. The models also did not give
Glu38 of Tdx a consistent interaction with P450terp, which might help to explain why the
mutagenesis studies did not eliminate activity in Tdx E38L and recover activity in Pdx D38E A106.
In the displayed models (Figure 4-10A), the docked structure indicates that Tdx E39 might

hydrogen bond to P450terp H381.
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Figure 4-10. P450terp and Tdx docking results compared to the P450cam-Pdx complex. (A) The
top docking results using ZDOCK (Tdx - cyan) and ClusPro (Tdx - magenta) of Tdx with P450terp
(gray). Both results have < 15 A distance between the heme of P450terp and the iron-sulfur cluster
of Tdx. (B) P450cam-Pdx covalently linked complex (PDB ID: 4JWU) aligned to P450terp from
(A) to show the same view. Pdx binds to P450cam differently than the docked structures predict
Tdx binding to P450terp.

Future Plans

The next step is to determine the binding affinity of Tdx and P450terp, with and without
substrate. This experiment has been done for P450cam, and the results show that Pdx binds
tighter to an open P450cam, in the absence of substrate. Given that the substrate-bound structure
of P450terp does not differ from the substrate-free structure, | do not expect a difference in binding
affinities like there is for the P450cam system. However, it will be useful to compare both Tdx and
Arx binding affinities to compare a natural and nonnatural redox partner that both enable turnover
at the about the same magnitude.

A more difficult, but critically important pursuit is the crystallization of the P450terp-Tdx

complex. There are only a handful of protein-protein redox partner complexes available and
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having another one available would prove useful. To accomplish this goal, a fusion protein has
been designed based on a fusion protein of CYP11A1 and Adx.? It is also possible to try setting

up the proteins in the same crystal drop, and a covalent linker as was done for P450cam.

Materials and Methods

Tdx Protein Purification

C41 E. coli cells were used with a pet vector received from Dr. Irina Sevrioukova encoding the
gene and grown in 2xYT media. Protein expression was allowed to start naturally. The flasks were
shaken at 80 RPM for 2 days at 37 “C and then rested still for another 2 days at room temperature.
Cells were spun down, and the cell pellet was resuspended in 20 mM KPi pH 7.5. The cells were
lysed with a microfluidizer. The lysate was spun down, and then loaded onto a DE52 column and
washed with wash buffer (20 mM KPi and 5 mM DTT). The red-brown colored band was excised
and transferred to a clean, equilibrated DE52 column. The column was washed with wash buffer,
and the protein was eluted with a gradient of 0 - 600 mM NaCl in wash buffer. The red-brown
fractions were collected and dialyzed against wash buffer to remove the salt. The protein was
then loaded onto a pre-equilibrated DEAE column and washed with wash buffer. The same
gradient was run as the DE52 column and fractions with an R/Z (A41s/A2s0) > 0.2 were collected
and dialyzed against wash buffer. Tdx was then loaded onto a pre-equilibrated Q column, washed,
and eluted as described. Fractions with an R/Z > 0.5 were collected and concentrated <2mL. The
protein was run on an S200 size exclusion column in SEC buffer (20 mM KPi, 250 mM NaCl, 5
mM DTT). Fractions with an R/Z > 0.6 were collected and concentrated. Concentrated protein

was then aliquoted, flash frozen, and stored at -80 °C.
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Crystallization of Tdx C44S
Tdx C44S was crystallized at 13 mg/mL in 1.6 M sodium citrate pH 6.5 in a hanging drop tray by
vapor diffusion at room temperature. Crystals of Tdx C44S appeared a reddish brown, and were

cryoprotected into paratone oil before flash freezing.

Data Collection and Analysis

Data were collected by Alec Follmer from single crystals at the Advanced Light Source (ALS) and
the Stanford Synchrotron Radiation Laboratory (SSRL). Diffraction images were indexed,
integrated, and scaled using Mosfim in the CCP4 package.?6?” Tdx C44S was molecularly
replaced with Tdx WT from Alec Follmer with Phaser?®2° which used Arx as a search model, and
there are 2 molecules in the asymmetric unit for Tdx C44S. The Phenix suite were used for

structure refinement.%3'" The structural model was revised in real space using COOT.32:33

