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CHAPTER 1

Introduction: Biological background

1.1 Cytochrome bs(cyt bs)
1.1.1 Cyt b; background

Cytochrome bs (cyt bs) is a 15.4 kDa hemoprotein that plays a key role in a
number of electron transfer reactions. It was first discovered in the endoplasmic
reticulum (ER) of liver tissue in 1952 by Strittmatter et al.* In mammals, it is a ubiquitous

2% the outer mitochondrial membrane, the ER

protein found in three locations:
membrane and erythrocytes. The membrane-anchored form of cyt bs that sits on the
cytoplasmic side of the ER membrane’ is commonly referred to as microsomal cyt bs
and contains three separate domains: an N-terminal, cytosolic, heme-containing domain
(=70 amino acid residues), a linker region (=15 residues), and a C-terminal, hydrophobic,
membrane-binding domain (=40 residues) (Figures 1.1 and 1.2).° The soluble version of
the protein (located in erythrocytes) merely consists of the hydrophilic heme-containing

2,6-9

domain of microsomal cyt bs, and is often referred to as truncated cyt bs. Cyt bsis an

acidic protein with around 20% of its residues as glutamates or aspartates (Figure 1.1),
especially around the heme-edge (Figure 1.2).*° Only high-resolution structures of the

soluble domain of truncated cyt bs have been solved by Nuclear Magnetic Resonance

11-27 28-35

(NMR) and X-ray crystallography (both wild-type and mutants of different

species); the cyt bs sequences in these structures often have deletions at the beginning

of the N-terminus and truncation either in or after the linker region. No structure of the

1



soluble domain, and linker region, of the full-length protein is currently known. As for

the membrane domain, which spans the ER membrane,36 circular dichroism and Fourier

37-39
l,

Transform Infrared experiments have indicated that it is at least 50% helica and

recent solid-state NMR experiments have shown that it is a single-pass transmembrane

.40
a-helix™.
1 10 20 30 40
MAAQSDKDVEKYYTLEEIKKHNHSEKSTWLILHHKVYDLTEKTF
a1 50 60 70 80
LEEHPGGEEVLREQAGGDATENFEDVGHSTDARELGSEKTTFTI
81 90 100 110 120
IGELHPDDRSKLSKPL?%TLITTVDSNSSWWTNWVIPAISA

[ inker 1

121 130

LIVALMYRLYMADD
Figure 1.1 Sequence of rabbit cyt bs. Residues in blue and red are positively and negatively
charged, respectively. In green are the histidines that coordinate the heme Fe(lll). The linker
residues are labeled according to Clarke et al.®

soluble domain—= __hemetypeB

15-residue linker

ekl
lumen

Figure 1.2 Domains of microsomal cyt bs. The solution NMR structure of the soluble
domain of cyt bs (Chapter 3) was used to create this figure.



-3.000 kT/e +3.000kT/e

Figure 1.3 Electrostatic potential surface for the soluble domain of rabbit cyt b;
calculated using the PDB2PQR*"** server and PyMOL* with the APBS plugin 2.1.**
Panel a) is the proximal side of cyt bs where the heme is solvent exposed, and b)
through d) are successive counter-clockwise 90° from the orientation in a). The cyt
bs structure used for the generation of this figure is the NMR-derived structure
presented in Chapter 3.

Cyt bs is found in mammals, invertebrates and plants. Comparisons of cyt bs

3623 The sequence of rabbit cyt bs

sequences can be found in numerous publications.
(studied in this thesis) is extremely similar to other vertebrates and only mildly similar to
non-vertebrates (Figure 1.1).° The heme-domain of cyt bs is the most strongly conserved
region, with rabbit cyt bs sharing 74-95% sequence homology with other vertebrates,
but only 40-59% with the cytochromes bs (cyts bs) of plants and invertebrates.® In this
domain, the most strongly conserved residues are H44 and H68, which are ligated axially

to the heme Fe(lll). Both the linker length and sequence of microsomal cyts bs are

conserved to a high degree (60-80%) in vertebrates, with K94 being the most conserved



residue.® The membrane-binding domain is also strongly conserved among vertebrates

(78-96%), but not among non-vertebrates.®

1.1.2 Cyt b; significance
Cyt bs is involved in a number of physiologically vital functions. The truncated

isoform of cyt bs is involved in reducing methemoglobin to hemoglobin in

45,46

erythrocytes. Membrane-bound cyts bs are involved in the fatty acid desaturation

2,9,47-49 52

system; possibly aid in fatty acid elongation;>®™? carry out a key role in the
biosynthesis of cholesterol;** and participate in the hydroxylation of N-acetyl-
neuraminic acid.>® Cyt bs is also a part of the microsomal oxidation and hydroxylation
systems in which it interacts with a variety of cytochromes P450.%*>%>’

Because of its various roles, deficiencies and mutations of cyt bs have been
associated with different abnormalities and health conditions. In 1986, the first case of
congenital methemoglobinemia (type 1V)>® due to a deficiency of truncated cyt bs was

discovered.>*®°

Methemoglobinemia is a blood disorder characterized by abnormally
high amounts of methemoglobin (the oxidized form of hemoglobin) in the bloodstream,
which results in lower amounts of oxygen being delivered to tissues.®! The patient’s
erythrocyte cyt bs levels were only ~25% of the normal level. In the same case, the
patient was also diagnosed as a pseudohermaphrodite male because of the cyt bs

deficiency.Bo'62

It was hypothesized that the decreased amount of cyt bs resulted in low
levels of androgen synthesis (specifically testosterone), which caused the

pseudohermaphrodism.62 In 2010 and 2012, two additional studies of cyt bs genetic

mutations (W27X and H44L, respectively) reported patients with ambiguous genetalia

4



and concluded that this was a result of low or absent 17,20-lyase activity (termed

isolated 17,20-lyase deficiency).®*®*

Since the content of cyt bs has been shown to decrease with aging,65 some have
hypothesized that cyt bs might be implicated in Alzheimer’s disease. Cyt bs participates
in a reaction that ensures the functioning of the lipid-radical cycles; it transports an
electron from the outer membrane to peroxyl radical (LOO'), which is found in the inner
membrane. Without this reduction, adenine nucleotide transporter cannot be activated,
and lipid peroxidation is induced. The increase in the rate of lipid peroxidation causes
the formation of ageing aldehydes (e.g. malonic dialdehyde and methylglyoxal).

Alzheimer’s disease, and other age-related diseases, have been associated with elevated

levels of aldehydes.®®®’

Cyt bs has also been determined to be a major reductant of indoleamine 2,3-

68,69

dioxygenase (IDO) in humans. IDO is an enzyme that catalyzes the beginning of the

metabolism of L-tryptophan. To this regard, deficiencies and/or mutations of cyt bs are

indirectly involved in cancer (where IDO is overexpressed and blocks activation of T

70-72

lymphocytes), neurodegenerative diseases,” depression,74 and cataracts.”

1.1.3 Cyt bs and its promiscuous association with numerous redox partners

Cyt bs interacts with both electron acceptor proteins and electron donor

7,76,77

proteins. As discussed in the previous section, the truncated isoform of cyt bs

reduces methemoglobin;“‘r”46 it can also donate an electron to metmyoglobin.78 The

membrane-bound form of cyt bs can accept electrons from NADH-cyt bs

76,77,79-81 82,83

reductase and NADPH-cytochrome P450 reductase, and can transfer



electrons to numerous proteins such as cytochromes P450 (cyts P450),5* %2 indoleamine

68,69 48,49,82,93

2,3-dioxygenase, stearyl coenzyme A desaturase and other fatty acid

desaturase enzymesz. For an extensive list of all the known redox partners of cyt bs,
please refer to an excellent review article by Schenkman et al? Cyt bs amino acid
residues implicated in some of these interactions are shown in Tables 1.1 and 1.2. While
the hydrophobic segment of microsomal cyt bs has been shown not to be needed for
electron transfer between cyt bs and its reductase,’ it has been proved necessary for

successful complex formation with stearyl-CoA desaturase®®**®* and NADPH-

cytochrome P450 reductase®>®*%°,

As mentioned, cyt bs forms complexes with a variety of cyts P450 (more details

84-92

in Section 1.3). Cyt bs regulates the activity of cyt P45017a, which is a key enzyme in

the biosynthesis of glucocorticoids and sex hormones.?® The mitochondrial cyt P450scc

89,90

cholesterol side-chain cleavage reaction is stimulated by cyt bs. Cyt bs also

participates in the catalytic activity of cyt P450 3A4 (e.g. 6B-hydroxylation of

56,57,97-99

testosterone). The C-terminal hydrophobic domain of cyt bs is required for

2,7,84,87,100,101

interaction with all cyts P450, including cyt P450 2B4. Truncated cyt bs is

only capable of donating an electron to the soluble bacterial protein cyt P450cm. %
Extensive work has been done on the complex between cytochrome c (cyt ¢) and

cyt bs, which can interact with each other in their truncated forms, 303195103127 Cyt bs

can reduce cyt ¢, and may be a physiological partner of cyt bs in the initiation of cell

apoptosis.’?® A cursory list of cyt bs residues involved in complex formation with cyt ¢

are provided in Table 1.1.



1.1.4 Rabbit cyt bs

Rabbit cyt bs was used in the work presented in this thesis for two key reasons.
(a) NMR studies require high concentrations of isotopically labeled protein. The Waskell
lab has successfully established the protocol for the over-expression and subsequent
purification of full-length rabbit cyt bs in Escherichia coli,**® as well as the conditions for
the expression of the N-labeled protein®’. Our lab has effectively applied solid-state

40130131 gimilar °N-labeled protein expression and

NMR to the purified labeled protein.
purification procedures have also been applied to a mutant of cyt bs (used in Chapter 6),
which has also been used for solid-state NMR method development in our lab."***? (b)
As discussed in Section 1.1.1, the entire sequence of full-length rabbit cyt bs is highly
homologous to that of other vertebrates.® The structure of full-length rabbit cyt bs and

the residue-specific details of its interactions with cyt P450 2B4, presented in this thesis,

should thus be applicable to other mammalian cyts bs.



Table 1.1 Cursory summary of cyt bs residues proposed to be at the interface with redox partners other than cyt P450.

Cyt b; Redox partner Experimental Technique Interface residues and notes Non-interface residues Reference
modification of lysyl
NADH-cyt
bovine liver cytbs residues by acetylated or lysyl residues 134
reductase . .
trinitrophenylation
Carboxyl groups of E53, E49, D65, as
bovine tuna heart cyt ¢ least squares fitting model | well as the most exposed heme 135
propionates [+5]*
r— P I
NADH<rt b, | Boup aith methylamine | 43 E49,E53 [+1],propionateof
bovine Yt hs group . y heme, and a fifth unidentified side 79
reductase (or glycine ethyl ester — chain carboxvl erou
residues not identified) ylgroup
bovine liver methe.moglobln computer graphics- E49, .E48, E53, D65 and heme 136
subunits generated model propionates [+5]
metmyoglobin 1 .
bovine heart from bovine heart | 'H NMR largest CSPs- for heme 6-propionate 78
. methylene group
& yellowfin tuna
an ensemble of protein-protein
bovine liver cytc DME" substituted heme complexes EXISt.“j] solution as a 112
precursor to efficient electron-
transfer geometry
. NADPH-cyt P450 2 L. S .
rabbit cyt bs reductase EDC” cross-linking charge-pairing interactions 95 and 137
ssbm® high-pressure
! ) D65(N), E53(Q), E49(Q), h
rat horse heart cyt ¢ | technique and UV-Vis (. ) @ (Q), heme 110
s propionates (DME) [+5]
binding assay
did not find residues 59-77 to
bovine liver horse heart cyt ¢ EDC’ cross-linking be important but they say 111

their technique was
inadequate




Cyt b; Redox partner Experimental Technique Interface residues and notes Non-interface residues Reference
L NADH-cyt bg 2 o heme propionates, E53 and/or E61,
bovine liver reductase EDC” cross-linking E48 and/or E49 [+1] 80
. E49(Q), E53(Q), D65(N), heme Q13 (K18 in our bs) E42(Q),
tl h heart cyt AG 1
ratiiver orse heart cyt ¢ propionates (DME) [+5] E48(Q), E61(Q), D71(S) 38
3+ . .
bovine oyt Cr(en)s sol\(ent G47 ar?d E48, with heme being partly H31, A5, T60, HS5 139
paramagnetic effect accessible [+5]
Brownian dvnamics E53, E61, D65 & heme [+5]
. yeast iso-1- a E49, E53, D65 & heme
bovine ) method simulated 140
ferricytochrome ¢ e . (two clusters of complexes)
diffusional docking .
ionic strength dependence
. . E49A, E61A [+5]
bovine cyte mutation and UV-Vis double mutant E49A/E61A 122
assays .
must be ionic strength dependent
. pig liver NADH-cyt . .
bovine bs reductase FRODO computer docking E49, D71 and propionates [+5] 81
. mutation & cycle
bovine horse heart cyt ¢ E49, E61 or both [+5] 120
voltammetry
human Z:JyT:rr;cyte removal of one or all: E4S,
erythrocyte | NADH-cyt bs activity assays E42, E43, D58, E64 [+1] E49, 53, E61, DES, heme 76
propionates
reductase
human
human erythrocyte mutation & UV-Vis binding
erythrocyte | NADH-cyt bs assays E43(A), D71(A) [+1] E42(A), E64(A), E74(A) 77
reductase
bovine liver horse heart cyt ¢ el'ect.ron transfer rate, and E49, E61 and both 114
binding assay
bovine ferrous cyt c Y11, H20, N22(H22), S23, K24, S25, 126

W27, H31, E42, G56 and T60 [+5]




Cyt b; Redox partner Experimental Technique Interface residues and notes Non-interface residues Reference
much smaller CSPs than for ferrous
bovine ferriccyt ¢ cytc, with the largest shifts for G56, 126
H31, A59 and 181 [+5]
titration in NMR using
bovine horse cyt ¢ CSPs* comparison between Quadruple mutant E49(A), ES3(A), 30
a quadruple mutant of cyt | E61(A) and D65(A) [+5]
bs and wild-type
oxidized NMR. N E45(removal), E53(removal), E61(A),
bovine horse heart cyt ¢ & various combinations of DE5(A) [+5] 124
mutants (double & triple)
F35(L) — no effect on binding
bovine liver horse heart cyt ¢ UV-Vis binding.assgy, F35(Y.) ac?tually increa.ses the ET" rate | or ET° rfate; disproves 127
Stopped flow kinetics but binding constant is the same aromatic channel theory
F35(Y) — no effect on binding
e CSP* e 114, H20, 129, H44, G46, E49, A59,
. E61, V66, H68, S69, A72 [+5]
bovine horse heart cyt ¢ o NMR relaxation rates e E43, A59, V66, G67, H68 [+5] 103
e NMR cross saturation e GA47, E48, L51, E64, D65, G82 [+5]
E44(A), E56(A), E44/E56(A),
E44/E48(A) EA8/E56A), E4A8A/D60A,
SSOM’, double & trile | EV/S4B/ESSA), EA4/ES6/D500A)
mutants of cyt bs, UV-Vis ! P40(V), F58(Y/W), V61(H/E)
bovine liver horse heart cyt ¢ binding assay, stop flow E44/E48/F56./D60(A) - ?” these F35(Y/L) does not affect 107
kinetics, Brownian weal'<en binding but ET s stil binding or ET
. . possible
Dynamics simulation
V45(H/E) lower binding & scattered
docking geometries[+5]

' DME: dimethyl ester; *EDC: 1-ethyl-3-(3-dimethylaminopropyl)carboiimide; *SSDM: single site-directed mutagenesis; “CSPs: chemical shift
perturbations; and *ET: electron transfer

*the number in the [] bracket indicates the number added to align the cyt bs sequence (the sequences are highly homologous and thus only

the sequence numbering needs to be shifted).
The parentheses () contain the identity of the amino acid to which the residue was mutated.
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1.2 Cytochrome P450 (cyt P450)

1.2.1 Background and significance

Cytochrome P450 (cyt P450) is a protein found in organisms from all biological

141,142

kingdoms, including plants, fungi, bacteria, insects and animals. In mammals, all

cyts P450 are membrane-bound, with most of them localized in the endoplasmic

reticulum and some in the mitochondrion.'*®

Humans possess 57 membrane-bound cyts
P450, which are found in all tissues of the body and in all cell types.”‘"‘145 Cyts P450
metabolize a wide array of endogenous (steroids, retinoids, fatty acids, etc.) and

16 One of the

exogenous compounds (drugs, environmental toxins, plant products, etc).
most studied reactions in which cyts P450 are involved is the regio- and stereospecific
oxidation of non-activated hydrocarbons,™’ which follow this reaction stoichiometry:
NADPH + H* + R + O, > NADP' + H,0 + RO, where R is the substrate and RO is the
product. In performing this reaction, cyts P450 are able to convert hydrophobic
compounds intro hydrophilic products that can be excreted from the body via urine.
Cyts P450 are responsible for the Phase | oxidative metabolism of xenobiotics in which a

C-H bond is converted to a C-OH bond.'***43~1>°

Depending on how the compound is
converted to a hydrophilic molecule, cyts P450 can convert an inactive compound into a
pharmacologically active one (pro-drug), or convert an inert compound into a toxic one.
Metabolism performed by cyts P450 therefore regulates the therapeutic effectiveness

and side effects of drugs. By understanding the variations in human cyts P450 (on an

individual level), and thereby being able to predict whether a drug will be

11



pharmacologically active or toxic, it is hoped that doctors will be able to better

personalize drugs to patients in the future."*™*>

Although a large focus of the research on cyts P450 has centered on their
involvement in the metabolism of drugs, cyts P450 are also involved in other

physiological pathways, including cholesterol metabolism, bile-acid biosynthesis and

143,153

metabolism, as well as vitamin D3 synthesis and metabolism. Several important

functions have been ascribed to cyts P450 present in the brain,™* including the

regulation of compounds that can cross the blood-brain barrier,>® and the biosynthesis

of dopamine and 5-hydroxytryptamine.™®*’

Cyts P450 also heavily influence the development and/or treatment of certain

153

health conditions.™ Cyts P450 have been linked to the pathogenesis and progression of

158

cardiovascular diseases.”™ Cyt P450 1B1 has been shown to be overexpressed in

numerous human cancers, including breast, colon, lung, skin and brain cancers. %10

Mutations in cyt P450 1B1 can also cause primary congenital glaucoma.161 Cyts P450 are

also involved in inflammatory disorders, pulmonary hypertension and coronary artery

153,162,163

disease. A specific cyt P450 isoform is the target for the treatment of prostate

164,165

cancer. Tamoxifen, an important pro-drug against breast cancer, is metabolized to

its active form by cyts P450.1657168
Hydroxylating inactive C-H compounds via traditional organic chemistry

pathways is a very challenging task. Utilizing cyts P450 to do this in synthetic systems

has therefore been highly sought out, with many review articles dedicated to the

12



research done towards this feat,}*”16%7172

An example of this application of cyts P450
was the engineering of yeast to produce the precursor of an antimalarial drug.173
Many additional review articles and books have been dedicated to various

aspects of cyts P450. 141,144,146,147,150,151,174-188

1.2.2 Structure and membrane topology of rabbit cyt P450 2B4

Rabbit cyt P450 2B4 (studied in this thesis) was the first mammalian cyt P450

isolated from microsomal membranes.® The structure of cyt P450 2B4,*%%° jts

200-205 206,207

binding to substrates, stabilization of its O, intermediate and its peculiar
interaction with cyt bs>20%201,202208213 a6 pheen studied extensively; these findings can
be extrapolated to other mammalian microsomal cyts P450, particularly cyt P450
2B6.%%% Similarly to rabbit cyt bs, the Waskell lab has established a protocol for the
overexpression and purification of full-length cyt P450 2B4;*" this allowed us to
perform studies of the complex between isotopically-labeled full-length cyt bs and
unlabeled full-length cyt P450 at high concentrations suitable for NMR (Chapters 4-6).
Expression of recombinant human cyt P450 (e.g. cyt P450 3A4) yields significantly lower
guantities of protein, which currently make it unsuitable for NMR studies. Human cyts
P450 are also typically less stable than the rabbit proteins; e.g. human cyt P450 3A4
loses its heme and can form dimers via its surface disulfide bridges.

Cyt P450 2B4 is a 55.7 kDa protein found on the cytoplasmic side of the ER

membrane of rabbit hepatocytes.216

The structure of microsomal cyts P450 consists of a
large, heme-containing soluble domain (=53 kDa) and a transmembrane anchor (Figure

1.3). In cyt P450 2B4, the heme (type B) is axially coordinated to residue C436. Cyt P450

13



2B4 is a highly charged protein with a depression on its proximal surface, where the
heme comes closest to the surface (Figure 1.4 and Figure 1.5). The N-terminus, which

caps the end of the transmembrane domain, is known to face the luminal side of the ER

217-220

membrane. The structure of truncated cyt P450 2B4 has been solved in the

190-197.199 3nd in one open conformation®®. The structure of

presence of various ligands
the transmembrane domain, however, is unknown, though it is estimated to be a single

a-helix, based on the thickness of the non-polar region of the ER membrane (30-40 A)

and the dimensions of a typical helix.?**

53 kDa soluble domain —

S
NI \‘,‘ () )

transmembrane domain —<

[@ia) ‘I“'\‘l’-‘\‘\‘.\\"\‘7‘,7\\\\1‘”}
el bbb bbb bbb bbb bkl
N lumen

Figure 1.4 Cyt P450 2B4 structural domains.
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-3.000 kT/e +3.000 kT/e

Figure 1.5 Electrostatic potential surface for the proximal side (where the heme is
closest to the surface) of the soluble domain of cyt P450 2B4 calculated using the
PDB2PQR*** server and PyMOL™® with the APBS plugin 2.1.*

Figure 1.6 Heme showing through the proximal surface of cyt P450 2B4. This
surface representation of cyt P450 was prepare with PyMOL* and the PDB structure
1SUO™™.
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The sequence and secondary structure elements for truncated cyt P450 2B4, pdb

structure 1SUO,**

can be found in Figure 1.6. Five “plastic regions” (PR), which undergo
conformational changes upon ligand binding, have been identified for cyt P450 2B4: PR1
(residues 39-57), PR2 (residues 101-140), PR3 (residues 177-188), PR4 (residues 203-
298), and PR5 (residues 474-480)."’