Assay Protocols
NADH consumption assay, coupling by GC/MS, and stopped-flow were carried out as previously

described.3:34
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Chapter 5

Proximal Push of Proline in CYP158A2

Introduction

In previous chapters, | have shown the effector role of redox partner proteins on P450s
and tested nonnative ferredoxins with various P450s and mutated both native and nonnative
ferredoxins to interrogate their interface interactions. Despite the specific side chain interactions
between the two proteins, the actual effect of redox partner binding extends beyond the interface
into the active site affecting the heme pocket. Many experiments to probe the effector role of
redox partner proteins have been carried out in the P450cam system with Pdx. In particular, a
variant of P450cam was prepared, L358P, that replicates some of the spectral and structural
effects observed upon redox partner binding.'-> Leu358 is the amino acid residue immediately
following the cysteine ligated to the heme cofactor, and has been proposed to stabilize the
negative charge on the sulfur with a hydrogen bond with the amide proton of Leu358. The change
from leucine to proline results in a loss of this hydrogen bond since the proline residue does not
have an amide proton. The L358P mutation in P450cam results in a similar “push effect” on the
heme that was suggested to occur to P450cam in the presence of Pdx. Structural evidence for
this push came from a recent crystal structure wherein cyanide-bound P450cam complexed with
Pdx revealed a new rotomeric form for Leu358.6 The sidechain of Leu358 is rotated by 90° with
its ©-carbons making direct contact with the heme resulting in a distortion of the heme that is
larger than what is observed in the L358P mutation (Figure 5-1). Therefore, Pdx exerts a “proximal
push” on the heme that the L358P variant can somewhat replicate without the presence of redox
partner. This new rotomer of Leu358 only occurs with cyanide bound, which can serve as a mimic
for oxygen. Therefore, it is believed this state is catalytically relevant, at least for the oxycomplex,

especially since Pdx binding and the L358P mutation decrease the stability of the oxycomplex. In
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addition, the carbon monoxide complex of the L358P mutant mimics the changes that occur on
the substrate binding side of the heme when oxygen binds, while carbon monoxide causes no
such changes in structures of wild type P450cam.® These observations suggest that the proximal

push effect is important for catalysis and is the primary focus of this chapter.

Figure 5-1. Proximal push in P450cam. Three structures of P450cam are aligned to show the
push on the heme. The colors of the hemes match the side chain to which they correspond.
P450cam WT backbone is shown in grey with Leu358 in green (PDB ID: 2CPP). P450cam L358P
backbone is shown in periwinkle, with L358P in dark blue (PDB ID: 1T86). P450cam bound to
cyanide and complexed to Pdx is shown in pink, with Leu358 shown in magenta (PDB ID: 6NBL).

Significant time and effort has gone into the isolation and characterization of the high-
valent intermediates in the catalytic cycle, Compounds | and 11.7.¢ When we look at the P450s
initially utilized for the investigation of these intermediates, we find differences in the amino acid
residues that follow the ligating cysteine. In CYP119, used to isolate and characterize Compound
I, a Leu is present in the n+1 position similar to P450cam. However, CYP158A2, the P450 used
for Compound Il capture, a proline follows the ligating cysteine. In this regard, CYP158A2 is a

naturally occurring mimic of “L358P”. Given that the generation of high-valent intermediates

occurs with meta-chloroperoxybenzoic acid (mCPBA) in both P450 systems, we reasoned that
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the resultant observed intermediates may be a consequence of the residue in this position.
Therefore, this project has two aims: to mutate the leucine of CYP119 to proline and mutate the
proline of CYP158A2 to leucine. With both of these changes, we will investigate the effect of the
proline proximal push on the formation and stability of catalytic intermediates. In this chapter, |
will discuss the preliminary results with CYP158A2.

CYP158A2 from Streptomyces coelicolor A3(2) is involved in the biosynthesis of red-
brown pigments, which are predicted to protect the bacteria from physical harm, like UV
damage.®'" This chemistry involves C-C bond formation between two or three molecules of the
substrate, flaviolin, to form bi- or tri-flaviolin. Similar to P450cam and many other P450s,
CYP158A2 undergoes a structural change from open to closed upon substrate binding, facilitating
structural comparisons. Additionally, the intermediates investigated with CYP158A2 are the
oxycomplex and Compound I[.8.1

In this section, | will discuss our initial findings. | expressed and purified CYP158A2 WT
and P354L and determined their crystal structures that provide evidence of the effect of the
mutation on the heme. Additionally, UV-vis spectral data shows minor changes in the Soret.
Finally, generation of Compound Il in the P354L variant results in a slower rate of formation and
less overall accumulation than WT. Our results support the hypothesis that the natural proline
pushes on the heme relative to the P354L mutant, and that the proximal push affects the stability

of the high valent intermediate, Compound II.

Results and Discussion
Crystal structures of substrate-free and substrate-bound CYP158A2 were solved to 1.88
and 2.20 A resolutions, respectively. (Table 5-1). There were no changes to the overall fold of the

P450, as expected (Figure 5-2A). Comparison of the P354L and WT substrate-free (SF) active
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sites reveals that the leucine is pointed down and away from the heme, similar to what is observed

in P450cam, resulting in a shift in the position of the heme compared to WT (Figure 5-1).

Table 5-1. Crystallographic data collection and refinement statistics of CYP158A2 P354L

substrate-free (SF) and substrate-bound (SB).

158A2 P354L SF

158A2 P354L SB

Resolution range

43.73 -1.88 (1.947 -1.88)

28.97 -2.2(2.279 - 2.2)

Space group

P212121

P212121

Unit cell

57.55 67.28 104.601 90 90 90

56.3 70.349 101.352 90 90 90

Total reflections

232968 (22982)

42072 (4069)

Unique reflections

33755 (3289)

21037 (2035)

Multiplicity 6.9 (7.0) 2.0 (2.0)
Completeness (%) 99.92 (99.85) 99.92 (99.80)
Mean l/sigma(l) 7.49 (4.18) 23.54 (9.83)
Wilson B-factor 13.81 15.57

R-merge 0.1744 (0.4018) 0.02484 (0.07632)
R-meas 0.1889 (0.4346) 0.03512 (0.1079)
R-pim 0.07139 (0.1638) 0.02484 (0.07632)
CCi1/2 0.977 (0.913) 0.999 (0.968)

CC* 0.994 (0.977) 1(0.992)

Reflections used in
refinement

33738 (3288)

21037 (2035)

Reflections used for

1040 (116)

R-free 1677 (157)

R-work 0.1569 (0.1819) 0.2162 (0.2543)
R-free 0.1940 (0.2493) 0.2615 (0.2706)
CC(work) 0.941 (0.626) 0.928 (0.744)

CC(free)

0.923 (0.700)

0.890 (0.737)
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Figure 5-2. Crystal structure of 158A2 P354L substrate-free (SF). (A) Comparison of the overall
structure of CYP158A2 WT (green) (PDB ID: 1SE6) and P354L (pink). (B) Comparison of the
heme pocket of CYP158A2 WT and P354L. The WT proline is shown in cyan, and the mutant
leucine is shown in magenta. The two red spheres are water molecules from the two structures.

The substrate-bound structure shows two molecules of substrate identical to the WT
substrate-bound (SB) structure (Figure 5-3). The leucine from the P354L variant is still pointed
down, similar to our SF P354L structure, but change in position of the heme is not as evident. The
difference may be due to differences in resolution, as the WT structures are 1.5 A, our P354L SF
structure is 1.95 A and our P354L SB structure is 2.20 A. All further spectroscopic experiments
are done in the absence of substrate, and we clearly see the change in the heme in the SF

structure.
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Figure 5-3. Crystal structure of 158A2 P354L substrate-bound (SB). (A) Comparison of the overall
structure of CYP158A2 WT (dark green) (PDB ID: 1T93) and P354L (purple). (B) Comparison of
the heme pocket of CYP158A2 WT and P354L. The WT proline is shown in orange, and the
mutant leucine is shown in lilac. The two substrate molecules are shown in yellow.

The UV-vis spectra of CYP158A2 WT and P354L show small differences in the Soret
and Q bands (Figure 5-4). The Soret maxima appear at 417 nm for WT and 416 nm for P354L.
The ratios of the a/B bands are different as well: WT has a ratio of 1.01, and P354L has a ratio
of 0.98. Additionally, the CO-bound spectra between the two variants have different Amax of the
Soret: WT is at 446 nm and P354L is at 449 nm. The differences observed in the UV-vis spectra

support that the change in heme structure induced by the leucine mutation results in a change

in electronic properties of the heme.

121



A 0.6 Spectra of 158A2 WT and P354L B 0.6 =i CO-bound Spectra of 158A2 WT and P354L
0.08 —WT
——P354L
0.5 0.06 - 0.5 F
3 0.4 0.04 - 3 0.4
< s
8 0.02 8
£0.3- - S 0.31
o 0 k]
§, 500 550 600 8
.2 - 8 0.21
g 0.2 - 0.2
0.1 - 0.1
—WT
— P354L
0 T T T T ———— 0-— T T T T
300 400 500 600 700 800 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Figure 5-4. UV-vis spectra of CYP158A2 WT and P354L. (A) SF spectra of CYP158A2 WT (black)
and P354L (red) in 50 mM KPi pH 7.4. The inset better shows the difference in the Q bands. (B)
The CO-bound spectra of CYP158A2 WT (black) and P354L (red) in 50 mM KPi pH 7.4.