Eukaryotic truncated cyts P450 have been shown to bind to the membrane even
in the absence of their N-terminal transmembrane domain.”*! Truncated cyt P450 1A1
(lacking residues 2-30) was found to still be membrane-bound, even at 800 mM Nacl,
which indicates that other regions of cyt P450 interact hydrophobically with the

222

membrane.””” The truncated forms of cyt P450 2E1 and cyt P450c17 were also found to

bind tightly to the bacterial membrane and the interactions were shown, as well, to be

unperturbed by high ionic strengths or alkaline pH.**>***

The ability of truncated cyt
P450 to bind to membranes has been shown for a variety of other microsomal cyts
p450,22472%8 including cyt P450 2B4.%° Previous papers have reported that cyt P450 2B4
is not deeply imbedded?’ but does have additional segments binding to the membrane
(~500 A?) since a single transmembrane helix would only account for a surface area of
120-250 A?**°

Apart from their hydrophobic N-terminus region, microsomal cyts P450 are
postulated to interact with the membrane via the loop before helix A, the B’/C loop and

230 These additional membrane

residues between F and G helices (Figure 1.8).
interactions allow for the catalytic active center to be more rigidly held in a specific

orientation above the bilayer. Additionally, the burial of a large portion of cyt P450

16



inside the membrane allows for the entrance of the substrate access channel to be
inside the bilayer, where the hydrophobic substrates are more soluble.?¥3%32 This
orientation places both the heme and the proximal surface of cyt P450 (where the heme
comes closest to the surface) perpendicular to the membrane surface, in an orientation

221,233-236 This orientation also

which leads to optimal contact with its redox partners.
allows the electrostatic dipole of cyt P450 to be parallel to the membrane surface. For
cyt P450 2C5, the hydrophobic surface was found to include six residues before helix A,
ten residues after helix A, residues corresponding to B, in other cyt P450 structures,
and the C-terminal end of the region between the F- and G-helix.”*’ For cyt P450 19, it is
believed that the segments that could be buried in the membrane include parts of 1
and B2 sheets, the B’ helix, and the F-G loop.”*® For cyt P450 2B4, Zhao et al. have
proposed that the hydrophobic surface binding the membrane consists of residues 30-
45 before helix A, B1.1-B1» loop, residues 101-116 before helix C, helix F' and flanking

197

residues (Figure 1.9).””" The B’/C loop and F/G region contain five phenylalanines (108,

212, 220 and 223) which are known to have a tendency to penetrate the hydrophobic

regions of membranes.**

Above the proposed membrane-submerged regions, there are
basic residues that would interact favorably with the lipid headgroups. This model
proposed by Zhao et al. also agrees with previous atomic force microscopic
measurements which indicated that cyt P450 sits about 35 + 5 A above the

phospholipid-water boundary (Figure 1.8).2%°
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Figure 1.7 Sequence and secondary structure elements of cyt P450 2B4 (based on structure with PDB code 1SUO
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CrbbbbbbbbbEbbhh

Figure 1.8 Cyt P450 2B4 orientation in the membrane based on atomic force
microscopy.

236

Figure 1.9 Important segments (black) for membrane binding of mammalian cyts P450,
proposed by Williams et al.>° PDB structure 1SUO™" of cyt P450 2B4 was used for this
figure.

19



Figure 1.10 Important segments (black) of cyt P450 2B4 for membrane binding proposed

197 191
.

by Zhao et al.”’ PDB structure 1SUO was used for this figure.

1.3 The role of cyt bs in cyt P450 reactions

As mentioned in Section 1.1.3, cyt bs interacts with many isoforms of cyt P450.
Hildebrandt and Estabrook were the first to suggest that cyt bs participates in cyt P450
reactions.” This turned out to be a controversial finding, with Jansson and Schenkman
publishing a direct rebuttal of their paper, using the exact same title but swapping out

“for” with “against” in “Evidence for the participation of cytochrome bs in the hepatic

7239

microsomal mixed-function oxidase reaction. Subsequently, a series of studies on in

vitro systems were published to prove the involvement of cyt bs in cyt P450

240-244

reactions. Over 30 years later, it was finally unequivocally established that cyt bs

did have a function in cyt P450 reactions in vivo.**>**
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Two electrons are required for the cycle in which cyt P450 catalyzes the insertion
of “activated” molecular oxygen into a substrate (see Section 1.2.1). Cyt P450 obtains
both electrons from its redox partners: cyt P450 reductase and cyt bs.2*” Whereas cyt
P450 reductase can donate both electrons to cyt P450, cyt bs can only donate the
second electron due to its high redox potential compared to ferric cyt P450.2% A lot
of attention has been drawn to the variable role that cyt bs plays in cyt P450 reactions:
cyt bs has been shown to stimulate, inhibit or have no effect on cyt P450-catalyzed
reactions, depending on the following variables: the specific isoform of cyt P450, the

3212,248.299 This can be partially

substrate of the reaction and the sample conditions.
explained by the observation that cyt bs and cyt P450 reductase share overlapping but
non-identical binding sites on the proximal side of cyt P450 2B4 (Figure 1.4 and Figure
1.5).”'* At low concentrations, cyt bs can accelerate cyt P450 metabolism by up to 100-
fold faster, which allows less time for side product formation than in the presence of cyt
P450 reductase.’®** At higher concentrations, however, cyt bs competes with cyt P450
reductase and inhibits reductase from binding to cyt P450, thereby inhibiting both the
delivery of the first electron and its catalytic activity.209 At a cyt bs concentration where
the inhibitory and stimulatory effects are equal, cyt bs will appear to have no effect on

the activity of cyt P450.%%

There is currently no consensus on the mechanism by which
cyt bs interacts with cyt P450. Three hypotheses exist: either cyt bs transfers an electron
to cyt P450, or cyt bs causes an allosteric effect on cyt P450, or both of these

. . 250,251
mechanisms happen simultaneously.>>"%72°0:>
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Numerous studies have addressed the residues at the interface between
different isoforms of cyt bs and cyt P450 using cross-linking, mutagenesis, mass
spectrometry and computer modeling, among other techniques. See Table 1.2 for a list
of cyt bs residues proposed to interact (or not) with cyt P450, and Table 1.3 for cyt P450
residues that have been implicated to be at the interface with cyt bs. Figure 1.10 is
provided as a reference for how the residues of various cyt P450 isoforms were

translated into the corresponding cyt P450 2B4 residues (studied in this thesis).
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Figure 1.11 Sequence alignment of cyt P450 2B4 with several other cyts P450 that interact with cyt bs. Sequences were obtained from

UniProt®?

POO178 |IRABBIT P450 2B4
PO0176|RAT P450 ZB1
P20852 IMOUSE P450 2AS5
P0O8683 |RAT P450 2C11
P10632 |HUMAN P450 2C8
P05181 |HUMAN P450 ZE1
PO5185[BOVINE P450 17Al
POS5093 |HUMAN P450 17A1
Q29RV2 |BOVINE P450 3A4
PO0189[BOVINE P450 11A1
PO0183|PSEU PUT P450cam

POO178 IRABBIT P450 2B4
P0O0176 |RAT P450 2B1
P20852 IMOUSE P450 2AS5
PO8683 |RAT P450 2C11
P10632 |HUMAN P450 2C8
P05181 |HUMAN P450 Z2E1
P0O5185[BOVINE P450 17A1
PO5093 |HUMAN P450 17A1
Q29RVZ |BOVINE P450 3A4
POO189|BOVINE P450 11A1l
PO0183|PSEU PUT P450cam

POO178 |RABBIT P450 2B4
PO0176|RAT P450 ZB1
P20852 IMOUSE P450 ZAS5
PO8683 |RAT P450 2C11
P10632 |HUMAN P450 2C8
P05181 |HUMAN P450 Z2E1
PO5185[BOVINE P450 17Al
PO5093 |HUMAN P450 17Al1
Q29RVZ |BOVINE P450 3A4
PO0189[BOVINE P450 11A1
P00183|PSEU PUT P450cam

and the sequence alighment was completed using ClustalW2.
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253,254

1 19 29 39 4Q 59 69 79
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MHGYKAVKEALLDYK-—--DEFSGRGDLPAFHAHRD-RGIIFNN--GPTWKDIRRFSLTTLRNYGMGKQGNESRIQREAHFLLEALRKTQGQ--—-PEFDPTF
IGHHQLAREVLLKKG---KEFSGRPKVATLDILSDNQKGIAFADHGAHWQLHRKLALNAFALFKDGNLKLEKI INQEANVLCDFLATQHGE---AIDLSE
VGHHQLAKEVLIKKG---KDFSGRPQMATLDIASNNRKGIAFADSGAHWQLHRRLAMATFALFKDGDQKLEKIICQEISTLCDMLATHNGQ-~--SIDISF
ITDPDIIKTVLVKEC-—-YSVEFTNRRIFGPMGIMKYAISLAWD-—-EQWKRIRTLLSPAFTSGKLKEMFPIIGQYGDMLVRNLRKEAEKGN-—-PVNMKD
ITHPEDVAHLFKFEGSYPERYDIPPWLAYHRYYQKPIGVLFKKSGTWKKDRVVLNTEVMAPEATKNEFIPLLNPVSQDEFVSLLHKRIKQQGSGKEVGDIKE
GGHWIATRGQLIREAYEDYRHFSSECPFIPREAGEAYDFIPTS---MDPPEQRQFRALANQVVGMPVVDKLENRIQELACSLIESLRPQGQ———————— C
1BQ 199 ZOQ 219 229 239 24Q 259 269
LEFHSITSNIICSIVFGKREDYKDPVFLRLLDLFFQSEFSLISSEFSSQVFELFPGFLKHFPGTHRQIYRNLOQEINTFIGQSVEKHRATLDPSNPRDFIDVYL
LEQCITANIICSIVFGEREDYTDRQFLRLLELFYRTEFSLLSSESSQVFEFFSGFLKYFPGAHRQISKNLOQEILDY IGHIVEKHRATLDPSAPRDEIDTYL
YLSRTVSNVISSIVEGDREDYEDKEFLSLLRMMLGSFQFTATSMGQLYEMESSVMKHLPGPQQOAFKELQGLEDFITKKVEHNQRTLDPNSPRDFIDSFL
ILGCAPCNVICSITFQNRFDYKDPTEFLNLMHRFNENFRLESSPWLOQVCNTFPATIDYFPGSHNQVLKNFEFYIKNYVLEKVKEHQESLDKDNPRDEIDCFEL
ILGCAPCNVICSVVEQKRFDYKDONEFLTLMKREFNENFRILNSPWIQVCNNFPLLIDCFPGTHNKVLKNVALTRSY IREKVKEHQASLDVNNPRDEIDCFEL
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NETEDYAEPFPIRIFMLLAGLPEEDIPHLKYLTDQMTRPDGS————————-———————————— MTFAEAKEALYDYLIPIIEQRRQKPGTDAISIVANGQV
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PMGLARRVTKDTKFRDFLLPKGTEVF PMLGSVLKDPKFFSNPKDFNPKHFLDDKGQFKKND - - AFVPFSTGKRYCFGEGLARMELFLFLTNIMONFHFKS
PTNLPHLVTRDIKFRNYFTPKGTNVIVSLSSTLHDDKEF PNPEKFDPGHFLDERGNFKKSD- -~ YFMPFSAGKRT CAGEALARTELFLFFTTI LONFNLKS
PTGVPHAVTTDTKFRNYLTPKGTTIMALLTSVLEDDKEFPNPNT FDPGHFLDKNGNFKKSD- — Y FMPFSAGKRT CAGEGLARMELFLFLTTI LONFNLKS
PSNLPHEATRDTIFRGYLIPKGTVVVPTLDSVLYDNQEFPDPEKFKPEHFLNENGKFKYSD--YFKPFSTGKRVCAGEGLARMELFLLLCATLOEFNLKP
PTLIPHKAVIDSSIGDLTIDKGTDVVVNLWALHHSEKEWQHPDLFMPERFLDPTGTQLI SPSLSYLPFGAGPRSCVGEMLARQELFLFMSRLLORFNLET
PMI,TPHKANVDSSTGEFAVDKGTEVT INLWALHENEKEWHQPDQFMPERFLNPAGTQLT SPSVSYTL.PFGAGPRSCTGET LARQELFL TMAWLLQRFDLEV
GR-LERVCKKDVETHGVTI PKGTTVLVPLFVLHNNPELWPEPEEFRPERFSKNNKDS INPY -~ VYLPFGTGPRNCLGMRFATMNTKLALVRT LONFSFKP
VT-LORYPESDLVLQDYLIPAKTLVQVATYAMGRDPAFFSSPDKFDPTRWLSKDKDLTHFR - - ~NLGFGWGVRQCVGRRTAELEMTLFLTHI LENFKVEM
LVADGRILTSDYEFHGVQLEKKGDQILLPOMLSGLDERENACPMHVDESRQKVS——————————— HTTFGHGSHLCLGQHLARRE I IVTLKEWLTRIPDFS
479 480 490
PVPPEDTDLTPRESGVGNVPPSYQTRFLAR ——
HLAPKDTDLTPKESGIGKT PPTYQTCFSAR - —— —————————
TQAPQDTDVSPRLVGFATT PPTYTMSFLSR——— —————————
LVDVEDIDTTPAISGFGHLPPFYEACFIPVORADSLSSHL -
VDDLENLNTTAVTKGIVSLPPSYQICFIPV- ——
LVDPEDIDLSPTHIGFGCTPPRYKLCVIPRS -~ —————————
PDDGKLPSLEGHASLVLQTKPFKVK IEVRQAWKEAQAEGSTP
PDDGQLPSLEGT PKVVFLIDSFKVK IKVRQAWREAQAEGST—
CKETQIPLEKLYTQGLTQPEQEVILEVVPRGLGPQVEPDFL - -
QHIG- DVDTIFNLILTPDKPIFLVFRPFNQDPPQA —— -
TAPGAQTQHKSGTVSGVQATLPLVWDPATTEAV ———
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Table 1.2 Summary of cyt bs residues proposed to be at the interface with various cyts P450.

Cyt b, interface

Non-interface

Cyt bs Cyt P450 Experimental Technique residues residues Other findings Reference
modification of carboxyl groups,
rat cyt P450 2B4 binding affinity and ET* carboxyl groups 92
K hen h i
cyt P450 * Ka when emef PI’OPIOI’]HtES . also looked at ionic strength —
rat underwent esterification heme propionates . 255
RLM5 . caused binding to decrease
¢ | demethylase activity
rat cyt P450 2B4 EDC cross-linking carboxyl groups 256
~ 2 ion pairs to cyt P450
rat cyt P450 2B4 hydrostatic pressure dissociation truncated cyt bs also interacts 257
with cyt P450 in 1:1 complex
ion pairs to cyt P450:
E49(C), E53, D65 & 1) E49-L414, E53-R85, D65-5128,
rat liver cyt P450.,,, computer modeling heme propionate heme propionate-R443 258
[+5] 2) E49-5128, E53-R443, D65-L414,
heme propionate-R85
reexamination of the model
li P4 D + i i P450: D65-R12 2
rat liver cyt P450.,, proposed by Stayton et al.”*® 65 [+5] ion pair to cyt P450: D65 5 59
Y130 controls docking of cyt bs
. . . N . . 3
rabbit oyt P450 284 nitration of tyrosine groups in ¥130 and Y35 [+1] V12 Y35 .functlon.ally |mpc.)rtar.1t for ET 260
the presence of cyt P450 Y11 inaccessible to nitration even
with cyt bs alone
ion pairs to cyt P450: E48-N417,
E48, E49, V50, E53, E49-R422, V50-V89&1423, E53-
various cyt P450 2B4 molecular modeling and docking | E61, E64, D65, V66, R85, E61-K433, E64-R126, D65- 261
Q69, heme [+5] R122, V66-L129, heme-R133,
heme-R443
_ e SSDM?
bovine e No changes in bindin truncated cyt b did not stimulate
rat mitochondrial 8 & E42(K) E48(K), D65(A) v D 7

cyt P450scc

e Saw { in activity
e All 3 mutants disturb structure

or bind cyt P450
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Cyt b; interface

Non-interface

Cyt bs Cyt P450 Experimental Technique residues residues Other findings Reference
* SSDM?
bovine cyt . . truncated cyt bs did not stimulate
rat PAS01700 e Saw { in actnvnTcy E42(K), E48(K) D65(A) oyt PA50 activity 7
o All 3 mutants disturb structure
e SSDM’
recombinant . . truncated cyt b did not stimulate
E42(K), E48(K D65(A 7
rat cyt P450 3A4 * Saw i aCtMFy (K), E48(K) 65(A) cyt P450 activity
e All 3 mutants disturb structure
® jon pairs to cyt P450: E61-K433,
D58-M427, EA8-D341, EA9-
E48, E49, E D ! !
homology docking by “O” and the E6£1;' DG?S, [+553]' anS:' R343, E53-K421, E53-R343, E53-
bovine model of cyt Molecular Operating ’ R443, D65-R125, D65-K433 262
. S23, P45, G46, V50,
P450 2E1 Environment 593 [+5] e H-bonds to cyt P450: S23-K345,
V50-D134, S93-E424, S93-R85
(x2), P45-R133, G46-D134
1 s ion pairs to cyt P450: E61-K433,
human cyt P450 2E1 EDC" cross-linking D58, E61 [+5] D56-M427 262
human cvt ¢ SSDM’ and double mutant E48(G), E49(G), K33(G), K39(G), D36(G), E42(G), D58(G), D65(G),
human P450c17y e activity assay in yeast E48(G)/E49(G) and E53(G), Q54(G), E74(G) were grouped into a third 263
microsome and HEK-293 cells possibly R52(G) E61(G), R73(G) class of mutations
. . ion pairs to cyt P450: D65, V66 in
rabbit cyt P450 2B4 double mutant cycle analysis D65(A), V66(A) contact with R122, R126 and K433 247
K33(G), D36(G),
DM’ | K E42
human cyt : i?:tivitya:si:yzui: eDIiTI;l(JZEant Eigzg;' E49Eg;, The effect of some of these
human P450 2E1 control yeast microsomal D58(G), D65(G) R52(G), E53(G), :;]:tfetlcc;rrl]ssiistmig:rllysd:feer:dent on 264
lipids and yeast microsomes G54(G), E61(G), y
R73(G), E74(G)
¢ SSDM* and double mutant
human cyt e Activity assays in DLPC?, E48(G), E49(G), D36(G) and D58(G) are required
human . o L 264
P450c17 control yeast microsomal E48(G)/E49(G) under some conditions (lipids)

lipids and yeast microsomes
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Cyt bs Cyt P450 Experimental Technique Cyt.bs interface Nor.1-|nterface Other findings Reference
residues residues
e SSDM*and double mutant
human cyt e Activity assays in DLPC, D58(G), D65(G) and D36(G) might be important
human . . . 264
P450 2C19 control yeast microsomal D58(G)/D65(G) depending on the lipids
lipids and yeast microsomes
ion pairs to cyt P450:
e E61-R122|K127 and E61-K96
(equivalent to D90 in our
sequence, so no corresponding
human cyt 1 S E61and . )
human PAS0 34 EDC" cross-linking E42 or EA8 ion pair) . 265
e E42-K421 or E48-K421 (K421 is
equivalent to D415 in our
sequence , so no corresponding
ion pair)
human the a2-loop-a3
homology and a4-loop-a5
model of . segments,
bovine human cyt ZDOCK baseq on cross-linking with additionally 265
P450 3A4 results (previous row)
holo cyt bs one heme
and rat propionate group
apo cyt bs for holo cyt b

YEDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; °SSDM: single site-directed mutagenesis; *ET: electron transfer; and *DLPC: 1,2-
dilauroyl-sn-glycero-3-phosphocholine.
The number in the [] bracket indicates the number added to align the cyt bs sequence (the sequences are highly homologous and thus only
the sequence numbering needs to be shifted).
The parenthesis () contains the identity of the amino acid to which the residue was mutated.
The number in italics is the corresponding cyt P450 2B4 residue based on the sequence alignment in Figure 1.10. On the right of the | symbol
is the residue of the cyt P450 isoform studied; e.g. K127 in cyt P450 3A4 translates to R122 in cyt P450 2B4, and it would listed as R122|K127.
lon pairs are listed as cyt bs residue - cyt P450 residue.
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Table 1.3 Summary of cyt P450 residues proposed to be at the interface with cyt bs. See a more thorough list of residues mutated/tested in a
review paper by Hlavica et al.”*®

E i | Non-i f
Cyt bg Cyt P450 xpen_m enta Cyt P450 interface residues op interface Other findings Reference
Technique residues
rat cyt P450 2B4 | EDC cross-linking amino groups 256
ion pairs:
1) L414-E49, R85-E53,
comouter modelin L414|K344, R85|R72, 5128|R112, S5128-D65, R443-heme
ratliver | cyt P450,,, P & | Ra43|R364 propionate 258
2) S128-E49, R443-E53,
L414-D65, R85-heme
propionate
rat mouse cyt R126|R129 55
P450coh variable role for F206|F209
reexamination of the
rat liver cyt P450,,,, model proposed by R125|R109 R125-D65 259
Stayton et al.”*
2 3 cyt PA50 residues 116-134|116-134
rat cyt P450 2B1 | ELISA® and SSDM R122|K122(E) and R126|R125(E) 259
derivatization of
rabbit cyt P450 2B4 | histidines, UV-Vis histidines 267
and enzyme assays
1. D47-L51, F171, Y190, K191, L199,
F203, F206, E301, R308, L470-S475,
N479 (distal)
geometric fit 2. K100, 1101, V104, D105, F108,
. . . Q109, V113, 1114 (face L to heme)
2B 2
bovine cyt PA50 2B4 Zlffl:ilr':hm for protein 3. M132-D134, K139, R140, R271, 68
& K274, K276, H354, K421-N423,
F426-F429, K433-1435, L437, E439,
G440, R443, T444, F447 (proximal
surface)
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Experimental

Non-interface

Cyt bg Cyt P450 Technique Cyt P450 interface residues residues Other findings Reference
3 . Y190, H226, K276,
Cabbit oyt PAS0 2B4 SSDM”, binding & R122, R126, R133, F135, M137, K139, K421 R4Z2, RA43, 11
activity assays K433
Y484
N417-E48, R422-E49
cyt P450 2B4 ’ !
. (some based N417,R422,V89, 1423, R85, K433, V89&1423-V50, R85-E53,
vanous | 5n homolo R126, R122, 1129, Q91, R133, R443 K433-£61 R126-E64, R122- | 269
rodels) &y P RS, B3, RIS, RASS D65, L129-V66, R133-
heme, R443-heme
3 ..
human | cyt P450c17 ziga'\;'s & activity R343|R347 270
Sctivity assavs and M427|K428(A), K433 |K434(A) and
human | cyt P450 21 | SCoVITY @ssay double mutant 262
binding assay . L
(the two residues act synergistically)
. i ion pairs to cyt bs: K433-
homology f::'&”jebctlg and | 4133|Ka34, M427|K428, D341|K342, E61, M427-D58, D341-E4S,
bovine model of cyt Operatin R343|R344, R443|R444, R125|R126, R343-E49, K421-E53, R343- 262
P450 2E1 E:viron mgent K421|K422 ES3, R443-E53, R125-D65,
K433-D65
human cyt 1 i ion pairs to cyt bs: K433-
human PAS0 2E1 EDC" cross-linking M427|K428, K433|K434 E61, M427-D56 262
C-helix residues near R85|R72 in the B L-helix is not
NMR CSPs* in 'H-"N helix and near L414|K344 (neither of . .
rat cyt P450.,, 5 . . . involved (includes 271
HSQC’ spectrum those residues is assigned)
R443|R364)
many more (see reference)
ion pairs to cyt bs: R122,
rabbit cyt P450 2B4 | double mutant cycle R122, R126 and K433 R126 and K433 in contact 247
with D65, V66
P450 2C8 mutant & y

than wild-type

29



Experimental

Non-interface

Cyt bg Cyt P450 Technique Cyt P450 interface residues residues Other findings Reference
ion pairs: E61-R122|K127
and E61-K96 (equivalent to
human cyt 1 - R122]K127 and K96 (corresponds to ?agr?nlcr:t%l:er:?liiilcl::;r)
human PAS0 3A4 EDC" cross-linking D90) E42-K421 or EAS-KA21 265
K421 (corresponds to D415) . .
(K421 is equivalent to
D415 in our sequence , so
no corresponding ion pair)
e for holo cyt bs: helix B, the B-B’
loop, the C-D loop, helices D, J/,
human and K, the K”"-L meander region,
homology the B-bulge, and helix L
moqel of human cyt 7DOCK based on . for_apo cyt bs: helix B, thg B-B'loop,
bovine PAS0 3A4 cross-linking results helix C, the C-D loop, helix D, the 265
holo cyt K”-L meander region, and the B-
bsand rat bulge
apo cyt bg e for both holo and apo cyt bs: B-B’

loop and helix C of cyt P450 interact
with a4 and a5 of cyt bs

LEDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; ELISA: enzyme-linked immunosorbent assay; >SSDM: single site-directed

mutagenesis; “CSPs: chemical shift perturbations; and >HSQC: heteronuclear single quantum coherence.
The number in italics is the corresponding cyt P450 2B4 residue based on the sequence alignment in Figure 1.10. On the right of the | symbol
is the residue of the cyt P450 isoform studied; e.g. K127 in cyt P450 3A4 translates to R122 in cyt PA50 2B4, and it would listed as R122|K127.
The parentheses () contain the identity of the amino acid to which the residue was mutated.
lon pairs are listed as cyt P450 residue - cyt bs residue.
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1.4 Redox partner association theories

Electron transfer complexes have two requirements. First, they must be able to
achieve high turnover of electrons; this means that they need to associate and
dissociate quickly with one another. For this reason, they will appear to have low affinity
(Ky in the uM-mM range),”” a high ko (> 1000 s™) and a complex lifetime in the
milliseconds.?”* Similarly, the ko, will approach the diffusion limit, in order to facilitate

2’% second, redox proteins generally have more than one binding

the high turnover.
partner that share similar binding sites. For this to be true, they must lose some
specificity to each binding partner to allow for the ability to associate promiscuously
with the other partners. However, because the electron transfer rate decreases
exponentially with distance between the redox centers,?”® for large proteins some

specificity is required to bring the redox partners close enough for electron transfer®’*

(with a distance between the redox cofactors edges of less than 14 °275).
Proteins diffuse through solution, or the membrane, according to Brownian
motion, experiencing constant collisions with water, lipids and other nearby

molecules.?’®

When they collide with another protein, the proteins form a transient
complex in which rotational and translational motions are allowed. This macrocollision
leads to numerous microcollisions in which the proteins scan each other’s surfaces,
finding favorable orientations.?’’ For redox partners especially, these macrocollisions
are enhanced by the presence of long-range electrostatic attraction.?’*?’®?”® This

additional interaction allows for the pre-orientation of the two redox centers®* and

lengthens the lifetime of the transient complex, thereby increasing the probability of
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finding a productive microcollision in which electron transfer can occur.?®* This transient

7274,278,282-284

complex has been referred to as an “encounter complex and the entire

107,112,285-290

process as dynamic docking (Figure 1.11). In 1991, McLendon proposed the

291
|

“velcro” model”" to describe the various orientations that proteins can adopt during

the encounter complex; this idea is widely accepted.?’>?7829272%4

Out of the multiple
orientations the proteins take on with respect to each other, perhaps one or more
orientation(s) can result in a “productive complex” or “stereospecific complex” in which
the two redox centers are close enough to allow for electron transfer (Figure 1.11). The
encounter complex is largely driven by long-range electrostatic interactions; and at this
stage, the two proteins are still solvated and interact via van der Waals*’® and hydrogen
bonding contacts®® with the solvent (as opposed to their protein partner). The
productive/stereospecific complex, on the other end, is formed via close-range
interactions, such as hydrogen bonding, salt bridges and hydrophobic contacts, in order

to steer the two redox center into each other’s electron transfer range.274’278'2‘°’6'297

& @,
.