Given that the P354L mutation results in observable changes in the heme, as evidenced
by the crystal structures and UV-vis spectra, we wanted to investigate whether these variations
affect high valent intermediate formation. Compound Il was generated for both 158A2 WT and
P354L, following published procedures (Figure 5-5).8 We found that Compound Il formation is
slowed by twofold in P354L compared to WT (Figure 5-6). This difference in the rate indicates
that Pro354 stabilizes Compound Il in CYP158A2. Additionally, the total accumulated amount of
Compound Il in the P354L variant is lower, as shown by the difference spectra. These data

support the hypothesis that the proximal push of the proline influences the heme, and therefore

affects the stability of the intermediates of the catalytic cycle.
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Figure 5-5. Generation of Compound Il in CYP158A2. (A) UV-vis spectra of Compound Il
formation in CYP158A2 WT over 5 seconds. (B) UV-vis spectra of Compound Il formation in
CYP158A2 P354L over 10 seconds. (C) Difference spectra from the corresponding traces in (A).
(D) Difference spectra from the corresponding traces in (B).
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Figure 5-6. Kinetics of Compound Il formation in CYP158A2. The data were fit to a single

exponential from (A) 0.02 to 5 seconds in CYP158A2 WT and (B) 0.02 to 10 seconds in
CYP158A2 P354L.

o

Future Goals

The next step is to test the decay of the oxycomplex of 158A2 WT and P354L. Since the
oxycomplex is destabilized in P450cam L358P relative to P450cam WT, we predict that the
mutation of P354L will stabilize the oxycomplex relative to the natural Pro354 CYP158A2. The
published data for oxycomplex formation in CYP158A2 is in the presence of substrate, so we will
try with and without substrate.

As mentioned in the introduction of this chapter, the other half of this project is analogous
studies with CYP119, which was used to trap Compound I. CYP119 is similar to P450cam in that
the residue following the ligating cysteine is leucine. Therefore, the mutation made is to proline,
with L318P. The mutation of L318P has already been made, expressed and purified. Early

experiments into Compound | formation are underway.
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Materials and Methods

Protein Expression and Purification

CYP158A2 wild-type (WT) and P354L were encoded on a pET28a+ vector with N-terminal His6-
tag (Genscript). The vector was transformed into E. coli C41(DE3) and plated onto Luria Broth
(LB) plates containing 50 pyg/mL kanamycin. Single colonies of each variant were taken to
inoculate 100 mL LB with 50 pg/ml kanamycin and grown overnight at 37°C, 220 rotations per
minute (RPM). The following day, 10 mL of the overnight starter culture were inoculated into 1 L
of Terrific Broth (TB) supplemented with 50 ug/mL kanamycin. Cultures were grown at 37°C and
shaken at 220 RPM until the ODego = 0.8 — 1. Expression was induced with 1 mM isopropy! -d-
1-thiogalactopyranoside (IPTG) and supplemented with 0.4 mM 5-aminolevulinic acid (D-ALA).
The temperature was then decreased to 25° C. After 1 hour, the speed was decreased to 100

RPM and the cells were grown for 48 hours, harvested, and then lysed or frozen, if necessary.

Cells containing CYP158A2 were resuspended in lysis buffer (50 mM KPi pH 7.4, 250 mM NaCl,
2 mM B-mercaptoethanol) and stirred overnight at 4° C. Cells were lysed by two passes through
a microfluidizer. The lysate was centrifuged for 1 hour at 15000 RPM at 4°C (Beckman Coulter
Avanti JA-17). The supernatant was loaded on to a nickel column pre-equilibrated with lysis buffer
(Thermo-Fisher HisPur Ni-NTA), washed with lysis buffer for 5 column volumes (CV), then
washed with lysis buffer containing 15 mM imidazole for 5 CV. The protein was then eluted with
lysis buffer containing 250 mM imidazole. Fractions exhibiting red color were collected, pooled,
and then dialyzed against wash buffer (50 mM KPi 7.4, 2 mM BME). Protein was removed from
the dialysis bag and loaded on to a pre-equilibrated Q Sepharose column (Cytiva). The column

was washed with 5 CV of wash buffer followed by a gradient elution from 0 to 500 mM NaCl over
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the course of 10 CV. Fractions with an optical purity ratio (Reinheitzahl, R/Z, As1s/A2s0) > 1.8 were
pooled and concentrated to < 2 mL. The protein was then loaded on to a pre-equilibrated size-
exclusion chromatography column (SEC) (Cytiva Sephacryl S-200 HR) with SEC buffer (50 mM
KPi pH 7.4, 150 mM NaCl, 5% glycerol). Fractions with R/Z > 2 were collected. Samples used for
assays remained in SEC buffer. Samples used for crystallization were buffer exchanged into 20

mM Tris pH 7.5 in centrifugal filters (Millipore Amicon).

Protein Crystallization

Crystals were grown from the Index (Hampton) crystal screening condition (0.1 M Bis-Tris pH 6.5
and 25% v/v PEG 3350) at room temperature by hanging drop vapor diffusion. Crystals used for
X-ray diffraction were grown by sitting drop vapor diffusion (2 pL:2 pL, protein:condition).
Substrate-free protein (20 mg/mL in 20 mM Tris pH 7.4 RT) crystallized in plate clusters that
appeared within a week. Substrate-bound protein was co-crystallized with 2 mM flaviolin, and the
crystals were blocks that appeared in a few days. Mother liquor containing 25% glycerol was used
as cryoprotectant. Data were collected at the Advanced Light Source synchrotron (ALS) for SF
and on a home-source (Rigaku) for SB. Data were indexed, integrated, and scaled using Mosflm
and Scala.'? Molecular replacement (MR) was performed using PHASER''4 by applying the
substrate-free P450terp (1CPT) as the MR model. Refinement was carried out in Phenix.refine'.16

and COQT.17.18

UV-vis spectroscopy

All ultraviolet-visible (UV-vis) spectroscopy was performed on a Cary 300 spectrophotometer. The

extinction coefficient used for 158A2 WT and P354L SF was €416 = 100 mM-cm-'.
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Stopped-Flow Kinetics

Compound Il in CYP158A2 was prepared as previously described, with the difference of a 50 mM

KPi buffer and temperature of 5.5 C.8
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Chapter 6

Structural Insights on the Conversion of Cytochrome P450 to P420

Introduction

Cytochromes P450 (P450s) derive their name from the formation of the 450 nm Soret
absorption band upon reduction and coordination of carbon monoxide (CO) to the ferrous heme
iron.! This peak at 450 nm is unique among heme proteins where most other heme systems give
a band at 420 nm upon CO ligation. This difference in Soret maxima has been attributed to the
cysteine thiolate ligand that coordinates the protein to the heme iron in P450s, while other heme
proteins are coordinated though a neutral ligand, such as histidine. However, harsh treatments of
a P450 often result in a shift of the 450 nm reduced-CO band to 420 nm, which is associated with
an inactivated or “damaged” P450, called P420.23 Conversion of P420 back to P450 often is not
possible. The origin of the molecular difference between P420 and P450 species has been
attributed to protonation of the cysteine thiolate ligand,* complete dissociation of the cysteine
ligand,5 or replacement of the cysteine ligand by histidine.>8 Given that as little as a 0.2A increase
in S-Fe bond length? can lead to P420, the changes responsible for the change from P450 to
P420 could be subtle, making determination of the molecular basis for inactivation challenging.

A crystal structure of a P420 would help to settle the question and, fortunately, such
structures have been solved: a P450cam-Pdx complex structure and the open form of P450cam
without substrate. Sarvind et. al® solved the crystal structure of P450cam complexed to its
ferredoxin Fe2S» redox partner, putidaredoxin (Pdx). In order to trap the complex, a crosslinking
approach was used where engineered cysteine residues were crosslinked with a homo-
bifunctional maleimide. Where to place the cysteine residues to be crosslinked required some
knowledge on the orientation of Pdx relative to P450cam. A model of the P450cam-Pdx complex

derived from mutagenesis and NMR studies was used as a guide.® The resulting structure (called
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complex1, PDB code: 4JWS) unexpectedly showed that His355 in P450cam crosslinked with
Cys73 in Pdx (Figure 6-1). The reason His355 was crosslinked rather than the engineered
cysteine residue is because Pdx in the crystal structure was oriented quite differently than the

model used to engineer the crosslinking sites.

Figure 6-01. Crystal structure of the P450cam (cyan)-Pdx (green) complex1 (PDB code: 4JWS).
The 2.15A 2Fo-Fc map is contoured at 1.0 c. His355 in P450cam crosslinks to Cys73 in Pdx by
the homo bifunctional maleimide (yellow). Very little movement of His355 is required to form the
crosslink.
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Figure 6-2. P450cam-Pdx complex1 bound to carbon monoxide. P450cam-Pdx complex1 was
reduced with sodium dithionite followed by treatment with carbon monoxide. The spectrum clearly
indicates a large fraction of P420.