- stereospecific complex

-

@ (e

encountercomplexes

Figure 1.12 Dynamic docking model between redox partners. This figure was
adapted from the figure presented by Suh et al.**®
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Experimental proof of these theories has come in a number of ways. For
plastocyanin and cytochrome f, cross-linking at low ionic strengths has shown the

presence of multiple orientations other than the productive complex.299

Using
paramagnetic relaxation enhancement (PRE), various research groups have been able to
visualize the formation of both the encounter complexes and stereospecific complexes

119,283,300307 £6r example, cyt ¢ has been shown to

formed between redox partners.
sample about half of the surface of adrenodoxin.>® It is notable that in some cases, the
two proteins may never progress past the encounter complex, such as for cyt ¢ and
adrenodoxin; however, even in those very dynamic complexes, electron transfer can still

occur.”’*3%

1.5 Isotropic bicelles as a model membrane

To mimic the membrane environment, organic solvent mixtures,>® detergent
micelles,**>" lipid vesicles and bicelles have been used over the years.>*>!? Although
detergent micelles have proven excellent for structure determination via solution

NMR,****%! micelles can introduce artifacts in the structures of proteins and peptides

322-327 328,329

due to their high curvature or cause inhibition of protein activity or denature
the protein; furthermore, micelles do not mimic the bilayer environment well 38 Lipid
vesicles, on the other hand, are not amenable to high-resolution solution NMR due to
their large size and slow tumbling, on the NMR timescale, which leads to line
broadening (they are suitable for solid-state NMR, however). Due to these difficulties
with other membrane mimetics, bicelles have stepped in to fill the gap. Initially

introduced as a “mixed micelle” between lipid and detergent in 1981,%° bicelles are
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now generally composed of two types of lipids: long-chain lipids and shorter chain lipids
(since Gabriel et al. in 1984).%*! Though the morphology of bicelles can changed with
concentration, g ratio (the molar ratio of the long chain to short chain lipids), and

temperature,332 bicelles with a concentration above 5% (w/v), and a g ratio below 1

333-337

have a well-established morphology and size, which fit the original theoretical

model for ideal bicelles.>*® These isotropic bicelles adopt a discoid shape that consists of

a unilamellar bilayer of the long-chain lipids, with the edges capped with a rim of the

339-341

short-chain lipids (Figure 1.12). Their small size allows for isotropic tumbling in

solution (hence the name), which is needed for solution NMR. They are also suitable for

342-345 346-348

circular dichroism and x-ray crystallography. Several review papers have

been dedicated to their application for membrane protein reconstitution.**=>° High-

resolution structures of membrane proteins, incorporated in isotropic bicelles, have

333,350

been successfully determined via NMR. At higher g ratios (g > 2.5), bicelles align in

the magnetic field, allowing for static solid-state experiments (see a recent review by

332,338,357-362

Diirr et al.®* for an overview of the morphologies possible). The proteins’

functional forms are generally retained when incorporated in a bicelle

environment, 363364

R PRR R R R RN

B

e | e -

AR SRRERRTI AN

Figure 1.13 Model of isotropic bicelles.**
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One of the key advantages of isotropic bicelles is that they are arranged in a
single, planar bilayer composed of lipids and therefore are better able mimic the
physiological bilayer environment. It is also possible to modulate the lipid composition

of bicelles to make them more analogous to cell membranes. For example,

370,371 366,370

cholesterol,>*°73% different chain length lipids, unsaturated lipids, charged

372-375 376

lipids, spingomyelin and gangliosides343 have been wused successfully

incorporated in bicelles.

1.5.1 DMPC/DHPC isotropic bicelles

The most common type of bicelles consists of a combination of DMPC (14-carbon
acyl chain) and DHPC (6-carbon acyl chain) lipids (Figure 1.13).33%336337,365377-381
DMPC/DHPC isotropic bicelles serve as a good bilayer system for NMR structural studies
because the lipid dynamics within those isotropic bicelles are the same as those within

378 DMPC/DHPC bicelles were used in this thesis for several

unilamellar vesicles of DMPC.
additional reasons: 1) phosphatidylcholine is the most common headgroup on the
cytoplasmic side of the ER membrane and 2) 14-carbon acyl chain.

1) The lipid headgroup composition of the ER membrane is 55%
phosphatidylcholine  (PC), 20-25%  phosphatidylethanolamine  (PE), 5-10%
phosphatidylserine (PS), 5-10% phosphatidylinositol (P1) and 4-7% sphingomyelin.33273%
These lipids are however distributed asymmetrically among the cytoplasmic and luminal

sides of the ER membrane: 39-56% PC lipids, 84-92% PE lipids, 82-97% PS lipids, 16-23%

Pl lipids and 13-15% sphingomyelin are found on the cytoplasmic side (the endpoints of
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the ranges are based on two isolated measurements, and the sphingomyelin

measurement was noted to be unreliable).389

Using the average composition of each
lipid headgroup (55% PC, 23% PE, 8% PS, 8% Pl and 6% sphingomyelin), the lipid
headgroup composition of the cytoplasmic side can thus be calculated as 42-51% PC, 35-
41% PE, 12-13% PS, 2-3% Pl and 1-2% sphingomyelin. PC lipids should therefore be a
good initial model of the ER membrane since this PC headgroup consists of ~50% of the
lipids.

2) It is important to use acyl chains that mimic the thickness of the ER bilayer

(50-80 A thick based on electron microscopy>2%3?%3%?

). An analysis of the fatty acid chain
lengths revealed that most lipids were either 16 or 18 acyl chains long. Unfortunately,
longer acyl chains may not be amenable to solution NMR experiments and DMPC has

previously been shown to be a good model membrane for cyt P450.%%
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Figure 1.14 Structures of lipids used in bicelles (DMPC and DHPC). For reference,
the structures of DLPC (12-carbon acyl chain lipid, used in activity assays) and DPC
(12-carbon acyl chain detergent, used in Chapter 3) are also presented.

The size of a DMPC/DHPC bicelle with a g ratio of 0.25 is shown in Figure 1.14.
Comparatively, for isotropic bicelles with a g ratio of 0.5, the diameter has been
estimated to be 122 A with a height of 61 A 3®, or a diameter of 96-97 A with a
thickness of 40 A.**> Hydrated bilayer thickness of a DMPC vesicle has been determined

3% Bicelle diameters were found to range from 42 + 6 to 86 + 8

to be 62.6 A previously.
A, in small angle neutron scattering experiments, for g ratios of 0.2 to 0.5, with a bilayer

depth of 42 + 4 A%
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b) cyt b, c) cyt P450

a) DMPC/DHPC, q=0.25 O IW‘ A ~50A d) DPC micelle
—>

~50 A 353 A
—— ! . —>
side-view 352 A
side-view
42+/-4 A to
OI 244 A ~50A

<>
19.2A < >
proximal size ~67.7 A
proximal side

Figure 1.15 Size of g = 0.25 DMPC/DHPC (5% (w/v) and above) isotropic bicelles, and cyt b; and cyt P450 2B4, to scale. a) Isotropic bicelle size
is based on the formula in Luchette et al.*** which originated from Vold et al.**® A thickness of 40 A was estimated from Wu et a/.>** and Loudet-
Courreges et al.*®* The phosphate-to-phosphate thickness of DMPC has also been estimated to be 34 A.** The dimensions for the proteins in a)
and b), were obtained from space-filling models in PyMOL for the NMR structure of cyt bs (Chapter 3) and cyt P450 2B4 structure of PDB code
1SUO. d) DPC micelle size is shown for comparison;**” % however, it should be noted that the micelle size adapts to the protein and that the
hydrophobic dimensions are not well-defined.**®
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1.6 Goals of this research and dissertation layout

11-27

Although a lot of structural information has been published on cyt bs, all

studies have been performed on truncated cyt bs. As mentioned in Section 1.1.3,

27,8487 Similarly, while

truncated cyt bs does not interact with microsomal cyts P450.
mutagenesis and cross-linking has been used to characterize the interface between cyts
bs and cyts P450, very little of this work has been done in bilayers, with most of it being
performed in DLPC micelles or no membrane environment. The goal of the work
presented in this thesis is to characterize the complex formation between cyt bs and cyt
P450 2B4 in a membrane environment, in the absence of any protein modifications,
using NMR. Because it is difficult to crystallize membrane proteins and X-ray
crystallography only provides a static picture of proteins and complexes, NMR was used
to study the structure and dynamics of cyt bs and its ability to form complexes in a
membrane mimetic. NMR techniques, mutagenesis and docking methods for the studies
performed in this thesis can be found in Chapter 2.

In Chapter 3, we present the structure of full-length cyt bs in a membrane
mimetic, and the completed sequence specific resonance assignment. The dynamics of
the cyt bs residues, as well as the overall tumbling of the soluble domain, are
characterized in Chapter 3. This structure is then used in Chapter 4 to begin the
characterization of the complex between full-length cyt bs and full-length cyt P450 2B4
in the absence of a cyt P450 substrate. Mutagenesis and NMR results are combined to
present a model of the complex between cyt bs and cyt P450 using a data-driven

docking algorithm. In Chapter 5, we specifically assign the cyt bs residues interacting in
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the encounter complexes versus those interacting in the productive/stereospecific

complexes with cyt P450 by utilizing a new NMR approach. In Chapter 6, we

characterize the role of the cyt bs linker in complex formation with cyt P450 to

understand why the linker needs to be a certain length for the complex to be functional.

Throughout this dissertation, we also glean more insights into the dynamic nature of

electron transfer complexes.
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CHAPTER 2

Experimental methods for studying protein-protein complexes

2.1 Site-directed mutagenesis and double mutant cycle analysis

To determine residues involved in hot spots at protein-protein complex
interfaces, it is common to perform alanine scans of residues on the surface of each
protein partner.l_3 Mutation to alanine eliminates all interactions that could be coming
from the amino acid’s side chain, beyond the B-carbon atom. This mutation thereby
allows for probing the importance of the side chain of the original residue. Mutation to
alanine also minimizes the formation of new interactions between the mutated amino
acid and nearby residues. Residues that increase the binding free energy of a complex
by more than 2 kcal/mol are typically considered to be in the binding hot spots and
constitute less than 5% of interface residues.*”

In a double mutant cycle analysis, two residues, which are believed to be
interacting with one another, are mutated separately and then simultaneously in order

3%71% The method was first introduced in 1984 by

to give rise to a cycle (Figure 2.1).
Carter et al.'' By calculating the Gibbs free energy of the single mutants versus the

double mutants, it is possible to establish whether two amino acids are interacting with

one another. There are several conventions when looking at papers on double mutant
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cycle analysis; | will be presenting the equations applicable to the research presented in
this thesis. For a system with protein-1 and protein-2 interacting, the basis of the
experiments is as follows:
e Measure Ky between wild-type protein-1 and wild-type protein-2. Calculate AGyy
and AAGg.
e Mutate one residue on protein-1 and measure K, to wild-type protein-2.
Calculate AG;p and AAG.
e Mutate one residue on protein-2 and measure K, to wild-type protein-1.
Calculate AGp; and AAGy;.
e Measure Ky between the protein-1 mutant and protein-2 mutant. Calculate AGy;

and AAG;;.

.-xv-. — .-x A-.

.-A & <—>.-A &

Figure 2.1 Diagram of a double mutant cycle. The blue hexagon and green oval
represent the two proteins under study. X and Y are the original amino acids which
interact with each other. Both X and Y are mutated to alanine separately and the
additivity of the two single mutants is compared to the double mutant.

The equations needed to perform a double mutant analysis follow basic
thermodynamics (note that the convention in the studies done by the Waskell lab uses
Equation 2.1 in which there is no negative sign in front of RT). The following equations

are utilized to obtain the A(A)G values needed for comparisons:
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AG = RTIn(K,) Equation 2.1

AAG;,; = AAGy; + AAG1o- AAG1; (Cohavi 2009) Equation 2.3
where AAG is the difference in free energy of binding between a complex containing a
single mutant protein and a complex with two wild-type proteins (it is the free energy
cost/advantage of the single mutation); AAG;, is the AAG of interaction between the
two mutant proteins; AAGy; is the AAG of interaction between wild-type protein-1 and
mutant protein-2; AAGj is the AAG of interaction between mutant protein-1 and wild-
type protein-2; AAG;; is the AAG of interaction between mutant protein-1 and mutant
protein-2; T =298 K; and R = 1.987 cal/K-mol.

According to the convention presented here, when AAG > 0 the mutation
reduces specificity, whereas when AAG < 0 the mutation enhances specificity, and when
AAG = 0 the mutation causes no effect.'? A positive AAGi, value indicates that the
double mutant is more unstable than the sum of the single mutants and that the
residues therefore interact cooperatively in the wild-type complex. A negative AAG;,;
implies that the double mutant is more stable (and has favorable interactions)
compared to the wild-type case; in this case, the double mutant actually enhances the
binding between the two proteins. A value of zero for AAG;,; indicates that there is no
coupling between the perturbations and that they behave independently (i.e. the effect
of the single mutations is additive and equals that of the double mutant).>*® The
magnitude of the positive AAG;,; value indicates the type and strength of non-covalent

interactions between the two residues. The coupling energy decreases with increase in
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the inter-residue distance.'” The AAG;, values can be indicative of the following types of
interactions:™

e AAG;,: < 0.5 kcal/mol : Electrostatic interactions

e AAG;,: = 1 kcal/mol : Aromatic-aromatic interactions

e AAGj, = 1-5 kcal/mol : Surface and buried salt-bridges

In order to determine what value of AAG;,, is significant, it is important to know

12155 previous experiments, the experimental error

what the experimental error (20) is.
has been estimated to be 0.35 kcal/mol,*** 0.3 kcal/mol*® or 0.41-0.53 kcal/mol*. The

following thresholds of AAG;, have been considered significant: 0.60 kcal/mol,*® 0.3

kcal/mol,* and 0.2 kcal/mol."’

2.2 'H-'>N-TROSY-HSQC spectra for the study of large proteins

The simplest NMR experiment consists of running a one dimensional 'H-NMR
spectrum. Protons (*Hs) are magnetically active and have a natural abundance of 100%.
This type of experiment is typically well suited for small molecules for which databases
have been built, e.g. the SDBS database.’® The chemical shift (in ppm) of each resonance
(the NMR term for “peak”) is indicative of its chemical environment; i.e. the identity of
its neighboring atoms. For a protein, which contains on the order of thousands of
protons, the 1D 'H-NMR spectrum is very crowded and the individual resonances cannot
be resolved. For this reason, two- and three-dimensional NMR experiments are
frequently used for proteins; a particularly common 2D experiment is the Heteronuclear
Single Quantum Coherence (HSQC) experiment. These HSQC experiments typically

correlate the following pairs of nuclei: 3C and 'H, or N and *H. *H-">N-HSQC spectra
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are typically used because the resonances are much more dispersed than in H-*C-
HSQC spectra. Neither 3¢ nor N have high natural abundances (with 1.1% and 0.37%,
respectively), but overexpressing proteins that are uniformly labeled with B¢ or N
nuclei, or both nuclei simultaneously, is possible through the use of labeled expression
media; it is not always straightforward, though, especially for membrane proteins. In a
'H-">N-HSQC spectrum, one dimension contains the chemical shifts of the 'H nuclei
while the other dimension contains the chemical shifts of the "N nuclei. Each resonance
in the spectrum comes from the correlation between two bonded H and N nuclei.
Since a protein is composed of amino acids, the majority of the resonances come from
backbone NH atoms, although side chains from tryptophans, asparagines and glutamine
also appear. The backbone NH chemical shifts are a function of the identity of the side-
chain, as well as a function of the secondary structure in which the particular amino acid
is involved. With the use of a *H-"N-HSQC spectrum, each amino acid can be monitored
(via both its chemical shift: Section 2.3, or its intensity: Section 2.4) as a function of any
titrant. The larger the protein, the more resonances will be present in the spectrum;
therefore, the use of higher magnetic field NMR spectrometers (800-900 MHz) is
common in order to increase both sensitivity and spectral dispersion.

Additional barriers arise when studying large protein molecules (> 25 kDa). As
mentioned, higher magnetic fields do improve the resolution and dispersion of crowded
NMR spectra of proteins.'® However, with larger proteins, the observed nuclei are
surrounded by a sea of proton nuclei (proton bath) which aids the observed nuclei’s

relaxation and leads to considerable signal broadening. It is therefore typically necessary
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2022 pye to the slow

to deuterate the proteins in order to increase the sensitivity.
tumbling (high correlation time) of large molecules, the T, (transverse) relaxation
mechanisms of protein nuclei are also enhanced, which leads to less signal being
detected by the NMR receiver. Therefore, in conjunction with deuteration and high
magnetic fields, it is also usually necessary to employ a common technique called
Transverse Relaxation Optimized Spectroscopy (TROSY),?"**** first introduced by

Pervushin et al.®®

TROSY aids in reducing the transverse relaxation rates for large
molecules through the use of constructive interference between dipolar coupling and
chemical shift anisotropy, such that satisfactory line-widths and sensitivity can be

/24

achieved. A helpful review article on TROSY was written by Fernandez et al.”" and the

theory behind TROSY is very thoroughly (and clearly!) explained by Keeler in his book?®.

2.3 NMR chemical shift perturbation analysis

As mentioned in the previous section, 'H,°N HSQC NMR spectra are often used
to study N-labeled proteins. In these spectra, each BNH groups of the protein gives
rise to one resonance/peak; the position and intensity of each NH resonance is
dependent on its dynamics and chemical environment (see previous section). With this
information, it is possible to monitor the chemical environment of each backbone BNH
of a ©>N-labeled protein upon addition of an unlabeled protein. Residues, which are at
the interface with the unlabeled protein, should experience changes in their “NH
chemical shift environment upon addition of the unlabeled protein and the resonance(s)
chemical shifts/intensities of the interfacial residues will typically be modulated by the

interacting protein. This method has been documented in many excellent review
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articles.?’*°

The technique in which chemical shift changes are monitored to identify
interfacial residues is referred to as chemical shift perturbations, and has been used to
characterize the binding interface of other cytochrome complexes, including cyt bs-cyt
.31 |f the bound and unbound forms of the >N-labeled protein are in fast exchange,
the resonance will be at the average chemical shift of the two forms. If the two proteins
are in slow exchange, the two populations will show different resonances in the HSQC
spectrum, and depending on the stoichiometries of the two proteins, there will be
more/less of the unbound form and more/less of the bound form of the labeled protein
(i.e. as more of the unlabeled protein is added, there will be more bound form); some
kinetic line broadening can also occur. Intermediate exchange can lead to resonances
being poorly defined and kinetic line broadening; if the resonances broaden enough,
they can disappear from the spectrum, at which case the interaction interface becomes
identified by the progressive disappearance of peaks.

Chemical shift perturbations can be calculated in the 'H dimension and in the ©°N

dimension. However, it is common to report the weighted average chemical shift
perturbations of the backbone amide >NH resonances:*!
88 = V((wawh *HN)? + (0yaN)") Equation 2.4
where Ab represents the average (NH) chemical shift perturbation and w denotes the
weight factor of the nucleus with wyy =1 and wy= 0.154.2

In cases of allosteric regulation, large changes in chemical shifts will be
observed, indicative of conformational changes upon addition of the unlabeled protein;

chemical shift perturbations will not aid in mapping the interface in these cases.>***
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2.4 NMR differential line broadening analysis

Broadening of resonances in an NMR spectrum can come from various sources:
intermediate or slow exchange between different conformations, or an increase in
relaxation (either transverse or longitudinal relaxation). In rapidly exchanging
bound/unbound systems, differences in intensity will arise from both faster relaxation in
the bound state and differences in the chemical shift between the free and bound
states.®> When looking at a protein-protein complex, the chemical exchange would be
between the free and bound (to its partner) states of the labeled protein. As mentioned
in the previous section, when the chemical exchange is at a slow to intermediate

3738 Overall spectral broadening can occur due to T,

regime, line broadening can occur.
relaxation enhancement because of an increase in the transverse relaxation rate due to
a longer correlation time for the complex (from its larger size) compared to the free
labeled protein. Even in cases where only the free labeled protein is visible in the
spectrum (and the bound, complexed form is invisible), it has been shown that the
binding interface on small proteins contacting larger proteins can be identified by
looking at differential line broadening observed from the NMR signal in the free

39,40

state. This occurs when the rate of complex formation is fast and the protein comes

off fast enough to affect the intensity of the free state.** The proximity of adjacent

nuclei, in the complex, could also enhance the transverse relaxation rate (R,) through

42,43

dipolar coupling. Residues that continue to have sharp resonances in the bound

state still retain a lot of mobility even in the complex, meaning that there are no strong,

44,45

direct interactions between those residues and the binding partner. Isolating the
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specific contributions to line broadening is still challenging; however, differential line
broadening can often be attributed to interfacial residues, despite knowing the origin of
the broadening. Whether due to the chemical exchange or relaxation enhancement,
residues that broaden can generally be found at the interface, or are somehow affected

38,44-48

upon complex formation (which also provides valuable information). Extensive

discussions of differential line broadening contributions can be found in several

excellent papers.*>°

2.5 High Ambiguity Driven biomolecular DOCKing (HADDOCK)

HADDOCK>'"? is a data-driven docking method that has been proven to be highly
effective in predicting protein-protein complex structures.>**™° Various types of
information on the protein-protein interface can be inputted as restraints, including
data from mutagenesis, mass spectrometry, and various NMR parameters (chemical
shift perturbation, paramagnetic relaxation enhancement, residual dipolar couplings,
etc.).?® The three stages of the HADDOCK docking process are briefly described below,
with the number of structures defined for our docking experiments (in Chapter 4) at
each stage:51'61
1. Randomization of orientations and rigid body energy minimization.

i. The two proteins, positioned at a certain distance from each other in space,
are randomly rotated around their respective center of masses.
ii. Rigid body docking and energy minimization (translations and rotations are

allowed).

iii. 2000 complex conformations are calculated by the end of this stage.
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2. The best 500 solutions are then submitted to semi-rigid simulated annealing in
torsion angle space (the restraints are taken into account at this stage, which
restricts how much the amino acids are allowed to move).

i. Considered as rigid bodies, the respective orientations of the proteins are
optimized at a high temperature.
ii. The side chains at the interface are allowed to move.
iii. Both side chains and backbone atoms at the interface are allowed to move
(some conformational rearrangements).
iv. The resulting structures are subjected to energy minimization.