The UV/Vis spectrum of the reduced-CO complex of complex1 clearly shows a large
fraction of the crosslinked complex is P420 (Figure 6-2). At the time, there was concern that owing
to the large amount of P420, the complex1 P450cam-Pdx structure does not reflect the active
form of the enzyme. Therefore, cysteine residues were engineered that would place the crosslink
far from the heme and avoid crosslinking His355. The resulting 2.09 A crystal structure (PDB
code: 4JWU), called complex2, shows that the engineered cysteine residues crosslinked as
expected and the reduced-CO spectrum of complex2 is fully P450.8 Although complex1 and
complex2 have different crosslinking sites, Pdx binds the same in both complexes, but there are
major differences in the P450. In complex2, the entire polypeptide is visible and well-ordered.
Additionally, a molecule of product, 5-exo-hydroxycamphor, is bound in the active site,
presumably because X-ray generated reducing equivalents drives O activation and substrate
hydroxylation in crystallo. However, in complex1, which gives a split P450 and P420 spectrum,
the B’ helix (residues 91-101) and part of the F/G loop (residues 187-188) are disordered and

other helical segments such as the F, G, and | helices are displaced such that the active site is
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more open (Figure 6-3). In addition, there is ill-defined density in the heme pocket that could be

disordered substrate or product.
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Figure 6-3. Comparison of complex1 and complex2. (A) Structural comparison of complexi
(P420, cyan) and complex2 (P450, magenta). (B) A plot of a-carbon RMSD between complex1
and complex2 vs. residue number. Regions of large changes are highlighted. The B’ helix is
disordered in complex1 and the F and G helices are displaced further from the main body of the
protein. This displacement provides a wider opening to the active site. Part of the | helix, which
runs over the surface of the heme and provides key residues for substrate binding and O
activation, also is displaced.

Similarly, the structure of P450cam crystallized in the absence of substrate has an active
site that is partially disordered and open. This open form of P450cam also generates a large
fraction of P420.1° However, at a nominal resolution of ~2 A, the heme and thiolate ligand
environment are identical in complex1, complex2, and the open form of P450cam crystallized in
the absence of substrate. These results show that P420 can be generated without ligand
swapping or displacement of the cysteine thiolate ligand. In addition, treatment of P450cam with

the well-known histidine modifying reagent, diethylpyrocabonate, actually promotes P420

formation suggesting that histidine ligation is not a requirement for P420 formation.® However,
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such chemical modification results can be difficult to interpret owing to the possibility of incomplete
histidine modification and/or modification of other residues. It thus remains a possibility that in
some cases a switch to histidine ligand from the cysteine ligand may occur in the interconversion
of P450 to P420 species. To test this possibility, we identified the three top candidates for heme
ligation in P450cam as His352, 355, and 361 (Figure 6-4). We then converted these residues to

glutamine to determine if the variant would still form P420. Notably, His355 is the closest to the

heme (Figure 6-1) and is the most likely candidate as a P420 ligand.®
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Figure 6-4. P450cam histidine residues. Location of all the histidine residues in P450cam, colored
aqua. The 3 most likely candidates to switch with the cysteine ligand are His352, His355, or His
361, colored green. These histidine residues are all on the same segment of polypeptide that is
not associated with any regular secondary structure and could conceivably rearrange to enable
histidine coordination without too much disruption of helices or sheets. The heme is shown in
pink, and the substrate, camphor, is shown in yellow.

Results and Discussion
There are 3 histidine residues on the proximal side of the heme that are the most likely
candidates for a heme ligand (Figure 6-4). The H352Q/H355Q/H361Q triple variant was

generated and found to exhibit a complete conversion to P420 upon reduction and incubation with
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CO, while both WT and a H352Q/H361Q double variant yield complete formation of the expected
450 nm Soret band Figure 6-5(A). Treatment of WT and the double variant with acetone induces
the formation of P420, ruling out the role of His352 and His361 in P420 formation Figure 6-5(B).
This lack of alteration in the spectra is not surprising given that both histidine residues are
oriented toward the surface and play no direct role in stabilizing the active site (Figure 6-4). In
contrast, His355 plays a significant role, as His355 forms hydrogen bonds with one of the heme
propionates directly stabilizing the heme. The single variant of H355Q was not investigated in this
work, but presumabily it would display the same P420 results as the triple variant, as it is the only

difference between the triple and double variants.
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Figure 6-5. UV-vis spectrum of P450cam WT and variants in the reduced-CO form. (A) Wild type,
double, and triple variants. (B) Acetone induced conversion to P420.

The generation of P420 with the alteration of His355 in P450cam WT is consistent with
the complex1 crystal structure, where the His355-heme interaction is disrupted in the crosslink
between His355 and Pdx, and complex1 generates a large fraction of P420. These results also
clearly show that a switch from cysteine to histidine ligation is not a requirement for the P450-to-
P420 conversion. Instead, the disruption of the heme pocket as evidenced in the complex1 crystal

structure is the more likely reason for P420. The hypothesis that P420 is associated with a
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disordered, more open active site structure is evidenced by the fact that substrate binding results
in no spin shift and that CO can more readily escape the P420cam active site.'" The crystal
structures of complex1, substrate-free P450cam,'" and P450cam-Pdx complex2 with cyanide
bound (PDB code: 6NBL)' all show a rather dramatic restructuring around the substrate binding
pocket with very little change around the cysteine ligand. Even though the results presented here
indicate that ligand swapping is an unlikely reason for the P450-to-P420 switch, the results do not
disprove this possibility.>¢ Such a switch, however, would require an energetically expensive
major restructuring of the proximal pocket secondary structure and breakage of an S-Fe bond. A
majority of structural and biochemical data favor changes in the substrate binding pocket and not
major changes in cysteine ligation that are detectable in ~ 2A crystal structures as the source of

the P450-to-P420 conversion.

Conclusion

The results presented here demonstrate that a ligand swapping of cysteine for histidine in
P450cam is not necessary for conversion to P420. Instead, structural disruption of the heme
pocket is the more likely cause of the shift in the spectrum where disorder can be caused by a
number of alterations. Historical reasoning for P420 focused on possible changes to the cysteine
ligand, as that ligand was the principal difference between P450s and previously characterized
heme proteins that generate P420 with a histidine ligand. Our work presented here shows that
protein scaffolds, not just ligation, can control the electronic structures of their cofactors. The
presence of P420 or P450 therefore provides a good test to see if P450 enzymes have properly

structured heme pocket for catalysis and further experiments.
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Methods and Materials

The P450cam WT and triple mutant genes were ordered in pET28a vectors from Genscript. The
triple variant (His352, 355, and 361 to GIn) gene was used as a template for generation of the
double variant gene by restoring GIn355 to His355 using the Takara PrimeSTAR Max DNA
Polymerase kit for PCR. All three proteins followed the same expression and purification steps.
The protein was overexpressed in E. coli C41 cells in TB media. Protein production was induced
with 1mM IPTG at an ODego= 0.8-1.0, and the cells were grown at 25 °C and 80 RPM for 48 hours.
The cells were harvested and resuspended in lysis buffer (50 mM KPi pH 7.4, 1 mM camphor,
250 mM NaCl, and 2 mM B-mercaptoethanol (BME)) and lysed through a microfluidizer. The
protein was loaded onto a HisPur™ Ni-NTA Resin (Thermo Scientific) column and washed with
3-5 column volumes of lysis buffer, which was followed by elution with 250 mM imidazole in lysis
buffer. The protein was then dialyzed against 50 mM KPi pH 7.4, 8 mM camphor (saturated), 250
mM NaCl, and 2 mM BME. The N-terminal 6-His-tag was cleaved with thrombin. The proteins
were loaded back onto an Ni-NTA column to collect the His-tag cleaved sample in the flow
through. The protein was dialyzed against 50 mM KPi pH 7.4, 8 mM camphor (saturated), and 5
mM BME. The protein was loaded onto a Q Sepharose (Cytiva) column and eluted with a gradient
of 0-500 mM NaCl in 50 mM KPi pH 7.4, 1 mM camphor, and 5 mM BME. Finally, the protein was
run on a size exclusion (S-200) chromatography (Cytiva) column in 50 mM KPi pH 7.4, 1 mM
camphor, 150 mM NaCl, and 5 mM BME. The protein was concentrated, flash-frozen, and stored

at -80 °C. The P450 to P420 conversion was induced by the addition of 30% v/v acetone.®

All UV-visible spectroscopy was performed with an Agilent Cary 300 spectrophotometer at room

temperature. The following protocol was used for all three P450cam proteins. The buffer was 50

mM KPi pH 7.4 and 1 mM camphor, and had CO bubbled in the buffer for 5-10 seconds. The
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protein was added to a final concentration of ~6 uM. A few granules of dithionite powder were

added to the cuvette, and the solution was inverted for mixing. The P450/P420 peaks appeared

immediately, and reached a maximum after ~10 min.
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Chapter 7

Conclusion

Together the chapters presented in my thesis have addressed a few of the ways in which
the catalytic cycle of cytochromes P450 is regulated. As discussed in chapter 1, our goal is to
expand our knowledge of the regulation of the catalytic cycle of P450s, starting with P450cam
and expanding into the most similar bacterial systems in order to better understand if what we
have learned about P450cam is shared by these other bacterial P450 systems. Surprisingly, we
found that these other P450s, namely P450terp and P450lin, behave quite differently than
P450cam and exhibit unique structural and mechanistic features. The differences underscore that
even the “simplest” bacterial P450s can exhibit unexpectedly complex structural and mechanistic
properties.