3. The best 150 structures are selected for final refinement in Cartesian space with

explicit solvent (using a 8 A shell of TIP3P water molecules). The lowest 50

structures are subsequently submitted for analysis.

2.5.1 Ambiguous Interaction Restraints (AIRs)

To set AIRs, active and passive residues on each protein need to be defined.
Active residues are residues that have been experimentally identified as being likely at
the interface between the two proteins and that are solvent accessible (as defined by
another program such as NACCESS®). Passive residues are solvent-accessible residues
flanking the active residues (these are defined based on the known structure of the
protein); an example of how to pick passive residues can be found on the HADDOCK
website.® AIRs are defined as ambiguous intermolecular distance with a maximum
value of 2 A between any atoms of an active residue of protein A with any atoms of

51,64

either active or passive residues of protein B. Each active residue has a single AIR
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restraint that is defined between that residue and all active and passive residues on the
other protein. Typically, if a residue comes within 3-4 A of an active or passive residue of
the partner protein, the AIR restraint is satisfied. The 3 A limit is a compromise between
hydrogen-hydrogen, and heavy atom-heavy atom minimum van der Waals distances.”
Generating AIR restraints is fairly simply and consists of inputting a string of numbers
listing all residue defined as active and passive residues on each protein partner
(specifying the segment ID for each protein), and selecting an upper distance limit for
AIRs (the default is set at 2 A) at: HADDOCK main webpage®! > Project setup > Generate
AIR restraint file.

Previous publications have used double mutant cycle analysis as ambiguous
restraints in HADDOCK by using experimentally identified residues as active residues on
each protein, with the interacting residues restrained to a range of 3-7 A for heavy
atoms and a range of 2-5 A for hydrogens, with a maximum effective distance of 2 A5 1t

is also common to use AIRs based on chemical shift perturbation data.>3°6°865767

2.5.2. Unambiguous restraints

In HADDOCK, it is also possible to define strict atom-atom inter- and intra-
molecular distances as unambiguous restraints during the docking simulation. These
distances are defined based on experimental data and are given a range of distances.

The format is:
assign <atom selection><target distance><lower error value><upper error value>>
An example would be:

assign (resid 66 and name NH and segid A) (resid 433 and name NH and segid B) 6.0 4.0 2.0
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which would be translated to mean: Set the distance between the NH atoms of residue

66 in Protein A to be within 6 A (with a range of 2.0-8.0 A) from the NH atoms of residue

433 in Protein B. Additional CNS syntax that can be used to select specific atoms can be

found at two websites.

68,69 Unambiguous restraints are much stricter restraints than

AIRs as they define the distance between two specific residues or atoms. A previous

publication used double mutant cycle analysis results as unambiguous restraints, with a

range of 3-7 A for all side-chain heavy atoms."’
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CHAPTER 3

Structure and dynamics of full-length cytochrome bs

3.1 Summary

In this chapter, we report the first solution NMR studies performed on full-length
cytochrome bs incorporated in two different membrane mimetics. Only the soluble
domain of full-length cyt bs is visible in the solution NMR experiments due to the fast
tumbling of the soluble domain relative to the entire cyt bs/micelle complex or cyt
bs/isotropic bicelle complex. The resonances of 88.5% of the backbone and side chain
atoms of the soluble domain have been assigned and the labeled 'H-°N-TROSY-HSQC
spectrum is presented; this spectrum will serve as the basis of all experiments
performed on the cyt bs-cyt P450 complex in the following chapters. The structure of
the soluble domain of full-length cyt bs, incorporated in DPC micelles, is reported with a
backbone RMSD of 0.32 + 0.10 A. The linker of full-length cyt bs is conclusively
established to be unstructured. The cyt bs structure, with the heme molecule (type B)
docked with HADDOCK, is shown. Analysis of >N relaxation measurements emphasizes
the high flexibility of the N-terminal and linker residues. The diffusion tensor
components of the soluble domain of full-length cyt bs, and its effective correlation

time, are described as determined by TENSOR2. We also find that the structure

Adapted into a manuscript entitled “NMR structure of full-length mammalian cytochrome 96
bs” by Ahuja S., Vivekanandan S., Popovych N., Le Clair S., Huang R., Jahr N., Soong R., Xu J,,

Yamamoto K., Nanga R. P., Im S.-C., Waskell L. and Ramamoorthy A. This study was

supported by NIH (GM084018 and GM095640 to A. R. and GM35533 to L. W.).



of the soluble domain appears to be very similar in DPC micelles and DMPC/DHPC
isotropic bicelles. The solid-state NMR structure of the a-helical transmembrane domain
of full-length cyt bs is also reported, along with its average orientation, in DMPC/DHPC
lipid bicelles. While the full-length cyt bs structure only differs slightly from the
previously published truncated cyt bs structure, its relaxation parameters are drastically

different.

3.2 Introduction

Cytochromes bs (cyts bs) are ubiquitous electron-transport proteins found in
plants, mammals, invertebrates, fungi and prokaryotic organisms. In mammals, cyts bs
exist as membrane-anchored proteins found in either the endoplasmic reticulum (ER) or
the outer mitochondrial membrane, and as a soluble protein found in erythrocytes." The
isoform of cytochrome bs (cyt bs), which sits on the cytoplasmic side of the ER
membrane® (referred to as microsomal cyt bs) is a predominantly acidic, 15 kDa (=134
amino acids) membrane protein which contains three separate domains: a large, N-
terminal, cytosolic, heme-containing domain (=89 amino acids), a 15-residue linker
region, and a C-terminal hydrophobic membrane-binding domain (=20 residues). The
sequences of all three domains of microsomal cyt bs are highly conserved across
mammals.? The soluble version of the protein (found in erythrocytes) merely consists of
the hydrophilic heme-containing domain of microsomal cyt bs.* Cyt bs contains a type B
heme, which is located in the hydrophobic core of the soluble cytosolic domain, with the
highly conserved H68 and H44 coordinating the heme iron as the 5" and 6" ligands.> As

discussed in Chapter 1, microsomal cyts bs participate in a number of key reactions,
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*69 the biosynthesis of cholesterol™* and sex

including fatty acid desaturation,
hormones,™ and the hydroxylation of N-acetyl-neuraminic acid™. In these various roles,

cyt bs interacts with both electron acceptor and electron donor proteins, such as NADH

cyt bs reductase, various cytochromes P450 (cyts p450), 4121 stearyl-CoA

9,16,17 18,19

desaturase and indoleamine dioxygenase

High-resolution structures of truncated, microsomal, wild-type cyts bs have been
solved by solution NMR and X-ray crystallography.”®>* However, neither the structures
nor the dynamics of full-length cyts bs (containing the transmembrane domain) are
currently available. Additionally, while the interaction of cyt bs with various membranes

has been studied fairly extensively, %’

the structure of cyt bs, when incorporated in a
membrane environment, is lacking. Circular dichroism and Fourier Transform Infrared
experiments have indicated that the transmembrane (TM) domain is at least 50%
helical®®**% and recent solid-state NMR results from our lab have shown that the T™M
domain is a single-pass transmembrane helix.*® The membrane-binding domain of cyt bs
is highly conserved (78-96% sequence similarity among vertebrates)! and has been

3132 3nd the

shown to be important for proper insertion of cyt bs into the ER membrane
outer membrane of the mitochondria®. An important role for the TM domain has also
been shown in the interactions of cyt bs with its redox partners: truncated cyt bs is

incapable of interacting with any microsomal cyts P450*>*>°

and is only capable of
electron transfer to soluble oxidative enzyme (e.g. cytochrome ¢ and metmyoglobin).

Furthermore, a poly-leucine mutant of cyt bs (where the putative TM domain was

98



replaced by 22 consecutive leucines) had a significantly reduced ability to bind to both
cyt P450 and NADH cyt bs reductase.*’

The TM domain of cyt bs is connected to the cytosolic domain by a flexible linker
region that is important for orienting the catalytic domain of cyt bs in a position that is
favorable for interaction with its redox partners.” It has been shown recently that the
length of the linker region is important for the interaction between cyt bs and cyt P450,
and a minimum of 7 residues is required for a productive interaction. However, the
exact sequence of the linker region is not critical.?

In order to fully understand the role of the transmembrane domain and the
linker region in the interaction of membrane-bound cyt bs with its redox partners, it is
important to first determine the full-length structure of cyt bs. In this chapter, we
present the first full-length tertiary structure of cyt bs, in a membrane mimetic, solved
using a combination of solution and solid-state NMR spectroscopy. Relaxation NMR
measurements on the full-length cyt bs are also reported to characterize and assess the

dynamics of the protein’s soluble domain and linker region.

3.3 Materials and methods
3.3.1 Materials

1,2-dihexanoyl-sn-glycero-3-phosphocholine  (DHPC) and 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) were purchased from Avanti Polar Lipids (Alabaster,
AL). C41 cells were purchased from Lucigen (Middleton, Ml). U-2c, **N and *H CELTONE
rich medium, “N-CELTONE rich media, 'C, 'N-CELTONE rich media, °H-
dodecylphosphocholine (DPC), 13C—glucose, PN-ammonium sulfate, 2,2-dimethyl-2-
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silapentane-5-sulfonate (DSS) and D,O were purchased from Cambridge Isotope
Laboratories (Andover, MA). Resins and buffer components were purchased from
Sigma-Aldrich. Glycerol for NMR experiments was purchased from Sigma-Aldrich and
Roche Applied Science. The NMR samples were placed into 5 mm symmetrical D,0-

matched Shigemi NMR microtubes (Shigemi, Inc, Alison Park, PA).

3.3.2 Protein production and purification

Wild-type rabbit, full-length cyt bs was overexpressed and purified using the
protocols described previoulsy.38’39 Uniformly labeled 15N—cyt bs, U-"N, 13C—cyt bs and U-
15N, 13C, 2H—cyt bs were expressed using Celtone-N, Celtone-CN and Celtone-DCN
complete media, respectively, with additional supplements listed in Dirr et al.* Prior to
expressing u-N, 2c, 2H—cyt bs, C41 cells containing pLWO1-cyt bs plasmid were
adapted to grow in 100% Lysogeny Broth (LB) medium by gradually increasing the D,0
concentration in the LB medium from 10, 30, 60, 80 to 100% D,0. After each successive
cycle, an LB culture was inoculated with three colonies that had been grown on a plate
containing a lower amount of D,0. The liquid culture with the higher amount of D,0 was
incubated for up to ~8 hours at 37 °C with shaking at 250 rpm. A volume of 50 pL of the
resulting culture was plated on an LB agar plate containing 0.24 mM carbenicillin and
the higher D,0 concentration. This process was repeated until the cells were able to
grow on LB plates containing 100% D,0. The protocols for the expression of U-*’N, C,
2H-cyt bs, 15N, 13C-cyt bsand 15N-cyt bs were identical; however, the cells were harvested
at a different time. For U-15N-cyt bs and U-lSN, 13C-cyt bs, the cells were harvested after
20 hours of incubation at 35 °C with shaking at 200 rpm, while for U-"N, ¢, 2H-cyt bs,
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cells were harvested after 48 hours. Purification of cyt bs was performed as described

38,39

elsewhere. Each purified protein exhibited a single band on an SDS PAGE gel.

3.3.3 Solution NMR Spectroscopy

All solution NMR experiments were performed at 298 K on a Bruker 900 MHz
NMR spectrometer equipped with a 5 mm triple-resonance TXI cryo-probe. Samples for
NMR were prepared using an appropriate amount of protein (0.1 mM - 0.5 mM) in 100
mM potassium phosphate buffer at pH 7.4 and 5% (w/v) glycerol (referred to as NMR
buffer) incorporated into either deuterated dodecylphosphocholine (DPC-D38, 45 mM
or 150 mM) micelles or lipid isotropic bicelles composed of 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC) lipids.
Protein NMR samples in isotropic bicelles were prepared using a 10% (w/v) mixture of

DMPC and DHPC lipids in 1:4 molar ratio (as described previous.ly30 and in Appendix D).

3.3.3.1 Sequence specific assignment and structural determination

3D-TROSY versions of HNCA and HNCACB spectra of U-°N, C-enriched cyt bs
were recorded with spectral widths of 15290 Hz (*H), 3571 Hz (**N) and 8048 Hz (*3C).
3D-TROSY versions of the HN(CA)CO and HNCO experiments were recorded with
spectral widths of 15290 Hz (*H), 3571 Hz (*N) and 5681 Hz (*3C). No visible protein
aggregation or degradation was evident and periodic *H-""N-TROSY-HSQC experiments
were conducted to verify that line-width broadening or chemical shift changes

associated with aggregation did not occur.
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Sequence specific assignment of 'HN, N, Ca, “*CB and *CO backbone
resonances was achieved using a set of TROSY-based 3D HNCO, HN(CA)CO, HNCA,
HN(CO)CA and HNCACB experiments.‘m’41 Intra-residue, inter-residue and sequential
nuclear overhauser effect (NOE) restraints were obtained from 3D *N-HSQC-NOESY and
13C-HSQC-NOESY spectra on fully-protonated U-"°N, 3C-labeled cyt bs in DPC-D38
micelles; these experiments were conducted at optimal mixing times of 80 ms and 100
ms, respectively. A 3D N-HSQC-TOCSY spectrum was also collected to assist in the
assignment of inter-residue NOEs. The 3D TOCSY and NOESY spectra were recorded with
spectral widths of 15290 Hz, 3571 Hz and 4200 Hz for *H, N and aliphatic protons,
respectively. All aromatic side chain protons and carbon atoms were assigned using *H-
'H-NOESY and 3D-NOESY. All 3D experiments made use of pulsed-field gradients for
coherence selection and artifact suppression, and utilized gradient sensitivity
enhancement schemes. Quadrature detection in the indirectly detected dimensions was
achieved using either the States/TPPI (time proportional phase incrementation) or the
echo/antiecho method. The 'H chemical shifts were referenced to 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) at 0.0 ppm and the 3¢ and N chemical shifts were
referenced indirectly.42 All NMR spectra were processed using either NMRPipe43 or

TopSpin 2.0 (Bruker). Sequential and NOE assignments were made using Sparky44.

3.3.3.2 Backbone N relaxation measurements

The N longitudinal relaxation rate (R;), °N transverse relaxation rate (R,) and
PN-{'H} steady-state nuclear overhauser effect (NOE) were measured on a sample
containing 0.2 mM U-"N, 3C, *H-labeled cyt bs in NMR buffer with 45 mM DPC. The N
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longitudinal and transverse relaxation time constants, T; and T, respectively, were
determined by collecting a time series of >N-HsQC spectra with sensitivity
enhancement. For T; measurements, the spectra were collected with relaxation delays
of 5, 40, 80, 130, 210, 330, 470, 630, 800, 1000 and 1400 ms (duplicate points for 40 and
130 ms). T, measurements were achieved by Carr-Purcell-Meiboom-Gill (CPMG) spin
echo experiments® with relaxation delays of 7.2, 14.4, 28.8, 43.2, 72, 100.8, 115.2 and
158.4 (with duplicate points for 14.4 and 43.2 ms). In the CPMG pulse train, the delays
between the 180 degree pulses were set to 0.9 ms. For both T; and T, measurements, a
recycle delay of 1 s was used and 2048 x 256 complex data points were collected with
24 scans and 16 dummy scans, and duplicate points for two relaxation delays were

46,47 .
47 \with

recorded for estimation of errors. 2D >N-{*H} steady-state NOE experiments
water flip-back pulse for water suppression48 were recorded with and without pre-
saturation of the amide protons; the proton saturation period and recycle delay were
3 s and 4 s, respectively, and 2048 x 256 complex data points were collected with 20
scans and 16 dummy scans. All the spectra were processed using NMRPipe43 and peak
heights were determined using Sparky44. T; and T, values were calculated by fitting the
peak heights as a function of relaxation delays in Sparky44. The NOE values were
calculated with NOE= Isgturated/ lunsaturated, Where lsaturated and lunsaturated are the peak heights
for each residue with and without pre-saturation, respectively; the error was calculated

in the same manner as Bailey et al.*’
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3.3.4 TENSOR2 analysis

50,51 .
n

Relaxation data were analyzed using the Lipari-Szabo model-free analysis
TENSOR2>%. The chemical shift anisotropy tensor angle from the N-H bond vector was
set at 18° according to the work done by Pandey et al. on full-length rabbit cyt bs in DPC
micelles.”® The value of t. (for the isotropic model) and diffusion tensor (for the
anisotropic model) were calculated based on the relaxation parameters of residues
within secondary structure elements® of the soluble domain (K10-R89), which had
NOE > 0.65 and an R,/R; value within 1.5 standard deviations from the mean.” The

errors for the diffusion tensor components and the isotropic correlation time were

obtained from 1000 Monte Carlo simulations.

3.3.5 Structure determination of the cyt b; soluble domain

Initial restraints for the backbone torsion angles ¢ and y were obtained from
chemical shifts using TALOS®®, provided as part of the NMRPipe* package, and NOE
patterns. The upper bound for all NOE distance restraints was initially set to 5 A and
adjusted for non-stereospecific assignment of methylene and methyl protons using the
method described originally for DYANA.>” The structure calculations were performed
with CYANA 2.1%® which uses simulated annealing in combination with molecular
dynamics in torsion angle space. Chemical shift tolerances of 0.02, 0.3 and 0.45 ppm
were used for 'H, *C and N, respectively. For initial structure calculations, only
unambiguous peak assignments, obtained from 3D NOESY, were used. More than 90%

of the peaks were assigned manually and the remaining peaks were assigned using
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CYANA 2.1°%, Using these assignments and TALOS-derived torsion angle restraints, an
initial ensemble of NMR structures was generated. Initial violated restraints were
identified and eliminated in subsequent rounds of structure calculations until a
consistent set of restraints was obtained with no violations greater than 0.2 A in the
ensemble. Assignments of ambiguous NOE cross-peaks were then made by applying a
structure-aided filtering strategy in repeated rounds of structure calculations. Starting

L59

ab initio, 100 conformers were calculated in 10,000 annealing steps each. PyMOL>” was

used to visualize the resulting ensemble of energy-minimized conformers.

3.3.6 Solid-State NMR Spectroscopy

Magnetically-aligned DMPC/DHPC bicelles, with a molar ratio of DMPC to DHPC
of 3.5:1 and a weight percentage of lipid of 30% (w/v), containing U-">N-cyt bs were
prepared as described elsewhere®. A two-dimensional Separated Local Field (SLF) NMR
experiment using the HIMSELF®® (heteronuclear isotropic mixing leading to spin
exchange via the local field) pulse sequence was obtained at 310 K using a ramped-
cross-polarization contact time of 0.8 ms, 2 s recycle delay and 32 t; increments on a
Bruker 900 MHz NMR spectrometer. Radio frequency field strengths of 50 and 35 kHz
were used for the WIM (windowless mixing)®* sequence during t; and SPINAL-64°

decoupling during acquisition, respectively.
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3.3.7 Docking of heme into the cyt b; NMR structure

HADDOCK 2.1 (High Ambiguity Driven biomolecular DOCKing)®*** was used to
incorporate the heme molecule into the NMR structure of cyt bs presented in this paper.
For the docking, the two molecules used were the heme molecule (type B) and the
twenty NMR-derived low-energy structures of cyt bs (Section 3.4.2 and Figure 3.8).
Unambiguous restraints (Table 3.1) were compiled based on distances (between the
heme and certain cyt bs residues) measured from the available NMR structure of cyt bs
(PDB code 1D09)%. During the docking steps, only residues adjacent to H44 and H68
(which coordinate the heme Fe(lll)) were set as semi-flexible (43-46 and 66-70,
respectively). The protonation state for histidines 44 and 68 was set to singly
protonated at HD1 to account for the coordination to the Fe(lll). As a first step, rigid
body energy minimization was used to dock 2000 structures. The second step included
the semi-rigid simulated annealing and the best 500 structures were selected for
refinement. The best 200 structures were then selected for final refinement with explicit
solvent in an 8.0 A shell of TIP3P water molecules. The 50 lowest energy structures were

then subjected to a detailed analysis.
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Table 3.1 List of restraints used for incorporating the heme (type B) into the NMR structure of
cyt bs using HADDOCK 2.1,

Cyt bs Heme Lower distance  Upper distance

Distance (A)

residue, atom  atom margin (A) margin (A)
L28, HD1# HAB 5.0 1.8 5.0
L28, HD2# HBC2 5.0 1.8 5.0
L28, HD2# HMC1 5.0 1.8 5.0
L30, HE Fe(lll) 5.0 1.8 5.0
H44, NE2 Fe(lll) 2.2 2.2 2.2
H68, NE2 Fe(lll) 2.2 2.2 2.2
L30, HD1# HMC1 5.0 1.8 5.0
L30, HD2# HMC1 5.0 1.8 5.0
L30, HD1# HBB2 5.0 1.8 5.0
H44, HD2 HB 5.0 3.0 5.0
H44, HE1 HD 5.0 3.0 5.0
H68, HD2 HB 5.0 3.0 5.0
H68, HE1 HD 5.0 3.0 5.0
H44, HD2 HMB2 5.0 3.0 5.0
H44, HD2 HMA?2 5.0 3.0 5.0
H44, HE1 HAC 5.0 3.0 5.0
H44, HE1 HMD1 5.0 3.0 5.0
H68, HD2 HMB1 5.0 3.0 5.0
H68, HD2 HMA3 5.0 3.0 5.0
H68, HE1 HMC3 5.0 3.0 5.0

3.4 Results

3.4.1 Sequence specific assignment of cyt bs

Isotopically labeled, full-length, wild-type, oxidized, microsomal rabbit cyt bs was
reconstituted in detergent (DPC) micelles. Standard TROSY-based multidimensional
solution NMR experiments and isotopic labeling schemes, including perdeuteration,
were employed to assist in resonance assignment and structure determination. Figure
3.3 and Figure 3.20b present well-resolved *H-""N-TROSY-HSQC spectra of uniformly B,

>N, 2H-labeled full-length cyt bs incorporated in DPC micelles at 25 °C. The *H-"N-
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TROSY-HSQC spectra exhibited well-resolved and dispersed NH correlations of cyt bs
residues, suggesting that the protein was well folded and monomeric under our sample
conditions.

Using standard three-dimensional solution NMR experiments, NMR resonance
assignment was achieved for 88.5% of the backbone and side chain atoms of residues
from the soluble domain of full-length cyt bs. Unambiguous backbone assignments for
non-proline residues included the following ranges of residues in the soluble domain K7-
H22, K24-129, H31-H32, V34-H44, E48-H85, D87-R89, L92-593, M96-L99, T101-D104 and
N106. Unambiguous assignment was also obtained for the backbone of the C-terminal
residues Y127, D133 and D134. Ambiguous assignment was obtained for residues A124,
M126 and R128. Accordingly, residues that did not have backbone assignment were
thus the proline residues (P45, P86, P95 and P116), the N-terminus (M1-D6), soluble
domain residues S23, L30, K33, G46, and G47, linker residues S90, K91, K94, 1100, the
transmembrane domain residues S105, S107-V123 and C-terminal residues L125, L129,
Y130, M131 and A132. A fully assigned 'H->N-TROSY-HSQC can be found in Figure 3.3.
Full chemical shift assighments of 'H, 3C and °N atoms has been deposited into the
Biological Magnetic Resonance Bank (code 18919).

An inspection of the 'H->N-TROSY-HSQC of cyt bs reveals two or more NMR
resonances for many residues. These additional NMR resonances are a result of the two
isomers (major and minor) of cyt bs that differ by a 180° rotation of the heme plane

65,66

about the axis that cuts through the meso-carbon atoms a and y (Figure 3.1). During

the expression of cyt bs, heme (type B) is added to apo-cyt bs and inserts in the two
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different heme orientations; at this stage, the two isomers are in relatively equal in
populations67 but interconversion (in the direction leading to a higher population of the
more stable conformer) takes place until they reach equilibrium.68 Steric interactions of
the 2-vinyl group of the heme in the minor conformer causes the heme to protrude out
of the binding pocket by around 1 A (compared to the major isomer) for rat cyt bs, and
the minor isomer of rabbit cyt bs likely experiences an even larger displacement because
of higher steric demands in the back of the heme pocket by L28 (instead of the valine

residue present in rat cyt bs);*%%

see Figure 3.12 to see the location of L28. This
displacement of the heme makes the S69 amide unable to hydrogen bond with one of
the heme propionates.”® Similarly, the displacement of the heme also substantially
disrupts the hydrophobic aromatic overlap between the heme system and residues F40
and F63.% The absence of these interactions in the minor isomer contributes to its
thermodynamic instability compared to the major isomer. The ratio of the populations
of the two isomers can be calculated by determining the peak intensity ratio (here in the
'H->N-TROSY-HSQC spectrum) for identical residues in the two isomeric forms. The
major/minor isomer ratio in our study for full-length rabbit cyt bs in 45 mM DPC was
determined to be about 6.6:1 which is similar to 5:1 ratio previously obtained for
truncated rabbit cyt bs*® and nearly identical to the isomer ratio of 6.5:1 for truncated
bovine cyt bs’® The ratios depend on the cyt bs species and has been reported to be as
high as 1.5:1 for rat cyt bs,”* despite the sequence similarity between rat and rabbit

cyt bs, see Figure 3.14. Interestingly, the major/minor isomer ratio differed when cyt bs

was in 45 mM (Figure 3.20b) or 150 mM (Figure 3.3) DPC micelles, with less minor
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isomer in the presence of 150 mM DPC. Although backbone assignments were done for
the resonance peaks of both the major and minor isomers, all structure analyses were
performed for the major isomer of ferric cyt bs.

CH,

H,C

O™ “oH o)

Figure 3.1 Heme type B molecule. This figures shows positions 2 and 4 to which the
vinyl groups are attached, as well as the a-y meso-axis (through the meso-carbons
labeled a and y).%®

NMR resonance assignments of the major isomer of cyt bs in DPC micelles
revealed that the *H-">N-TROSY-HSQC spectrum is dominated by resonances from the
soluble heme-containing domain and the flexible linker of cyt bs (Figure 3.3). The
absence of amide resonances for residues M1-D6, S23 and K33 is likely due to high
solvent exchange rates. Residues from the transmembrane (TM) domain of cyt bs could
not be identified in the *H->N-TROSY-HSQC spectrum. To identify the cause of the lack
of transmembrane domain resonances in solution NMR, and to determine the structure
and membrane topology of the TM domain, solid-state NMR was utilized (Section 3.4.5).

It is important to note here that the full-length form of cyt bs incorporated in a
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membrane mimetic (DPC micelles or lipid bicelles) was used for all solution as well as

solid-state NMR measurements.
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Figure 3.2 'H-'H planes extracted from a 3D °N-NOESY-HSQC recorded on fully
protonated U-*C, ®N-cyt bs in DPC micelles.
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Figure 3.4 Schematic representation of the sequential and medium range NOE connectivities involving NH, Ha and HB protons. The
secondary structure of cyt bs is shown for comparison. The secondary structure was obtained based on the CYANA 2.1-generated structure
(Figure 3.8) as defined by the NMR restraints (Table 3.2). The thickness of the bar indicates the NOE intensities.
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Figure 3.5 Ha-NH and NH-NH NOE connectivities observed in the >N-HSQC-NOESY spectrum
for helical segments of cyt bs. The connectivities (d for Ha-NH and dyy for NH-NH) are shown
for a-helices 1-5 and the 3,5 helix. These segments were chosen based on the final structure
generated from CYANA 2.1 via NMR restraints (Figure 3.8).
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Figure 3.6 NOE connectivities observed within the B-strands of cyt bs. This analysis was initially
done simply by looking at the >N-HSQC-NOESY cross-peaks, and was then modified to reflect
the orientation of atoms in the B-strands as observed in the CYANA 2.1 generated structure
(obtained from NMR restraints) in Figures 3.13. It can be seen that the B-sheets are not ideal B-
sheets (as shown in textbooks). For example, 181, G56 and A59 are twisted/distorted. The B-
sheet system on the left is a mirror image of the one presented in Figure 3.12.
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Figure 3.7 Proposed hydrogen bonds within the B-sheets of cyt bs. This figure was generated
following Figure 3.6. The hydrogen bonds are predicted based on the orientation of and
distances between the NH and CO atoms. The distances between the atoms were calculated
using PyMOL™. All of these hydrogen bonds were input as restraints in CYANA 2.1 except for
K10-NH to 181-CO and Y12-CO to H85-NH.

3.4.2 Three-dimensional tertiary structure calculation of the soluble domain of
full-length cyt bs

A high-resolution solution structure of the major isomer of ferric cyt bs (15 kDa)
in DPC micelles was calculated using a total of 1787 NOE restraints (Table 3.2). Strips
from the >N-NOESY-HSQC can be found in Figure 3.2; the majority of cross-peaks were

well resolved. Schematic representations of the NOE connectivities within the different
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secondary structure elements can be found in Figure 3.4, Figure 3.5 and Figure 3.6.
Distances derived from NOE restraints in conjunction with 39 hydrogen bonds (Table
3.3) and 112 (¢ and y) dihedral angles were inputted for structure determination into
CYANA 2.1°%. Thirty minimum energy conformers (Figure 3.8) with a backbone and
heavy atoms RMSD values of 0.32 + 0.10 A and 0.82 + 0.10 A, respectively, were
selected from 100 structures calculated in 10,000 annealing steps. Distance restraints
used for structural calculations and Ramachandran statistics can be found in Table 3.2.
HADDOCK 2.1°*®* was used to dock the heme molecule (type B) into the twenty NMR-
derived lowest-energy structures of cyt bs (see Methods Section 3.3.7). Fifty low energy
structures were obtained with no restraint violations. The five lowest energy HADDOCK-
generated structures are presented in Figure 3.9. The 23 lowest energy NMR-derived
structures of the soluble domain of full-length cyt bs, containing the heme docked by
HADDOCK, were deposited in the Protein Data Bank (code 2M33) and the Biological
Magnetic Resonance Bank (code 18919).

The sequence and NMR-derived secondary structure of the soluble domain of
full-length cyt bs can be found in Figure 3.11. The structure of the heme domain of cyt
bs contains five a-helices, five B-strands and one 3i9 helix. The N-terminus is
unstructured, with residues M1-D6 not observable by NMR (see Section 3.4.1) and
residues K7-V9 as random coil. The first B-sheet is observed for residues K10-Y12 with
an a-helix (a1, L14-H20) following shortly after. The proximal heme binding portion of
cyt bs consists of two helices in the lower cleft, labeled as a4 (T60-V66) and a5 (T70-

F79), two helices in the upper cleft, labeled as a2 (K39-E43) and a3 (E49-Q54), and three
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B-strands at the back of the pocket, labeled as B3 (K33-D36), B2 (W27-L30) and B4 (G56-
D58) (these structures can best be seen in Figure 3.8a and can be seen in the labeled
schematic in Figure 3.12). At the end of the structured soluble domain lie a B-strand (B5,
G82-L84) and a 319 helix (P86-R89). The linker region (S90-D104) was found to be
completely random coil.

The five B-strands combine to form two rather complex B-sheet systems. One of
the B-sheet systems involves B1 and B3 being hydrogen bonded on either side of B5
(forming a B5 sandwich); B1/B5 form a parallel B-sheet and B3/B5 form an anti-parallel
B-sheet. This can be seen schematically in Figure 3.6 and Figure 3.12 and from the actual
strands in the NMR structure as presented in Figure 3.13a. The other parallel B-sheet
formed between B4 and B2 is more conventional and can be visualized in Figure 3.13b,
as well as schematically in Figure 3.6 and Figure 3.12. All three of the B-sheets in cyt bs
are, however, distorted/twisted with atom orientations differing from the “ideal” B-
sheet hydrogen bonding network (as presented in textbooks); this can be seen in Figure
3.13 and schematically in Figure 3.6.

A loop of six residues is present between al and B2 (referred to as the al-f2
loop). Four B-turns were identified, according to their ¢ and y angles, between B2-f3,
B3-a2, a2-a3 and a3-B4 (a list of the residues and the types of turns in which they are
involved are listed in Table 3.4). It is interesting to note that there are several areas in
which only 1-3 residues are present between two secondary structure elements, such as
T13, G47-E48, A59, G67-569, 180-181 and H85. Based on these structural assignments,

H44, which coordinates the heme from the upper cleft of cyt bs, is found in a type Vla B-
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turn and H68, which coordinates the heme from the lower cleft of cyt bs is found in a

loop region.

Table 3.2 NMR and refinement statistics for the cyt b; NMR structure.

NMR distance and dihedral constraints

Distance constraints

Total NOE 1787
Intra-residue 377
Inter-residue
Sequential (|i—j| =1) 513
Medium-range (|i—j| < 4) 412
Long-range (|i—j| > 5) 485
Hydrogen bonds® 39
Total dihedral angle restraints
¢ 56
174 56
Structure statistics
Violations
Distance constraints (A) 0.2
Dihedral angle constraints (29) 0
Max. dihedral angle violation (2) 0
Max. distance constraint violation (A) 0.18
Ramachandran plot
Most favored (%) 71.70
Allowed (%) 25.90
Generously (%) 2.30
Disallowed (%) 0.00
Average RMSD (K7-R89) (A)
Heavy 0.82+0.10
Backbone 0.32+0.10

'Hydrogen bond restraints can be found in Table 3.3.
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Table 3.3 Hydrogen-bond restraints used for the determination of the NMR structure of

cyt bs.

Residue # Residue #
and atom and atom
12 N-H 83 C=0
29 C=0 59 N-H
29 N-H 57 C=0
41 C=0 44 N-H
17 N-H 13 C=0
69 C=0 72 N-H
16 N-H 13 C=0
69 C=0 73 N-H
70 C=0 74 N-H
19 N-H 16 C=0
56 N-H 27 C=0
76 C=0 79 N-H
30 N-H 33 C=0
71 C=0 75 N-H
35 N-H 28 C=0
72 C=0 76 N-H
34 N-H 82 C=0
89 N-H 86 C=0
40 C=0 44 N-H
66 N-H 63 C=0
81 N-H 34 C=0
82 C=0 34 N-H
54 N-H 51 C=0
55 N-H 52 C=0
51 N-H 48 C=0
53 N-H 49 C=0
62 N-H 59 C=0
66 N-H 63 C=0
67 N-H 63 C=0
63 N-H 59 C=0
57 N-H 54 C=0
52 N-H 48 C=0
78 N-H 75 C=0
36 N-H 79 C=0
83 N-H 10 C=0
90 N-H 86 C=0
92 N-H 87 C=0
43 N-H 40 C=0
77 N-H 74 C=0
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Figure 3.8 Overlay of the thirty lowest energy cyt bs structures generated from CYANA 2.1
based on the NMR restraints in Table 3.2. The backbone RMSD (K7-R89) is 0.32 + 0.10 A. Only
residues from the N-terminus and the structured soluble domain are shown. Because the linker
had no restraints and was completely unstructured, the RMSD of the linker region is very high
and was therefore omitted from the figure.
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Figure 3.9 Overlay of the five lowest energy structures obtained from docking the
heme (type B) molecule into the NMR structure of cyt bs, using HADDOCK®*%*, The
restraints can be found in Table 3.1. No violations were obtained in these HADDOCK
simulations. The 23 lowest energy structures were deposited into the Protein Data
Bank with code 2M33.

180
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-180
-180 -90 0 90 180

Figure 3.10 Ramachandran plot for the NMR structure of full-length cyt bs
(M1-D134) in DPC micelles, produced by CYANA 2.1.*®
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Figure 3.11 Sequence and secondary structure of the soluble domain of full-length rabbit cyt bs, incorporated in DPC micelles, solved by
solution NMR and generated by CYANA 2.1. The secondary structure boundaries were defined by MOLMOL” and the observed

presence/absence of NOEs.
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Figure 3.12 Simplified schematic diagram of the cyt bs structure showing the
different secondary structure elements and how they are connected. Residues
K39-Q54 serve as the upper cleft and residues T60-F79 serve as the lower cleft; the
heme is coordinated by H44 and H68. The B-strands K33-D36, W27-L30 and G56-
D58 serve as the back of the heme binding pocket. All secondary structure elements
on the left of the diagram are either in the posterior of the cyt bs structure or the
bottom of cyt bs (residue L84 to linker).

Table 3.4 B-turns present in full-length cyt bs structure solved by NMR.

Residues | B-turn type
129-H32 Type |l
L37-F40 Type |

E43-G46 Type Vla
Q54-G57 | Type ll
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Figure 3.13 All B-strands present in the structure of wild-type cyt bs;, showing the likely hydrogen bonds. In red: oxygen, blue: nitrogen, green:
carbon and white: hydrogen. This figure was generated with PyMOL’.
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Figure 3.14 Sequence and structure comparison of our NMR structure of cyt b; with other NMR structures of cyt bs. Wild-type, ferric cyt bs
(unless otherwise noted) from the following species: rabbit (1D09)*, human (2196)**, bovine (1HKO)?, rat (1AW3)* and rat (reduced) (1AQA)*.
Secondary structure elements are color coded, with red for a-helices and blue for B-sheets. The sequence alignment was performed by

Sequence Annotated by Structure (SAS)’® and then trimmed down to cover fewer PDB structures (some of the PDB structures were superseded

by more recent structures and were therefore removed).
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3.4.3 Backbone relaxation measurements

The R4, R, and 15N-{lH} NOE values were measured for full-length 13C, 15N, ’H-
labeled cyt bs in DPC micelles at 900 MHz (Figure 3.15). In the following analyses, a
deviation greater than one standard deviation from the mean (for the entire range of
the measurement # its respective fitting error) was deemed significant. Residues with a
fitting error greater than 15% were omitted from all analyses. The average R; value for
all observed cyt bs residues (K7-D104) in DPC micelles was 1.06 + 0.35 s, This value is
much smaller than the average R; values obtained for truncated rat (both reduced and
oxidized), bovine and human cyt bs of 1.9 + 0.1, 1.92 + 0.07 and 1.87 + 0.25 st

217475 Since the cyt bs under study here was full-length, the dynamics of the

respectively.
N-terminus and linker regions, in addition to the soluble domain, could be monitored. N-
terminal residues K7-D8 and the assigned linker residues (L92, S93, M96-L99 and T101-
D104) had significantly higher R; values (averages of 1.96 + 0.07 s™* and 1.74 + 0.09 s™,
respectively) than all other residues in cyt bs. Residue E49 also appeared to have a large
R; value (1.54 s™) but the accuracy of this measurement was low (error of 25%). If we
consider only the compact soluble domain (K10-R89), the average R; value for cyt bs
residues was 0.925 + 0.157 s this value is more than half the value obtained for
truncated human cyt bs (1.87 + 0.24 5'1)21. Within this subset, a few residues had R;
values significantly larger than others (> 1.082 s for their entire error range): H22 (1.28
s), K24 (1.25 s%), D71 (1.21 s%) and L84 (1.26 s™); these residues are located in loops

and at/near the end of a secondary structure element and all these residues (except for

L84) were shown to be dynamic via molecular dynamics (MD) simulations.”® Within the
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same subset, residues with R; values significantly lower (< 0.768 s for their entire error
range) were identified as L28 (0.710 s1), E42 (0.724 s), E43 (0.684 s), A55 (0.712 s
and V66 (0.732 s%); these residues are in secondary structure elements, except for A55
which is a one-residue gap between secondary structure elements and therefore cannot
experience high mobility. It should be noted that A55 was hypothesized to be dynamic
from MD simulations but is shown here to less dynamic based on R; measurements.’®
The average R, value for all observed cyt bs residues (K7-D104) in DPC micelles
was 23.0 + 4.0 s’ This value is more than double the value obtained for truncated
ferrous rat cyt bs (-8 s™),% truncated ferric bovine cyt bs (9.44 + 0.93 s)”* and truncated
human cyt bs (7.4 + 1.7 s'1)21. The R, values were significantly lower for K7-V9 (average
of 12.3 + 2.2 s%) and linker residues $93, E97-L99 and T102-D104 (average of 16.2 +
0.5 s). If we consider only the compact soluble domain (K10-R89), the average R, value
was still around the same magnitude, at 24.2 £ 2.7 s, Within this subset, K10 (19.8 s'l),
E42 (19.3 sY), E43 (19.6 s), H44 (19.8 s!) and G67 (20.1 s™) had significantly lower R,
values (< 21.5 s for their entire error range). Within this same subset, D87 (33.4 5'1) and
D88 (30.3 s™) had significantly higher (> 26.9 s™ for their entire error range) R, values.
The paramagnetic Fe(lll) is expected to have a negligible effect on the i\,
relaxation rates of any residue farther than 7.0 A from the Fe(lll) of cyt bs.”>’""® Based
on our NMR structure of cyt bs, the only backbone amide nitrogen that is within 7.0 A
from the Fe(Ill) is for residue S69, which is 6.98 A away. Despite the proximity of the S69
amide nitrogen, its relaxation parameters are not different from nearby residues,

although its R, and NOE values have relatively large errors (Figure 3.15). Other residues
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that have backbone amide nitrogens that are close to 7.0 A are H44 (7.44 A), G46 (7.67
R), H68 (7.21 A) and A72 (7.34 A). None of these amide nitrogens exhibited a behavior
that differed from other nearby residues and both of their rates and NOE values were
close to the average values. It should be noted that the relaxation measurements of H68
could not be completed because of the large error in the peak height measurements of
its resonance.

The average R»/R; value was 23.6 = 7.1 for all observed cyt bs residues (K7-D104)
in DPC micelles. The average R,/R; value for bovine cyt bs was 5.9 + 0.9,”” which is about
one quarter less than what we obtained for full-length cyt bs incorporated in a
membrane. N-terminal residues K7-K10 and linker residues L92-S93, M96-L99 and T101-
D104 had R,/R; values significantly lower than other residues (averages of 8.1 + 4.2 and
10.2 £ 1.2, respectively), and none had R,/R; values that were significantly higher. The
N-terminus and linker residues therefore experience fast time scale motions.”*®® Within
the structured soluble domain (K10-R89), the average R,/R; value was elevated at 26.5 *
3.3. Within this subset, K10 (19.4), G67 (20.2), D71 (20.1) and L84 (19.8) had significantly
lower R,/R; values (their entire error range was < 23.1) because they had R, values on
the lower end; and no residues had significantly higher R,/R; values.

The average steady-state NOE value for all observed cyt bs residues (K7-D104) in
DPC micelles was 0.80 + 0.20. This value is similar to the one obtained for truncated
bovine’* and human?! cyt bs (within the error ranges) and is typical for natively folded
proteins.*® N-terminal residues K7-K10 and linker residues $93, M96-L99 and T101-D104

had significantly lower NOE values, with averages of 0.47 + 0.06 and 0.38 + 0.07,
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respectively. The remainder of the residues (Y11-R89 and L92) had an average NOE
value of 0.87 £ 0.11; this overlaps with the value for truncated human cyt bs of 0.75 +
0.05.%* Within this subset, H31 (0.70), E42 (0.69), E43 (0.60), L51 (0.65), R73 (0.61) and
L75 (0.72) had significantly lower NOE values (< 0.77 for their entire error range). The N-
terminal and linker residues, as well as H31, E42-R43, L51, R73 and L75 therefore have
large amplitude fast internal motions. Residues L51, R73 and L75 agree with residues
highlighted as dynamic by MD simulations.”® We can highlight the additional residues
H31 and E42-E43 as also having large amplitude fast internal motions.

With the TENSOR2>? analysis, the best fit (lowest x’e.,) Was obtained for the fully
anisotropic rotational model (xz(s%) = 67.32 and xzexp= 61.72). This is consistent with
what was found for the TENSOR2 analysis of truncated ferrous rat cyt bs.®® After the
Monte Carlo simulations, the axially symmetric model was accepted even at the 90%
confidence level ()(2(10%) of 63.70). The principal components of the anisotropic rotational
diffusion tensor were D, = (1.431 + 0.057) x 10" s™, D, = (1.477 £ 0.054) x 10’ s and D, =
(1.716 + 0.083) x 10’ s*. This indicates that the diffusion of cyt bs is best described by
the prolate axially symmetric (in which D, and D, have similar values).®! The diffusion
tensor can also be written as D, = (1.452 + 0.044) x 10’ s* and D, = (1.726 + 0.081) x
10’ s*. From the three anisotropic tensor values, T..s was calculated to be 10.8 ns (see
formula in Eisenmann et al.®!). This value is twice as large as the ones obtained for
truncated rat and bovine cyt bs, which had t. values of 5.0 and 4.6 ns, respectively,74'75

and for a high concentration of truncated bovine cyt bs (6.7 ns).”” As a reference, the

isotropic model yields a t. of 10.74 + 0.09 ns ()(Zexp =69.88 and xz(s%) =73.22).
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3.4.4 The structure of the soluble domain of cyt bs is unaffected by its
membrane environment

The 'H-""N-TROSY-HSQC spectrum was also obtained for full-length cyt bs in 10%
(w/v) DMPC/DHPC isotropic bicelles with a g ratio of 0.25. The majority of the spectrum
was nearly identical to the one obtained in DPC micelles (Figure 3.16). The largest
chemical shift changes were observed for the tryptophan side chains (NH) resonances of
W109, W110 and W113 (unassigned in the spectrum, Figure 3.16). The other
resonances which experienced chemical shift changes are labeled in Figure 3.17. Many
of these residues are located either at the C-terminus (D133 and D134), linker residues
(L92, K94, E97 and L99), and some are resonances from the minor cyt bs isomer (L28%,
D58*, Y12* and likely more that were not conclusively assigned). Chemical shift
differences were also seen for residues K18, 129, D58, A59, D65, L84, H85 and D87,
which are in the structured soluble domain, but the chemical shifts of these residues
appear to vary based on the sample (see Figure 3.18) and should not be interpreted to
mean that these residues are affected by the membrane mimetic environment
differences. Four additional residues, L14, T60, E61 and R89, also experienced shifts
(Figure 3.17), but these residues were also seen as shifting between different samples of

cyt bs in DPC micelles (data not shown).
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Figure 3.16 ‘H-">N-TROSY-HSQC spectra of U->N-cyt bs in 45 mM DPC micelles (red) and 10% (w/v) DMPC/DHPC isotropic bicelles g = 0.25
(blue) overlaid on top. Nearly all residues exhibit the same chemical shift in both dimensions, indicating that the secondary and tertiary
structures of cyt bs are similar in both membrane mimetics. Residues which appear to experience a different chemical environment are labeled

in Figure 3.17.
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Figure 3.17 The central region of the *H->N-TROSY-HSQC spectra of U-°N-cyt bs in 45 mM DPC micelles (red) and 10% (w/v) DMPC/DHPC
isotropic bicelles g = 0.25 (blue) overlaid on top. The residues which experience a shift are labeled when assighment was unambiguous (Section
3.4.1). Most of the shifted residues are either at the C-terminus, the linker region (or residues adjacent to the linker), or second conformer peaks.
The remaining labeled residues were also observed to shift in other spectra and their perturbations are likely not caused by the membrane

mimetic.