In Chapter 2, we found that P450terp demonstrates positive homotropic allostery in a
Class | bacterial P450 with its natural substrate. P450terp does not adopt a closed conformation
in the presence of substrate, unlike P450cam. Additionally, the crystal structure revealed that
there are two molecules of substrate bound in the active site. Through substrate binding assays
and NADH coupling experiments, it was shown that the second binding site is necessary for
binding of substrate in the first binding site and for high coupling efficiency. The dependence of
P450terp for two molecules of substrate is similar to CYP3A4, a human P450 that has been
heavily studied. CYP3A4 serves a very different biological function, but the impact of different
substrates on binding and catalysis has been an ongoing area of research. Given our new
information about P450terp, we wondered to what extent are these substrate-driven regulations
general across P450s as a whole, and not necessarily beholden to the divide between mammalian
and bacterial P450s. In fact, we have observed two molecules in a bacterial P450 before under

specific circumstances — in P450cam in the presence of Pdx. So, despite the many differences
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between these bacterial P450s, the binding of more than one substrate may be a more general
feature shared by bacterial P450.

We explored the effector role of redox partner proteins on P450s in Chapters 3 and 4.
Both P450lin and P450terp are Pseudomonad P450s that have the same biological function in
Pseudomonad bacteria, so we expected the specificity of each P450 for its ferredoxin redox
partner to remain similar to P450cam. However, both P450lin and P450terp are able to turnover
substrate with a foreign ferredoxin redox partner, and mutations to existing ferredoxins show
differing degrees of change in turnover rate. Clearly, the interactions between each P450 and
each ferredoxin are nuanced. Even though all ferredoxins presumably bind to the proximal side
of the P450, the individual residues that dictate specific orientation are not universally important.
Despite the surprising promiscuity of P450lin and P450terp toward a protein redox partner, there
is a unifying theme of the effect of redox partner binding on decay of the oxycomplex. In all P450s
studied thus far, redox partner proteins that can enable turnover, increase the decay rate of the
oxycomplex in the P450. Beyond the simple association of ferredoxin and P450 to transfer an
electron, there is a structural change in the P450 that results in destabilization of the oxycomplex.
Since this effect has been consistent, it is thus tempting to suggest that redox partner binding is
important in catalysis, beyond delivery of the electron.

To further investigate structural impacts on the heme, we looked at preliminary data of a
proximal push in CYP158A2 in Chapter 5. This work was inspired by the mutation of L358P in
P450cam, wherein the mutation of the leucine residue following the ligating cysteine residue to a
proline shares some of the effects that only arise upon Pdx binding with P450cam. The idea is
that Pdx exerts a “proximal push” on the P450 heme, and that the proline mutation mimics a
similar push in the absence of redox partner. In this chapter, we looked at CYP158A2, which
naturally contains a proline following the ligating cysteine. So far, our preliminary data shows that

mutation of this proline to a leucine slows formation of Compound Il and lowers the total
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accumulation of Compound Il. This is the first direct proof of a proximal push impacting a high-
valent intermediate in the P450 catalytic cycle. We aim to further this research by testing CYP119,
and investigating the role of the proximal push on Compound I.

In Chapter 6, the origin of the P420 species was investigated in P450cam. Historically, the
differences between heme proteins that have a Soret at 450 or 420 is due to the differences of a
cysteine or histidine ligand, respectively. Damage of a P450 protein can result in a P420 species,
that is often considered inactive. Much research has gone into determination of this damaged
species, with the focus being on alteration of the ligating residue to the heme. However, we posit
a more nuanced explanation, and suggest that the cysteine residue need not be altered to
produce a P420 species. Mutation of potentially ligating histidine residues to glutamine
demonstrate that conversion to P420 does not require histidine ligation.

We often remark in the lab that P450s are the best to work with — for their beautiful,
identifiable color and their relative stability and ease of purification. In short, P450s are rocks.
Despite the ease of expression and purification, P450s during catalysis are anything but stagnant
and unchanging. They display many forms of regulation and structural changes in a delicate

balance for correctly controlling the powerful chemistry at the heart of the enzyme.
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