134



115- N f
. _
= . [
& 120- [
® |

= g’
E |
kK _
< 125- i
= i

&
e
130- i
9.5 90 85 80 75 70

"H chemical shift (ppm)
Figure 3.18 The central region of the 'H->N-TROSY-HSQC spectra of two samples of cyt bs in DPC micelles: >N-cyt bs (red) and *C,"*N-cyt b

(blue) overlaid on top. This comparison shows that some of the resonances shift based on the sample conditions. H85 and D87 (not shown) are
also shifted in the same way as the previous figure (Figure 3.17) and Figure 6.4 in Chapter 6, respectively.

135



3.4.5 Establishing the topology and structure of the transmembrane domain of
full-length cyt bs in bicelles

As mentioned in Section 3.4.1, the resonances for residues in the TM domain of
cyt bs, reconstituted in isotropic bicelles (DMPC/DHPC) or DPC micelles, were not
identified in the 'H-"’N-TROSY-HSQC solution NMR spectra. While sequential NOE
assignment could not be carried out for the residues in the transmembrane domain,
ambiguous NOE assignments, without secondary structural information, were made
possible for the Ha and side chain protons of residues L121 to D134 in solution NMR. A
'H-N-HMQC spectrum recorded under magic angle spinning on a selectively N-
alanine labeled sample of cyt bs incorporated in DPC micelles displayed broad
resonances for the backbone amide-NHs of the four alanines present in the TM domain
of cyt bs, along with narrow resonances observed for the alanines in the soluble domain
(Figure 3.19). These data suggest that the restricted motion of the TM domain of cyt bs
incorporated in a DPC micelle, or isotropic bicelle, causes significant broadening of the
transmembrane domain resonances due to fast spin-spin relaxation. Therefore, to
obtain the structure of the TM domain of cyt bs, we employed an alternate technique of
static solid-state NMR spectroscopy on uniformly N-labeled full-length cyt bs
incorporated in bicelles® composed of DMPC and DHPC lipids in a 3.5:1 molar ratio,
which were magnetically-aligned in the external magnetic field.

A two-dimensional SLF NMR experiment using the HIMSELF* pulse sequence,
which is based on the PIWIMz (polarization inversion by windowless isotropic mixing)

pulse scheme, was performed on magnetically-aligned bicelles containing cyt bs (Figure
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3.20c). The resultant 2D SLF spectrum correlates >N chemical shifts with *H-">N dipolar
couplings. The two-dimensional spectrum in Figure 3.20c exhibits a distinct circular PISA
(polarity index slant angle)-wheel pattern of resonances between 60-100 ppm, which is
indicative of an a-helical conformation and was assigned to the TM anchor of cyt bs
based on our previous work.>*%?

The resonances in the SLF spectrum of a membrane protein depend on the
orientational constraints with respect to the external magnetic field rather than
interactions between the individual residues. Therefore, it is possible to derive valuable
structural constraints from the observed resonance pattern despite the lack of complete
resonance assignment for the PISA wheel. The observed PISA wheel was empirically
fitted® to determine the average tilt angle of the TM a-helix with respect to the bilayer
normal. The resonance pattern was consistent with an average tilt of 15 + 3°, in
agreement with our previously published work.* The value of the overall order
parameter of the TM domain was estimated to be 0.86. Additionally, a “structure fitting
algorithm” developed by Opella and coworkers®®> was used in combination with the

solid-state SLF NMR data to determine the backbone structure of the TM anchor as

presented in Figure 3.20a.

3.5 Discussion

Compared to the previously published structure of rabbit cyt bs, in which
residues M1-S5 (in our sequence) and L99-D134 were truncated (PDB code 1D09),%° our
solution NMR structure of the soluble domain of full-length rabbit cyt bs incorporated in

DPC micelles has some key structural differences (see Figure 3.14).
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Figure 3.19 The transmembrane domain of cyt bs is visible under magic angle spinning NMR. 'H-">N HMQC spectrum recorded on a selectively
>N-alanine labeled sample of cyt bs incorporated in DPC micelles. This spectrum was obtained from a 600 MHz Varian solid-state NMR
spectrometer under a 2.5 kHz spinning speed of the sample at 37 °C using a double-resonance magic angle spinning nanoprobe.
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Solution State NMR Data
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Figure 3.20 High-resolution NMR structure of rabbit microsomal cyt bs. (a) NMR structure of full-length cyt bs obtained from a combined
solution and solid-state NMR approach. The soluble heme domain structure (residues M1-S105) of full-length cyt bs was solved in DPC micelles
by solution NMR, with a backbone RMSD of 0.32 A. The transmembrane domain structure (residues N106-M126) of full-length cyt bs was
determined in aligned DMPC/DHPC bicelles using solid-state NMR spectroscopy. The structures of the soluble domain and TM domain were
combined to make this figure. (b) A *H-N-TROSY-HSQC spectrum of uniformly *°N, *C and *H-labeled cyt bsin micelles exhibiting well-resolved
peaks. (c) 2D HIMSELF spectrum of uniformly N-labeled cyt bs reconstituted in aligned DMPC/DHPC bicelles. The blue ring presents the best-fit
for the helical wheel pattern of resonances from the a-helical transmembrane domain of cyt bs.
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One of the differences is the presence of B1 (K10-Y12) in our structure, which is absent
in 1D09%; this is likely due to their truncation of residues M1-S5 which possibly causes
residues D6-Y12 have more mobility, hence their lack of structure. This B1l-strand is,
however, found in other species (Figure 3.14), but typically does not include residue
K10.%2 The length of al also varies depending on the species; in our structure, it
encompasses L14-H20, which is identical to the human cyt bs structure” but three
residues longer than the previous rabbit cyt bs structure®’. While residues W27-129 are
generally involved in a B-strand®®** (labeled B2 in our case), our structure is the only one
that also includes residue L30. The B3-strand (K33-D36) is identical in all structures.”®>*
Residues K39-E43 form the helix a2 in our structure, which is twice as long as the helix
observed in the previous rabbit cyt bs structure;?® the rat structures do, however,
include L41-E42 in this helix.”*** The third a-helix (a3) covers E49-Q54 in our structure,
which is one residue longer than the previous rabbit cyt bs structure.”® Helices a4 and a5
in our structure were identical to those found in the previous rabbit cyt bsstructure®
and encompasses residues T60-V66 and T70-F79, respectively; their lengths vary for
other species.” The PB4-strand (G56-D58) is absent in most of the other cyt bs
structures?®?+?3?* except for bovine cyt bs for which it only includes G57-D58.%* The B5-
strand, which encompasses G82-L84 in our structure, appears to be longer in other
structures®? and absent in the rat cyt bs structures®?*. The 314 helix (P86-R89) is one

residue shorter in the previous rabbit structure® but is absent in bovine” and human?

cyt bs.
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The linker region (S90-D104), which connects the cytosolic heme domain to the
a-helical transmembrane anchor, was previously characterized as random coil for
truncated microsomal rabbit cyt bs;?° however, the sequence was truncated at linker
residue L99. An extended unstructured conformation of the linker was also observed for
the NMR structures of cyt bs for which the sequences were truncated following the

2122 \we show here that for full-

linker region (and therefore contained the entire linker).
length cyt bs, incorporated in DPC micelles, the linker region was also found to be
random coil. Neither intra- nor inter-residue NOEs were observed for most of the linker
residues (S90-D104) due to the rapid solvent exchange at those amide positions. A cyt bs
linker region of at least 6-8 amino acids has been shown to be necessary to enable
formation of a functional complex between cyt bs and its full-length redox partner cyt
P450.% The extended form of the cyt bs linker region, presented in this chapter, likely
provides the flexibility and orientational freedom necessary for efficient complex
formation with its redox partners.2

The dynamics of full-length cyt bs were observed to be vastly different than for
previously characterized truncated cyts bs. For full-length cyt bs, the rates for R; were
much smaller and those for R, were much larger than all previously reported values for
truncated cyt b5.69’74’75’77’78 Statistical analyses of the R;, R,, R2/R; and NOE values were
performed and the dynamics of different regions of cyt bs were established. The
unstructured N-terminal and linker region residues were seen as having increased

mobility, on a fast time scale, compared to the rest of the soluble domain of cyt bs (high

R;, low R, and low NOE).®® This high mobility of the cyt bs linker region must also
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contribute to the ability of cyt bs to interact successfully with its redox partners. Low R,
values, as observed for the N-terminus, are typical for the ends of a protein, even for
unfolded proteins.87 Within the structured soluble domain, higher dynamics were seen
for the al1-B2 loop (H22 and K24), which is involved in the cleft opening, on top of cyt bs,
proposed by MD simulations (Figure 5.1).”° Residue D71 was also shown to have high
internal motions (large R;), which agrees with MD simulations.’® Additionally, L84 was
found to have fast time scale motions (large R;), which had not been identified in
previous studies; this residue is found at the end of the B5-strand. R; measurements
also indicated that the motion was found to be most restricted for the short one-residue
link between a3 and B4, in addition to backbone nitrogens in secondary structures.
Interestingly, the 315 helix right before the linker region was shown to be flexible on the
ms-us time scale (high R;). The only disagreement with the previous MD simulations’®
was for residue A55, which was not seen as dynamic on any time scale for full-length cyt
bs and in fact experienced less motions than the remainder of the soluble domain of cyt
bs (low R;). The paramagnetic Fe(lll) center did not have a discernible effect on the
relaxation rates of any observable cyt bs residues.

For molecules of the size of cyt bs (15 kDa), BN-{*H) steady-state NOE is more
sensitive to internal dynamics than R; and R, by a factor of 5 and 30, respectively.46 By
analyzing the heteronuclear NOE data, additional residues of the soluble domain of full-
length cyt bs (compared to the R, and R, analysis) were identified as having large
amplitude fast internal motions: the $2-B3 loop (H31), helices a2 (E42-E43), a3 (L51)

and a5 (R73 and L75). The latter two regions agree with previous studies showing higher
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mobility of those regions in truncated rat cyt bs’> and via MD simulations’®. The dynamic
nature of helix a2 (found here) is congruent with previous studies that have referred to
this helix as “poorly defined” for bovine cyt bs.? Interestingly, H31 was found to be
highly dynamic despite its location in the short gap between 32 and 3.

The soluble domain of cyt bs was found to have a prolate axially symmetric
diffusion tensor, and the effective correlation time (with a value of 10.8 ns) was double

47> The increase in correlation time is likely,

the values obtained for truncated variants.
in part, caused by the hydrodynamic drag coming from the linker,® which affects the

reorientation of the soluble domain.

3.6 Conclusion

Here we have presented the first full-length structure of rabbit cyt bs
incorporated in a membrane mimetic (DPC micelles or lipid bicelles) obtained using a
combination of solution and solid-state NMR spectroscopy. The heme domain and linker
region structures were established using solution NMR, and the transmembrane domain
structure and topology was determined using solid-state NMR; full-length cyt bs was
used for all NMR measurements. The structure of the soluble domain of full-length
rabbit cyt bs, incorporated in DPC micelles, was found to be similar but not identical to
the previously reported structure of truncated rabbit cyt bs. Our NMR structure has
additional B-strands (B1 and 4), longer (a1, B2, a2 and a3) and shorter (B5 and 3¢ helix)
segments for some of the secondary structure elements and only three identical
segments (B3, a4 and a5). The N-terminus and linker residues were found to be

unstructured and very flexible via relaxation measurements. Only few loop residues (in
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the B2-B3 and al-B2 loops) were defined as flexible; all others were as rigid as the
structured regions. The dynamics of full-length cyt bs, highlighted by the relaxation
measurements, were observed to be vastly different than for previously characterized
truncated cyt bs, which lack the interaction with the membrane mimetic. The overall
tumbling of the soluble domain of full-length cyt bs was found to be anisotropic and its
correlation time was found to be much larger than for truncated cyt bs. These
differences in the relaxation parameters and tumbling of cyt bs could be responsible for
the inability of truncated cyt bs to form a functional complex with cyt P450. The overall
structure of the soluble domain of cyt bs does not appear to be affected by the
membrane mimetic, likely because the long flexible linker keeps the soluble domain
distant from the membrane. Solid-state SLF NMR data, in combination with a “structure
fitting algorithm” was used to determine the a-helical structure of the transmembrane
domain of cyt bs. The detailed knowledge of the microsomal full-length cyt bs structure
will prove essential in understanding the interaction of cyt bs with its redox partners
(e.g. NADH cyt bs reductase and cyt P450). This NMR structure of full-length microsomal

ferric cyt bs was used in all of the following chapters.

3.7 Contributions

Le Clair prepared all figures except for the solid-state data and NOE strip plots;
wrote the entire chapter; analyzed all the NOE connectivities to make the figures;
verified the end points of each secondary structure element; performed the HADDOCK
simulations prior to the final run; statistically analyzed all relaxation data (R;, Rz, R2/R;

and NOE); performed the TENSOR2 analysis; did all comparisons between the cyt bs
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spectrum in DPC micelles versus DMPC/DHPC isotropic bicelles (and further analysis of

all cyt bs samples in DPC micelles to check for peak shifting). Ahuja ran all solution NMR

experiments. Ahuja and Vivekanandan solved the structure of the soluble domain of

cytochrome bs. Popovych performed the final HADDOCK simulation. Soong, Xu,

Yamamoto and Nanga solved the structure of the TM domain. Huang analyzed the

relaxation data and performed initial TENSOR2 analyses. Im expressed all cyt bs proteins.
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CHAPTER 4

Using NMR, mutagenesis and HADDOCK to determine the interface
between cytochrome bs; and cytochrome P450 2B4

4.1 Summary

In this chapter, differential line broadening of the cyt bs NMR resonances was
used to characterize the interaction epitope for cyt P450 2B4. Single site-directed
mutagenesis and double mutant cycle analyses were performed to identify the binding
hot spots on cyt bs and with which residues on cyt P450 they interacted. The
combination of these data was then used to generate complex structures with
HADDOCK. Different settings and parameters were tested with HADDOCK and are
reported in this chapter, and we show that unambiguous restraints (here from the
double mutant cycle analysis) are needed in order for the HADDOCK structures to
converge into possible orientations of cyt bs and cyt P450. Two final low energy complex
structures were proposed and we present a detailed analysis of the interfacial residues,
as well as the kinds of interactions in which they are involved. The electron transfer

pathway between the two proteins, predicted by HARLEM, is also shown.

Adapted from the manuscript entitled “A structural model of the membrane-bound 154
cytochrome P450-cytochrome bs; complex from NMR and mutagenesis data” by Ahuja S.,

Jahr N., Im S.-C., Vivekanandan S., Popovych N., Xu J., Soong R., Le Clair S. V., Nanga R. P.,

Yamamoto K., Bridges A., Waskell L. and Ramamoorthy A. This study was supported by NIH
(GM084018 and GM095640 to A. R. and GM35533 to L. W.) and a VA Merit grant (to L. W.).



4.2 Introduction

Cytochromes P450 (cyts P450) are a ubiquitous superfamily of mixed-function
oxygenases, which are found in all kingdoms of life but are especially abundant in
eukaryotes. Humans possess 57 different membrane-bound cyts P450.} They are found
in all tissues of the body and are responsible for influencing a dazzling array of
biochemical and physiological processes, including embryonic development, blood
coagulation, and the metabolism of carcinogens, environmental toxins, over 50% of
drugs in use, vitamin D and other exogenous and endogenous compounds.”?

Cyt P450 easily catalyzes the insertion of one atom of “activated” molecular
oxygen into a substrate, using two protons from water and two electrons from NAD(P)H.
Electrons destined for cyt P450 are first delivered to its redox partners, cyt P450
reductase (CPR) and cyt bs, which then transfer electrons to cyt P450.* CPR is capable of
transferring both electrons to cyt P450; however, cyt bs is capable of donating only the
second electron due to its high redox potential as compared to ferric cyt P450.>® The
influence of cyt bs on the activity of cyt P450 has been shown to depend on the cyt P450
isozyme and the substrate involved. While cyt bscan enhance some catalytic reactions

46811 At low

of cyt P450, it has no effect or even inhibits other reactions.
concentrations, cyt bs enhances the rate of catalysis by up to 100-fold, whereas at high
concentrations it inhibits catalysis by competing with CPR in binding to cyt P450 and

4,512

preventing the transfer of the first electron. Cyt bs and CPR are both negatively

charged proteins, which are known to have overlapping binding sites on cyt P450.1
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When the stimulatory and inhibitory effects of cyt bs are equal, cyt bs will appear to
have no effect on the catalytic activity of cyt P450.

To obtain an in-depth understanding of the molecular basis of the effects of
cyt bs on cyt P450 activity, it is necessary to determine the structure of the complex
between the full-length forms of cyt bs and cyt P450. Only the full-length, membrane-
binding form of microsomal cyt bs influences the enzymatic activity of cyt P450.*4%
Currently, all reported X-ray and NMR structural data pertain to truncated forms of cyt
P450 and cyt bs, in which their membrane anchors have been removed.’*™® The one
exception is aromatase (CYP19); however, no electron density was observed for the N-
terminal residues that are supposed to constitute the transmembrane region of the
protein.?

Despite recent advances in NMR methodology and isotopic labeling schemes,
the structure determination of large membrane-bound protein-protein (~70 kDa)
complexes remains a monumental task. The large size of the complex, in a membrane
mimetic, presents considerable challenges in terms of sample stability, spectral
sensitivity and resolution. To identify residues at protein-protein interfaces, the most
widely utilized techniques include single site-directed mutagenesis of each protein
partner (Section 2.1) and chemical shift perturbations monitoring with NMR (Section
2.3).2%?% Single site-directed mutagenesis and subsequent measurements of binding
constants have been used to successfully identify hot spot residues at the complex

23,24

interface for decades. Although not as routinely used, double mutant cycle analysis

can additionally be employed to home in on the identity of residues (from each protein
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partner) interacting cooperatively with one another at the interface (see Section 2.1 for

22730 T4 determine the interface in the absence of mutagenesis, and

more information).
in a physiological environment, NMR chemical shift perturbations analysis is routinely
used (Section 2.3). However, this type of analysis requires that the complex be relatively
long-lived on the NMR time scale. In the case of redox complexes, it is known that their
lifetimes are short-lived and that many complexes are formed in solution at any given
time (Section 1.4). During NMR experiments, redox protein residues therefore display a
chemical shift that is the average of the free protein and all bound forms (in which the
redox partners adopt various orientations with respect to one another); this leads to
averaging of the chemical shifts and the observation of very little perturbations.>*~*
Although not as easily understood, differential line broadening can then step in to fill
the gap because it relies on the relaxation parameters of the residues, which cannot be
averaged out. In fact, even when the bound state is invisible to NMR, the binding
interface can still be identified by looking at differential line broadening observed from

3435 when the rate of complex

the NMR signal arising from the unbound protein,
formation is fast and the protein comes off fast enough to affect the intensity of the free
state.® For a more thorough discussion on relaxation and differential line broadening,
refer to Section 2.4. In this chapter, to study the complex interface between cyt bs and
cyt P450 2B4, we applied a variety of these experimental techniques: single site-directed
mutagenesis of cyt bs, double mutant cycle analysis between cyt bs and cyt P450 2B4,

and differential line broadening observed for cyt bs residues upon interaction with cyt

P450 2B4.
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When experimental results cannot provide a detailed structure of the interface
(i.e. all residues interacting, the kind of non-covalent interactions and the orientation of
the proteins/residues), various docking methods can be utilized to generate a structure
of the protein complex.*”° High Ambiguity Driven biomolecular DOCKing (HADDOCK)*®~
3 stands out among the pack because of its ability to incorporate a variety of restraints
obtained experimentally, with a particular emphasis on NMR data and mutagenesis (see

Section 2.5). HADDOCK has proven to be highly effective in predicting protein-protein

44-46 47-49

complex structures and has even been applied to a few cytochrome complexes.
In this chapter, two different types of experimental restraints were incorporated during
docking via HADDOCK: unambiguous restraints and ambiguous restraints. The
unambiguous restraints define two residues/atoms (from opposing protein partners) as
being a certain distance from one another (Section 2.5.2); in this chapter, we defined
the interacting residues as those obtained from the double mutant cycle analysis.
Ambiguous restraints were then used to define which residues were at/near the
interface (Section 2.5.1); for this purpose, we defined the active residues as the solvent
accessible residues that are believed to be at the interface (based on NMR differential
line broadening for cyt bs and single site-directed mutagenesis for cyt P450) and passive
residues as solvent accessible, neighboring residues of the active residues. Since we
would like to eventually apply this similar type of methodology to other redox
complexes, it was also important to determine how much importance/weight each type

of restraint held in the complex structure generation (i.e. which were

necessary/superfluous). For example, do we need double mutant cycle analysis or are
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ambiguous restraints sufficient to obtain a complex structure that is likely productive (as
gauged by the orientation of cyt bs relative to the membrane, and the intermolecular
heme distance between cyt bs and cyt P450)?

In this chapter, single site-directed mutagenesis, double mutant cycle analysis,
and NMR differential line broadening were used to calculate the structure of the
complex , using HADDOCK, between microsomal rabbit cyt P450 2B4 (56 kDa) and rabbit
cyt bs (15 kDa) in their full-length forms. The extensive structural knowledge of the cyt
bs-cyt P450 complex provided here will prove to be essential in unraveling the molecular

mechanism by which cyt bs regulates the rate of catalysis of cyt P450.*

4.3 Materials and methods
4.3.1 Materials

The QuikChange Il XL site-directed mutagenesis kit was purchased from
Stratagene. L-3-dilauroylphosphatidylcholine (DLPC) was purchased from Doosan
Serdary Research Laboratories (Toronto, Canada) and methoxyflurane was obtained
from Abbott Laboratories (Abbott Park, IL). 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) were purchased from
Avanti Polar Lipids (Alabaster, AL). C41 cells were purchased from Lucigen (Middleton,
MI). >N CELTONE rich media, “H-dodecylphosphocholine (DPC), *3C-glucose, *°N-
ammonium sulfate and D,0 were purchased from Cambridge Isotope Laboratories
(Andover, MA). Resins, buffer components, benzphetamine and 3,5-di-tert-butyl-4-
hydroxytoluene (BHT) were purchased from Sigma-Aldrich. Glycerol for NMR
experiments was purchased from Sigma-Aldrich and Roche Applied Science. 1-(4-
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chlorophenyl)imidazole (1-CPl) was purchased from Oakwood Product, Inc (West
Columbia, SC).
4.3.2 Expression and purification of wild-type rabbit cyt P450 2B4, rat cyt P450
reductase (CPR) and rabbit cyt bs

The cyt P450 2B4 and cyt bs cDNA in pLWO01 and cyt P450-reductase (CPR) cDNA
in pSC-CPR plasmids were expressed in E. coli C41 cells and purified as described

13,50,51 ,, 15
U-

previously. N cyt bs was expressed as described in Chapter 3. Purification of

cyt bs, cyt P450 and CPR was performed as described elsewhere.’**!

Each purified
protein exhibited a single band on an SDS PAGE gel. Cyt P450 concentration was

quantified by the method of Omura and Sato.

4.3.3 Generation of mutants of cyt P450 2B4 and cyt by

Mutagenesis was performed using a QuikChange Il XL site-directed mutagenesis
kit (Stratagene) according to the manufacturer’s instructions. The oligonucleotides used
to generate the cyt bs mutants are shown in Table 4.1 and those for the cyt P450 2B4
mutants can be found in Bridges et al.** All oligonucleotides were synthesized by
Integrated DNA Technologies. Following mutagenesis, the sequence of the entire
mutated gene was determined at the University of Michigan DNA Sequence Core Facility

to confirm the mutation.
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Table 4.1 Sequences of oligonucleotide primers used to mutate cyt b; cDNA.
P45A 5'-CTGGAGGAGCACgccGGAGGGGAGGAA
G46A 5-GGAGGAGCACCCTgccGGGGAGGAAGTC
E49A 5-GGAGGGGAGgccGTCCTGAGGGAACAAGC
V50A 5-GGAGGGGAGGAAgccCTGAGGGAACAAGC
E53A 5'-AGTCCTGAGGgccCAAGCTGGGGGCGA
Q54A 5’-AGTCCTGAGGGAAgccGCTGGGGGCGATGC
N62A 5'-GGCGATGCCACTGAAgccTTTGAGGACGTC
D65A 5’-GAAAACTTTGAGgEccGTCGGGCACTC
V66A 5-CTTTGAGGACgccGGGCACTCGAC
D71A 5’-CGGGCACTCGACAgccGCCAGAGAGCTG
L75A 5’-CAGATGCCAGAGAGgccTCCAAGACCTTC

*The bases that were added to introduce the indicated mutation are shown in
lowercase letters.

**Sequences of oligonucleotide primers used to mutate cyt P450 cDNA have been
published previously.™

4.3.4 Solution NMR of the cyt bs-cyt P450 complex

All solution NMR experiments were performed at 298 K on a Bruker 900 MHz
NMR spectrometer equipped with a 5 mm triple-resonance TXI cryo-probe. NMR
spectra were processed with Topspin 2.1 (Bruker) and analyzed in Sparky®. Complex
samples contained a 1:1 molar complex of 0.1 mM isotopically N-labeled cyt bs and
unlabeled cyt P450 2B4 in NMR buffer in 10% (w/v) isotropic bicelles with a composition
of DMPC and DHPC lipids in a 1:4 molar ratio (g ratio of DMPC/DHPC = 0.25). Isotropic
bicelles were added to the preformed complex just before transferring to a Shigemi
tube. Isotropic bicelles were prepared as outlined previously54 and in Appendix D. For
experiments in the presence of the substrate and inhibitor (BHT and 1-CPl), the small
molecule was added to a final concentration of 0.2 mM to the preformed (and
concentrated) cyt bs-cyt P450 sample (1:2 molar ratio for cyt P450:substrate) before the

addition of isotropic bicelles. In order to assess the formation of the cyt bs-cyt P450
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complex in the presence of BHT, three cyt P450 titration points were performed in the
sample. All titration points were carried out by adding aliquots of an unlabeled cyt P450
stock solution to a final concentration of 0.03 mM, 0.06 mM and 0.10 mM cyt P450, to a
sample containing 0.1 mM N-labeled cyt bs in isotropic bicelles. To demonstrate that
an active form of the complex was being studied, SDS gels were run before and after
NMR experiments, and CO assays (Figure 4.5) and activity assays were performed (Table

4.15).

4.3.5 Determination of cyt P450 2B4 activity in solution and bicelles
4.3.5.1 Methoxyflurane

The metabolism of the anesthetic compound methoxyflurane (CsH4Cl,F,0) by cyt
P450 2B4 was measured in a reconstituted aqueous system with and without cyt bs.**
The activity of cyt P450 was also measured in bicelles in the presence and absence of
cyt bs. The activity was quantified by recording the amount of fluoride ions produced.
The components were mixed together in the following sequence: cyt P450 2B4, CPR and
DLPC. The mixture was then incubated for 5 minutes at room temperature, and either
cyt bs or buffer was added to the mixture, which was then incubated for an additional 1
hour at room temperature. Following the 1 hour incubation, 50 mM potassium
phosphate buffer of pH 7.4 saturated with methoxyflurane (1 pL/mL), glucose-6-
phosphate and glucose-6-phosphate dehydrogenase were added, and the solution was
further incubated at 37 °C for 5 min. NADPH was added to start the reaction. The final
volume of the reaction mixture was 500 pL and it contained 50 mM potassium

phosphate buffer, 1 uM cyt P450 2B4, 1 pM CPR, 120 uM DLPC, 1 uL/mL
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methoxyflurane, 300 uM NADPH, 5 mM glucose-6-phosphate, 1 U/mL glucose-6-
phosphate dehydrogenase and cyt bs (0 or 1 uM). The resulting reaction mixture was
incubated at 37 °C with shaking at 150 rpm for 30 min and then quenched by heating at
70 °C for 2 min. The fluoride ion concentration of the solution was quantified using a
fluoride ion electrode (Thermo Scientific). The assay for the metabolism of
methoxyflurane in the presence of bicelles was conducted as described above except
that the cyt P450-CPR-cyt bs complex was added to DMPC/DHPC (3.5/1) bicelles at 4 °C.
Bicelles were prepared and pre-cooled as previously described.*® The mixture was
incubated at 4 °C for 30 min. The potassium phosphate buffer saturated with
methoxyflurane and the NADPH generating system were added. The final concentration
of DMPC was 110 mM. The result of the methoxyflurane assay is presented in Table

4.11, Table 4.12 and Table 4.15.

4.3.5.2 Benzphetamine

The metabolism of benzphetamine was measured by determining the amount of
formaldehyde produced by the N-demethylation of benzphetamine using Nash’s
reagent as described previously.13 The final concentration of the reactants in the
mixture was 50 mM potassium phosphate buffer (pH 7.4), 0.2 uM cyt P450 2B4, 0.2 uM
CPR, 24 uM DLPC, 1 mM benzphetamine, 300 phM NADPH, 0 or 50 mM DMPC/DHPC
bicelles and cyt bs (0 or 0.2 uM). The results of the benzphetamine assays are presented

in Table 4.15.
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4.3.6 Determination of cyt bs-cyt P450 equilibrium dissociation constant (K;) in
the presence of a substrate/ligand

The Ky of the binding between ferric cyt P450 2B4 and ferric cyt bs was
determined as previously described™® by measuring the type | spectral change (a
decrease at 420 nm and an increase at 385 nm in absorption) occurring when cyt bs is
added to an aqueous solution of cyt P450 2B4, in the presence of the substrate such as
methoxyflurane or BHT. The Ky could not be calculated in either micelles or bicelles due
to an absence of type | spectral change in the presence of a membrane mimetic. The Ky
was used to calculate the free energy of binding, AG, using Equation 2.1 in Chapter 2.
The Ky for the complex formation of all possible pairs of wild-type and mutants
combinations of cyt P450 2B4 and cyt bs was determined as described previous.ly13 and

are presented in Table 4.11, Table 4.12, and Table 4.13.

4.3.7 Cyt bs-cyt P450 complex HADDOCK structure calculation

HADDOCK involves rigid-body docking, followed by molecular dynamics
simulations that allow selected amino acid side chains, as well as parts of the backbone,
to move freely, in order to improve the complementarity and electrostatic interactions
at the interface. The HADDOCK 2.1%%*" algorithm was used in all the simulations
performed in this chapter. In all simulations, rigid-body energy minimization was done
for 2000 structures of the complex. The second step included semi-rigid simulated
annealing from which the best 500 structures were selected for refinement. The best

150 structures were further refined with explicit solvent in an 8.0 A shell of TIP3P water
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molecules. The 50 lowest energy structures were selected for the final analysis and

grouped into clusters based on the backbone RMSD.

4.3.7.1 Structure of cyt bs and cyt P450 2B4 used for docking simulations

For the HADDOCK calculations, the NMR structure of full-length cyt bs (Chapter
3). This structure consists of a structured soluble domain from residues K7 to R89, and
an unstructured linker from residue S90 to D104. A high-resolution structure of the
transmembrane domain of cyt bs was not obtained, but the unstructured tail was left in
some of the docking simulation in order to make the clustering of the different complex
structures easier. No interactions were seen between the transmembrane domain of cyt
bs and cyt P450 2B4.

The structure used for cyt P450 2B4 has PDB code 1SUO’. This structure
contains the ligand 4-(4-chlorophenyl)imidazole (4-CPl); this was done to account for
any structural changes that occur to cyt P450 upon binding substrate (cyt P450 is
believed to go from an open form to a closed form when bound to a ligand). Overall, the
many different crystal structure of cyt P450 2B4 bound to different ligands are similar;
minimal changes are observed on the proximal side of cyt P450 (where the heme is
closest to the surface). While there are some structural changes based on the ligand, the
changes are primarily on the distal side and are likely due to surface binding of the
ligand or may be attributed to crystal contacts. The structure of 1SUO contains no
excess ligand on the proximal surface, and the ligand is only found inside the binding

pocket.
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4.3.7.2 Generating the ligand topology files and parameter files

The PRODRG2® server (http://davapcl.bioch.dundee.ac.uk/prodrg/) was used to

generate both the ligand topology and parameter files. The following steps were taken:

Go to the tab “Run PRODRG.”
Get a token by submitting your email address.
Input the PDB coordinates or whatever input you have for your molecule

Will generate two text files: - param.txt (red: ligand code; blue: pdb

code) - top.txt

The “param.txt” file is the parameter file and the “top.txt” file is the topology file.
Go inside the topology file and look at how it refers to the ligand, i.e. Residue _ _
_, the three-letter code the server has given for the heteroatom. In our case, it
referred to the ligand as CPH in the topology file and not CPZ (which is what was
used in the pdb file for P450). Go into the protein pdb file and change the ligand
name in your pdb files according to the nomenclature used in these topology files.
It's easier to edit the pdb file than the ligand files because they are less
complicated.

Remove the following from ligand.param: NBONds <BR> TOLERANCE=0.5
NBXMOD=5 WMIN=1.5 <BR> REPEL=1.0 REXPONENT=4 |IREXPONENT=1
RCONST=16.0 <BR> CTONNB=5.5 CTOFNB=6.0 CUTNB=7.0 <BR> END - this is done
so that electrostatic interactions are taken into account in the energy
minimization.

ligand.param can include information on the ligand and the heme, so if it contains
information on the heme, make sure to copy and paste the information from the
param.txt file you just generated and input it into the ligand.param file you already
have with the heme. The ligand part usually starts with “evaluate (...)” and with
“eval” in the front of every line. Replace this part with the generated ligand file
until “set message=on echo=on end.”
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4.3.7.3 Modifying the pdb files for HADDOCK
The PDB file obtained from the Protein Data Bank needs to be modified prior to
running HADDOCK. The following need to be done to the PDB file:

- Remove everything prior to “ATOM 1”.

- Keep only one protein monomer (if have A, B, C, etc, keep only monomer A).

- Delete lines for water molecules (HOH).

- Delete lines with connections (CONNECT).

- Remove TER lines, which just separate sections in the PDB.

- Remove all A’s (which just indicate the monomer identity). Replace all “_A_” with
“ " (read: “spaceAspace” and “spacespacespace”).

- Don’t delete HETATM (heteroatoms).

- Replace all “HETATM” (atoms of the ligand) with “ATOM__"” [HADDOCK doesn’t
recognize HETATM] [need two spaces to account for the right number of
characters].

- Replace “FE” to “FE+3” [HADDOCK recognizes only the metals with the charge].

- Replace “HEM” with “HEB” for heme B (HEM is for heme C).

- Replace “CYS 436” (represents cysteine with H still attached to S) with “CYF 436"
(represents cysteine without H attached to S) — cysteine is coordinated to the Fe
with the H removed.

- Change the ligand name depending on your ligand topology file code, if it's
different. For all the runs, the ligand was kept inside the PDB to maintain the
integrity of the crystal structure.

- Keep “END” at the end.

4.3.7.4 Instructions for running HADDOCK
A manual and HADDOCK tutorials can be found on their very informative website

(http://www.nmr.chem.uu.nl/haddock/). However, the presence of 4-CPI, the cyt bs

heme and the cyt P450 heme warrant additional instructions, which can be found in

Appendix A.
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4.3.7.5 Histidine protonation states

In HADDOCK, the default protonation state of the histidine is set as doubly
protonated (both HD1 and HE2, see Figure 4.1). To set manually the protonation states
of the histidines, it is necessary to determine whether HD1 or HE2 is protonated, both
are de-protonated or both are de-protonated. The protonation state of all histidines at
pH 7.4 was determined by generating the PQR file via the PDB2PQR server’® at pH 7.4
(Appendix B). For cyt bs, none of the histidines were doubly protonated, with the
following histidines being singly protonated at HD1: 20, 22, 44, 68 and 85; and the
following singly protonated at HE2: 31 and 32. For cyt P450 2B4 (using the PDB structure
1SUQ), residue 252 was determined to be doubly protonated and therefore left at the
default setting. The other histidines had the following singly protonation states, with
HD1 for 284, 285, 354, 369, 397 and 492, and HE2 for 172, 231,319, 335 and 412. The
following residues need to be entered in the “histidine patches” section of the run.cns
file. In total, 11 residues have HD1 set as singly protonated, and 7 residues have HE2 set
as singly protonated.

!

HB2 —=a CBw— HB3

A

HD2 /CG\ HD1

NcD2 ND1“
NE2—CE1
/ \
HE?2 HE1

Figure 4.1 CYANA labeling scheme of histidine atoms.

168



4.3.7.6 Solvent accessibility calculation for this chapter
The solvent accessibility of cyt P450 and cyt bs were determined by Accelrys
Software Inc.>® and ASAView®, respectively. Residues which had solvent accessibility

greater than 40% were considered solvent accessible.

4.3.7.7 Unambiguous restraints for the hemes and 4-CPI

To prevent unwanted results, a set of unambiguous restraints was used to keep
the non-protein molecules in place during the docking simulation. Restraints for the
ligand 4-CPI (present in the 1SUO structure) can be found in Table 4.2; 4-CPI is labeled as
residue #600 in the PDB text. The restraints to hold the hemes of both cyt P450 2B4 and
cyt bs can be found in Table 4.3 and Table 4.4, respectively; the heme is labeled as

residue #500 in the PDB files.

Table 4.2 Restraints between 4-CPI and cyt P450 2B4.

Residue#- Residue#- Distance Lower distance Upper distance
AtomName AtomName (R) margin (A) margin (A)
#1 #2
600 N1 500 "FE+3" 2.30 0.0 0.0
600 C5 500 NB 3.10 0.0 0.0
600 C5 500 NC 3.60 0.0 0.0
600 N1 500 NC 3.10 0.0 0.0
600 N1 500 NA 2.80 0.0 0.0
600 C2 500 ND 3.30 0.0 0.0
600 N1 436 SG 4.39 0.0 0.0
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Table 4.3 Restraints between cyt P450 and its heme.

Residue#- Residue#- Distance Lower Upper
AtomName AtomName (R) distance distance
#1 #2 margin (A) margin (A)
436-5G 500-"FE+3" 2.3 0.5 0.0
500-"FE+3" 436-5G 2.3 0.5 0.0
500-"FE+3" 500-NA 2.06 0.0 0.0
500-"FE+3" 500-NB 2.05 0.0 0.0
500-"FE+3" 500-NC 2.07 0.0 0.0
500-"FE+3" 500-ND 2.05 0.0 0.0
500-02A 369-NE2 3.13 0.0 0.0
500- 02D 98-NH2 3.24 0.0 0.0
500- CBC 295-0 4.00 0.0 0.0
500-CBC 295-CB 4.69 0.0 0.0
500-C3C 298-CB 4.36 0.0 0.0
500-C2C 298-CB 5.14 0.0 0.0
500-CMB 302-CG2 4.98 0.0 0.0
500-CMB 302-CB 4.50 0.0 0.0
500-CMB 302-0G1 4.64 0.0 0.0
500-C2B 302-0G1 3.69 0.0 0.0
500-C3B 302-0G1 3.07 0.0 0.0
500-CAB 302-0G1 3.30 0.0 0.0
Table 4.4 Restraints between cyt b; and its heme.
Residue#- Residue#- Distance Lower distance Upper distance
AtomName  AtomName (A) margin (A) margin (A)
#1 #2
500-HAB 28-HD1# 5.0 3.2 0.0
500-HBC2 28—-HD2# 5.0 3.2 0.0
500-HMC1 28—-HD2# 5.0 3.2 0.0
500-"FE+3" 30-HE 5.0 3.2 0.0
500-"FE+3" 44-NE2 2.3 0.5 0.0
500-"FE+3" 68—NE2 2.3 0.5 0.0
500-HMC1 30-HD1# 5.0 3.2 0.0
500-HMC1 30-HD2# 5.0 3.2 0.0
500-HBB2 30-HD1# 5.0 3.2 0.0
500-HB 44—HD2 5.0 2.0 0.0
500-HD 44—-HE1 5.0 2.0 0.0
500-HB 68—HD2 5.0 2.0 0.0
500-HD 68—HE1 5.0 2.0 0.0
500-HMB2 44—HD2 5.0 2.0 0.0
500-HMA2 44-HD2 5.0 2.0 0.0
500-HAC 44-HE1 5.0 2.0 0.0
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500-HMD1 44-HE1 5.0 2.0 0.0

500-HMB1 68—HD2 5.0 2.0 0.0
500-HMA3 68—HD2 5.0 2.0 0.0
500-HMC3 68—HE1 5.0 2.0 0.0

4.3.7.8 Ambiguous restraints

Ambiguous restraints for cyt bs (Table 4.5) were determined based on the
findings of the NMR differential line broadening (Section 4.4.5 and Figure 4.6). On the
side of cyt P450 2B4, active residues (Table 4.5) were determined from the site-directed
mutagenesis analysis done by Bridges et al. and Table 4.12.2 For cyt bs, neighboring
residues to the active residues were chosen as passive residues (Table 4.5). For cyt P450,
passive residues were assigned to the entire proximal surface, where the heme comes
closest to the surface (Table 4.5). This was done for two reasons: cyt P450 has been
reported to interact with its redox partners via this proximal surface and the
mutagenesis results only probed a very small portion of this surface (Figure 4.4). All
residues used as active or passive were assessed to be solvent accessible (Section
4.3.7.6).

Different settings for the semi-flexible segments were tested: the automatic
setting from HADDOCK (which takes the residues at the interface of the complexes and
allows them to be semi-flexible), and setting the semi-flexible segments explicitly by
taking the active and passive residues, as well as +/- 2 residues on each side of those
residues (Table 4.6). Unless otherwise noted, the runs were performed with the semi-

flexible segments set as automatic.

171



Table 4.5 Table of Ambiguous Interaction Restraints (AIRs) used in the manuscript.®
cyt bs
Active residues 394849 6566 70 71 73 74 [7 residues]
Passive residues 43 44 45 46 47 50 61 62 64 67 69 77 [12 residues]
cyt P450
Active residues 122 126 133 135137 139 433 [7 residues]
Passive residues 282930626482869093118 119129 130134 136 138 140 141
142 143 144 257 258 259 260 273 274 276 277 278 279 280 284 322
323326 329330331 334 335336 341 344 345 348 372 373 374 376
378 379 384 385 399 400 403 404 410 411 415 416 417 420 421 422
424 432 435 436 440 442 [72 residues]
Table 4.6 Semi-flexible segments that were set explicitly based on restraints in Table 4.5.
cyt bs 37-52,59-79 [2 segments]

cyt P450 26-32 60-66 80-95 116-146 255-262 271-286 320-350 370-387 397-
406 408-426 430-444 [11 segments]

Unfortunately, the software was unable to calculate the solvent accessibility of the
heme atoms of cyt bs. We know, however, that the proximal side of the heme (labeled
in Figure 4.2) of cyt bs is solvent exposed. Based on the cyt bs NMR structure as viewed
in PyMOL,62 a number of heme atoms were deemed to be solvent accessible and labeled

as passive atoms in some of the HADDOCK runs (Table 4.7 and Figure 4.2):

Table 4.7 Solvent accessible heme atoms in cyt bs.

Location in cyt bs Accessible heme atoms

Near residues 70-73 | CMA, HMA1, HMA2, HMA3, CAA, HAA1, HAA2, CBA,
HBA1, HBA2, CGA, O1A and O2A

Near residues 60-66 | CMD, HMD1, HMD2, HMD3, CAD, HAD1, HAD2, CBD,
HBD1, HBD2, CGD, 01D and 02D
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HMA1

HMA2 H 3C

HMA3

OH O 01D, 02D

O1A,02A

Figure 4.2 Labeling scheme of heme (type B) molecule from cyt bs, with the
passive atoms for HADDOCK labeled.

4.3.7.9 Unambiguous restraints

Unambiguous restraints were set based on the double mutant cycle analysis
(Section 4.4.3). A distance range between NH atoms was chosen of 2 to 8 A based on
the range of intermolecular interactions (and to account for the fact that some residues
do not interact with the NH and instead interact with the side chain). Different
unambiguous restraints were used based on different thresholds for AAG;,;used (Table
4.13 and Table 4.14). See Section 4.3.7.10 for an explanation of why the final four

restraints were chosen.
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Table 4.8 List of all unambiguous restraints which were assessed.

# Distance  Lower distance  Upper distance
Cyths  CytP450 (A) margin (A) margin (A)
1 D65-NH K433-NH 6.0 -4.0 +2.0
2 V66-NH K433-NH 6.0 -4.0 +2.0
3 D65-NH R122-NH 6.0 -4.0 +2.0
4  V66-NH R122-NH 6.0 -4.0 +2.0
5 V66-NH K139-NH 6.0 -4.0 +2.0
6 D65-NH F135-NH 6.0 -4.0 +2.0

4.3.7.10 Summary of restraints used in the manuscript®

In the manuscript,®’ HADDOCK was used to dock cyt bs and cyt P450 based on
four unambiguous restraints (#1-4 in Table 4.8) derived from the double mutant cycle
analysis, and ambiguous restraints derived from NMR and site-directed mutagenesis
experiments (Table 4.9). Unambiguous restraints #1-4 were used because #1-3 had
AAG;,: > 1 kcal/mol (Table 4.13); restraint #4 was added because of the proximity of V66
to D65 and to hold the two proteins in a specific orientation.

Unambiguous restraints were not used between cyt bs residues V66 and D65
with cyt P450 residues K139 and F135 for additional reasons: the error range for these
additional AAG;,; values was larger than others (see Table 4.13 and Table 4.14) and
therefore the measurement may not be as reliable, and these two residues are found in
the flexible CD loop of cyt P450 (Figure 1.6 in Chapter 1). We hypothesize that the
mutation of both of these residues induces a structural perturbation in the flexible C-
helix, which in turn destabilizes the interaction between cyt P450 and cyt bs. The

mutation of K139 to alanine has been shown to disrupt a hydrogen-bond network
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between the K139 amino group and P261 and N260 in the GH loop,> suggesting an

allosteric interaction between the C-helix and the G-H loop.

Table 4.9 List of ambiguous and unambiguous restraints used in the manuscript®. Active
and passive residues were defined for cyt bs based on differential line broadening and
solvent accessibility > 40% in ASAView.% Active and passive residues were defined for cyt
P450 based on site-directed mutagenesis and solvent accessibility > 40% in Accelrys
Software Inc.*® Unambiguous restraints were defined based on the double mutant cycle
analysis with distances defined in Table 4.8.

cyt b ‘ cyt P450
Unambiguous D65-R122, V66-R122, D65-K433, V66-K433
restraints
Ambiguous
restraints, K39, E48, E49,T70, D71, R73, E74 R122, R126, R133, F135, M137,
. K139, K433

Active
Ambiguous 79 residues with > 40% solvent
restragints E43, H44, P45, G46, G47, V50, E61, | accessibility on the proximal side of

. ! N62, E64, G67, S69, K77 cyt P450 where the heme is closest
Passive

to the surface

Table 4.10 Final list of semi-flexible segments used in the publication.®

cyt bs 40-42, 46-59, 60-66, and 70-79 [4 segments]
cyt P450 118-144, 339-346, 414-433, and 439-446 [4 segments]

4.3.7.11 Analysis of HADDOCK structures

The fifty complex structures for each HADDOCK simulation were grouped into
different clusters based on their orientation of cyt bs relative to cyt P450. This analysis
could be performed relatively easily based on the orientation of the C-terminal tail of
cyt bs. The RMSD value (~ 1 A or less) was calculated for each structure within each
cluster by aligning each structure to a reference structure using the align command in
PyMOL.62 All structures were then aligned to the lowest energy structure, and the

center of mass was calculated for one structure from each cluster and for all cyt bs
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orientations that did not fit within a cluster. The center of mass was calculated only for
the soluble domain (residue 1 through 89) of the cyt bs structure, using the
center_of _mass.py script from the PyMOL wiki webpage.

To determine the hydrogen bonds and the salt bridges at the interface of the
lowest energy structure of the selected cluster, the PDB of that complex structure was
uploaded onto the online interactive tool PDBePISA (Protein Interfaces, Surfaces and

6384 and an analysis was performed. CCP4% was used to establish the van

Assemblies)
der Waals contacts at the interface in the final complex structure. The violations were

determined from the HADDOCK-generated file ana_dist_viol_all.lis.

4.4 Results
4.4.1 Single site-directed mutagenesis of cyt bg

The following mutants behave similarly to wild-type cyt bs: PA5A, G46A, E53A,
Q54A and L75A (data not shown). Additionally, E42A, E43A, V50A, N62A and D71A
mutants of cyt bs also behaved similarly to wild-type cyt bs (Table 4.11 and Figure 4.3).
These residues are believed not to be at the interface of the cyt bs-cyt P450 complex
and do not to play a role in the enhancement of cyt P450 metabolism.

Out of the remaining mutants, the E49A mutant had a slight increase in Ky (from
0.022 to 0.032 uM) and a very modest decrease in methoxyflurane (MF) metabolism
(from 1.35 to 1.17 nmol F formed/min/nmol cyt P450) (Table 4.11 and Figure 4.3).
However, mutation of V66 and D65 to alanines caused the K, to drastically increase (15-
and 7-fold, respectively) and the MF metabolism to decrease by 84% and 43%,

respectively, compared to wild-type cyt bs (Table 4.11 and Figure 4.3). This clearly

176



indicates that V66 and D65 are essential for the interaction between cyt bs and cyt

P450.

Table 4.11 Determination of the K; and methoxyflurane (MF) metabolism of cyt bs-cyt P450
complexes between mutants of cyt b; and wild-type cyt P450.

K, cyt bs-cyt P450 MF metabolism . ..
. . Ratio of activity
cyt b; mutants complex (nmol F formed /min/nmol P450 + £ cyt by
(UM £5.D.) S.D.) -
no cyt bs (control) 0.19+0.2
wild-type 0.022 +£0.003 1.35+0.02 7.1
E42A 0.012 +£0.002 1.10+0.1 5.8
E43A 0.015 £ 0.003 1.41+0.2 7.4
E49A 0.032+0.004 1.17+0.2 6.2
V50A 0.016 £ 0.001 1.08 £0.2 5.7
N62A 0.010£0.004 0.92+0.1 4.8
D65A 0.332+0.033 0.22 +£0.02 1.1
V66A 0.152+0.019 0.77x0.1 4.1
D71A 0.017 £0.008 1.66+0.2 8.7

Figure 4.3 Mutagenesis of cyt bs; residues. Mutational results highlighting the
residues important for both binding to cyt P450 and MF metabolism are in magenta
and those that are inconsequential in both respects are in green. This view is the
proximal side of cyt bs.
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4.4.2 Single site-directed mutagenesis of cyt P450

The following mutants of cyt P450 2B4 were previously shown to affect neither
the ability of cyt P450 to bind to cyt bs nor its ability to metabolize methoxyflurane:
F115A, Y190A, K276A, H335A, K421A and Y484A (Table 4.12 and Figure 4.4)." The same
is true for H226A, which was shown by Bridges et al."® and has since been repeated as
shown in Table 4.12 and Figure 4.4. Although cyt P450 mutants R422A and R443A
showed no change in binding to cyt bs, they showed a decrease in methoxyflurane
metabolism by 50% and 59%, respectively; these residues appear to play a significant
role in the interaction between cyt P450 reductase and cyt p450.1

As shown in Table 4.12, the following mutations of cyt P450 affect both its
binding to cyt bs (K, increase of 10-fold or more) and MF metabolism (decrease by up to
95%): R122A, R126A, R133A, F135A, M137A, K139A and K433A (Figure 4.4). This work
was first done by Bridges et al.® and repeated recently61 (Table 4.12).

In summary, based on the site-directed mutagenesis work done by Bridges et
al.® and Table 4.12, R122 (C a-helix), R126 (C a-helix), R133 (C-D loop), F135 (C-D loop),
M137 (C-D loop), K139 (C-D loop) and K433 (K’ 315 helix) were identified as being
important in the interactions of cyt P450 2B4 with cyt bs (Figure 4.4). K433 has also been

66—68

implicated to be in the binding site for cyt P450 reductase. These results can be

used as ambiguous restraints for the HADDOCK simulation (Section 4.3.7.8).
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Table 4.12: Determination of the K; and MF metabolism of cyt bs-cyt P450 complexes between
mutants of cyt P450 and wild-type cyt bs.

K4 cyt bs-cyt P450 MF metabolism ] .
. Ratio of activity
cyt P450 mutants complex (nmol F formed +eyth
(LM £5.D.) /min/nmol P450 + S.D.) - >
wild-type 0.022 +0.003 1.32+0.02 8.3
R122A 0.221+0.06 0.54 £0.03 3.4
R126A 0.453 +£0.06 0.19+0.1 1.2
R133A 1.502 +0.18 0.06 +0.1 0.29
F135A 0.205 +0.05 0.43+0.1 2.7
M137A 0.379+0.07 0.33+0.2 1.7
K139A 0.611+0.13 0.12+0.2 0.75
K433A 0.458 £ 0.04 0.05+0.01 0.31
H226A 0.032 +0.009 1.37+0.3 8.5

4.4.3 Double mutant cycle analysis

The results from the double mutant cycle analysis can be found in Table 4.13.
When using a high threshold of 0.5 kcal/mol for the AAG;,;, the following residues’ side
chains can be highlighted as significant in the interactions between cyt bs and cyt P450:
R122-D65, K139-V66, K433-D65 and K433-V66.°* The Ky value for the K139-V66 double
mutant, however, has a larger error (Kq = 1.400 + 0.180) than the other K, values (o of
0.010-0.071), and its value may not be reliable (Section 4.3.7.10). However, a simulation
was done with K139-V66 (restraint #5 in Table 4.8) and a description of the results can
be found in Section 4.4.6.1 (see the last paragraph of this section).

The error of the AAG;,; measurement is typically in the range of 0.3-0.53
kcal/mol (Section 2.1). If we lower the threshold to 0.35 kcal/mol (a threshold of 0.3
kcal/mol has been used recently69), we can now include R122-V66 (AAG;,; = 0.37

kcal/mol), F135-D65 (AAG;,; = 0.46 kcal/mol), K139-D65 (AAG;,: = 0.38 kcal/mol).
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Figure 4.4: Cyt P450 2B4 hot spots for cyt bs; determined by mutagenesis. Cyt P450 mutational results highlighting the residues important for
both binding to cyt bs and for MF metabolism in magenta. In blue are the residues that, when mutated to alanine, showed no change in the K,
value to cyt bs but showed a decrease in MF metabolism (important for cyt P450 reductase interaction). The residues that are inconsequential in
both binding to cyt bs and MF metabolism are colored in green. Panel a) shows the proximal side of cyt P450 where the heme comes closest to
the surface, and panels b) and c) show a) rotated by 90° and 180° counterclockwise, respectively. Structure is of PDB code 1SUO.>
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However, similarly to K139-V66 (mentioned above), the measurement for F135-D65 also

has a large error (o of 0.110). Additionally, as mentioned in Section 4.3.7.10, these two

residues (F135 and K139) are located on the unstructured CD loop (Figure 1.6) and

assigning distance constraints on a flexible portion of the protein may not be

appropriate. A simulation was done with both restraint #5 (previous paragraph) and

restraint #6 (D65-F135) in Table 4.8 (see last paragraph of this section for explanation),

the results are discussed in Section 4.4.6.1.

Table 4.13 Double mutant cycle analysis of mutants of cyt P450 and cyt bs. A comparison of the
difference in free energy of binding values (AAG) between mutant and wild-type proteins to
determine the residues interacting at the cyt bs-cyt P450 interface.

Difference in free energy of
Free energy of binding (kcal/mol)
Ky (LM) binding -
CytP450 | Cyth; cyt bs-cyt (kcal/mol) AAG® . AAC:;
P450 AG® cyt bs-cyt of mutant-wild- interaction of
P450 type double
mutants
wild-type WT 0.022 £ 0.003 -10.43
R122A WT 0.221+0.010 -9.07 1.36
wild-type | D65A | 0.332+0.032 -8.82 1.61
R122A D65A 0.558 + 0.065 -8.52 1.91 1.06
wild-type V66A 0.152 +0.019 -9.29 1.14
R122A V66A 0.814 +0.033 -8.29 2.14 0.37
R126A WT 0.454 +0.042 -8.64 1.79
wild-type D65A 0.332+0.042 -8.82 1.61
R126A D65A 18.33 £1.500 -6.45 3.98 -0.58
wild-type | V66A 0.152 +£0.010 -9.29 1.14
R126A V66A 5.149+0.930 -7.20 3.23 -0.30
F135A WT 0.205+0.021 -9.11 1.32
wild-type D65A 0.332+0.042 -8.82 1.61
F135A D65A 1.420+£0.110 -7.96 2.47 0.46
wild-type V66A 0.152 +£0.010 -9.29 1.14
F135A VE66A 0.959+0.130 -8.20 2.23 0.23
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Difference in free energy of
Free energy of binding (kcal/mol)
Ky (1M) binding -
CytP450 | Cytbs cyt bs-cyt (kcal/mol) AAG® . AAG.
P450 AG® cyt bs-cyt | of mutant-wild- interaction of
P450 type double
mutants

M137A WT 0.379+0.040 -8.75 1.68
wild-type | D65A | 0.332+0.012 -8.82 1.61

M137A D65A 3.951+0.440 -7.36 3.07 0.22
wild-type | V66A | 0.152+0.010 -9.29 1.14

M137A V66A 1.583 £0.142 -7.90 2.53 0.30
K139A WT 0.611 +£0.050 -8.46 1.97
wild-type D65A 0.332£0.012 -8.82 1.61

K139A D65A 4.831+0.042 -7.24 3.19 0.38
wild-type V66A 0.152 +0.010 -9.29 1.14

K139A V66A 1.400+0.18 -7.97 2.46 0.65
K433A WT 0.458 +0.053 -8.63 1.80
wild-type D65A 0.332+£0.012 -8.82 1.61

K433A D65A 0.869+ 0.071 -8.26 2.17 1.23
wild-type | V66A | 0.152+0.010 -9.29 1.14

K433A V66A 0.487 £0.052 -8.60 1.83 1.11

*All K; values were measured in the presence of methoxyflurane. See Section 2.1. WT stands
for wild-type.

Based on the errors in the Ky values, the ranges of every AGyinding, AAGmut-wt and
AAG;,; were calculated. Below are the largest ranges of AAG;, that are possible based on

the errors in every Ky measurement.

Table 4.14 AAG;,.ranges obtained (calculated based on K; measurement errors) for
the double mutant cycle analysis.

Double mutant AAG;,.range
R122-D65 0.97-1.16
R122-V66 0.25-0.49
R126-D65 -0.65--0.52
R126-V66 -0.32--0.24
F135-D65 0.40-0.52
F135-V66 0.17-0.30
M137-D65 0.13-0.32
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Double mutant AAG;,.range

M137-V66 0.21-0.39
K139-D65 0.22-0.55
K139-V66 0.58-0.74
K433-D65 1.13-1.34
K433-V66 1.04-1.18

If we look at the data and use a threshold such that the entire error range is
above the threshold (Table 4.14), we obtain slightly different results than when using
only the absolute values in Table 4.13. When using a high threshold of 0.50 kcal/mol,
the following double mutants can be deemed as interacting in the cyt bs-cyt P450
complex: R122-D65, K139-V66, K433-D65 and K433-V66. If using a lower threshold of
0.35 kcal/mol, the following double mutants are deemed as interacting in the wild-type
complex: R122-D65, F135-D65, K139-V66, K433-D65 and K433-V66 (in italics is the
additional one when lowering the threshold from 0.50 to 0.35 kcal/mol). Because of
these results (based on the entire error ranges), restraints #5 and restraints #5 and #6
conjunctly (Table 4.8) were also tested with HADDOCK. See Section 4.4.6.1 for an
explanation of the docking results with these unambiguous restraints included. In the
end, however, only the bolded interactions in Table 4.13 were used as unambiguous

restraints (Table 4.9).

4.4.4 Cyt P450 2B4 and cyt b are well-folded and active under NMR conditions
CO assays performed on cyt P450 2B4 in isotropic bicelles (g = 0.25) revealed the
characteristic 450 nm peak, which is indicative that the active site of cyt P450 is well-

folded and that cyt P450 is not denatured in the presence of bicelles (Figure 4.5).
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Similarly, activity assays done using DMPC/DHPC bicelles revealed that cyt P450
2B4 is still active in isotropic bicelles and that cyt bs is able to stimulate cyt P450
metabolism under these conditions (Table 4.15). It can be seen that the activity is
reduced in bicelles when compared to assays done in solution with minimal DLPC. This
has three possible causes: 1) the substrate partitions into the membrane and cannot
reach cyt P450, 2) the product partitions into the membrane and cannot be detected by

the fluoride ion electron and 3) some cyt P450 might not be active in the bicelle sample.
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Figure 4.5 Cyt P450 is reconstituted in a functional form in DMPC/DHPC bicelles.
The carbon monoxide (CO) difference spectra of cyt P450 2B4 were measured to
determine the percentage of the functional form of cyt P450. We monitored the
absorption increase at 450 nm as a result of the formation of the ferrous-cyt P450
bound to CO in both solution and bicelles. A few grains of dithionite were added to
the sample containing 1 pM cyt P450 in 100 mM potassium phosphate, pH 7.4, and
5% (w/v) glycerol (with and without 2.0% (w/v) DMPC/DHPC isotropic bicelles, g =
0.25). The sample was mixed and incubated at room temperature for 5 min. The
baseline spectrum of the reaction mixture was recorded from 600 nm to 300 nm.
Subsequently, CO gas was bubbled gently through the dithionite-reduced solution
for a few seconds and the reduced-CO difference spectrum was recorded at 25 °C.
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Table 4.15 A comparison of the metabolism of methoxyflurane and benzphetamine by cyt
P450 2B4 in solution and bicelles in the presence and absence of cyt bs.

nmoles F/min/nmol cyt P450 2B4
Bicelles or . .
[cyt P450] ] Relative activity
(uM) [DMPC/DHPC] | nmoles CH,0/min/nmol cyt P450 2B4 in bicell
in bicelles
W (mM) +cyt bs/-
-cyt b5 +cyt bS
cyt b;
Methoxyflurane metabolism
1 - 0.19+0.02 1.35+0.04 7.1 100
1 - 0.22+0.03 0.97 £0.02 4.4 72
1 - 0.15+0.04 0.63+0.12 4.4 47
1 59.0/16.76 0.10+0.02 0.45+0.04 4.5 33
Benzphetamine metabolism
0.2 - 46 %2 52+2 1.1 100
0.2 - 304 43+5 14 83
0.2 36.88/10.47 33+3 375 1.1 71

4.4.5 Observation via NMR of complex formation between *N-labeled cyt bs
with substrate-free or substrate-bound cyt P450

As mentioned in Chapter 2 and the introduction of this chapter, it is possible to
establish the residues at the interface based on either chemical shift perturbations or
changes in intensity. Overall line broadening (due to an increase in size and decrease in
T, upon complex formation) was observed for cyt bs in complex with both substrate-free
and substrate-bound cyt P450. In the complex between cyt bs and substrate-free cyt
P450 (Figure 4.6, yellow), a closer inspection of the spectrum revealed differential line
broadening for some residues and a detailed analysis was performed. A threshold of
> 20% decrease in intensity was considered significant line broadening, with the
following residues being identified: 117, S23, K24, Y35, L37, K39, F40, H44, HA8, E49, F63,
D65, V66, T70, D71, A72, R73, E74, L75, S76, F79, 181 and D88 (orange in Figure 4.6b).

While the linker region is colored orange in Figure 4.6b, measurement of the intensities
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for the linker region residues was not reliable due to the presence of 3-4
conformers/peaks for each residue. For the following residues, the % intensity change is
actually above 100% (because of the normalization procedure): 9-10, 21-22, 25 and 54.
The error is therefore ~27%. The threshold of 20% is therefore not as reliable as it
should be but it is what was used for the manuscript.®* The next chapters will focus on a
more thorough and definite method for determining the interface between the two
proteins. However, for the HADDOCK simulations, the residues listed above, which were
determined to be solvent accessible based on ASAView,® were used as active residues
(see Table 4.9).

Upon addition of substrate-bound cyt P450, extensive line broadening was
observed that encompassed residues on all sides of cyt bs (Figure 4.6c). The broadening
was seen progressively as more cyt P450 was titrated into the NMR sample (Figure 4.6,
histograms A-C). Due to the drastic reduction in peak intensities, even with the addition
of the smallest amount of cyt P450, further analysis was not pursued in the manuscript61
and this chapter. Chapter 5 will discuss the cyt bs interface in more details, both in the

presence and absence of BHT.

4.4.6 HADDOCK results for the various runs performed

In this section, for all HADDOCK-generated cyt bs-cyt P450 structures, the
orientation of cyt P450 2B4 was set according to numerous publications listing that cyts
P450 are attached to the membrane by the N-terminus signal anchor and that additional

1 . .
7071 A discussion on

portions of cyt P450 are also buried below the membrane surface.
the membrane topology of cyts P450 can be found in Section 1.2.2.
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Figure 4.6 Mapping the effect of cyt P450 binding to cyt bs using NMR. (a) A histogram
representing the differential line broadening NMR data for the cyt bs-cyt P450 complex. The
amide peak intensities for free cyt bs (red) and for cyt bs residues in a 1:1 equimolar complex
with substrate-free cyt P450 (yellow) are presented. Green, cyan and magenta highlight the
extensive peak broadening observed for cyt bs residues upon addition of the increasing amounts
of unlabeled cyt P450 bound to BHT (A=1:0.3, B=1:0.6 and C=1:1 molar ratios between cyt bs
and cyt P450). All peak intensities were normalized to the C-terminal residue, D134, in the
unbound cyt bs spectrum to account for the change in intensity upon complex formation. (b)
and (c) present two different views of cyt bs rotated by 90° with respect to each other and a
space filling representation of the second view. (b) Cyt bs residues exhibiting extensive line
broadening upon complex formation with an equimolar amount of substrate/ligand-free cyt
P450 are colored orange onto the NMR structure of cyt bs. (c) Cyt bs residues whose resonances
are broadened beyond detection upon complex formation with an equimolar amount of cyt
P450 bound to BHT are represented in magenta.
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4.4.6.1 Only unambiguous restraints considered

As mentioned in Section 4.4.3, different combinations of restraints were tested
to assess the weight of each restraint in Table 4.9. To test whether the ambiguous
restraints influenced the docking results, complex structures were calculated with only
the unambiguous restraints (#1-4 in Table 4.8). Complex structures obtained could be
clustered into four groups/clusters of structures (Table 4.17) based on the orientation of
cyt bs with respect to cyt P450 (see Section 4.3.7.11). The two lowest energy clusters,
with 13 and 10 structures, respectively, were labeled as clusters | and Il (Table 4.17). All
four of the unambiguous restraints were violated, with only the restraint for V66-R122
being violated in less than 40% of the structures (Table 4.16). All structures had a cyt bs
center of mass in a location that could be considered productive based on the
orientation of cyt bs with respect to cyt P450 (Figure 4.8). This can further be seen by
looking at the location of the cyt bs soluble domain in clusters | and Il in Figure 4.9 and
remembering that the linker is unstructured and flexible (Chapter 3). Both clusters | and
Il might also be productive orientations since the shortest heme-edge to heme-edge
distance was 10.3 and 13.9 A for clusters | and Il, respectively, which is within the 14 A
limit needed for electron transfer.”? Figure 4.7 shows how the unambiguous restraints
hold cyt bs relative to cyt P450. Upon analysis of the interface of cluster |, nine hydrogen
bonds (H-bonds) and ten salt bridges were found (Table 4.18). While there was some
overlap in the types of non-covalent interactions found at the interface between Table
4.18 and Table 4.28 (the final interface analysis in the HADDOCK structure published),

such as hydrogen bonds for N62-E93, E64-R126 and D65-R122, and salt bridges for N64-
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R126 and D65-R122, the complex generated here had more interactions for cyt bs D71,
and the cyt bs heme, with cyt P450. While these complex structures, particularly clusters
| and Il, are possible productive orientations for the cyt bs-cyt P450 complex, the
violations were far too many in order for these simulation results to ever be considered
for publication. Additionally, their populations were each only one fifth of the fifty
structures. Adding ambiguous restraints appears to be necessary in order to ameliorate

the docking, minimize the violations and converge to a smaller number of solutions.

Table 4.16 Violations of unambiguous restraints for the HADDOCK simulation with
only restraints #1-4 in Table 4.8. This simulation did not include any ambiguous

restraints.
Cytb; CytP450  Restraint range Rave (R) # of
(R) structures
V66-NH  K433-NH 2.0-8.0 12.740 26
D65-NH  K433-NH 2.0-8.0 11.982 42
D65-NH  R122-NH 2.0-8.0 10.602 20
V66-NH R122-NH 2.0-8.0 10.530 13

Table 4.17 Four clusters of complex structures for the HADDOCK simulation with
only restraints #1-4 in Table 4.8. This simulation did not include any ambiguous

restraints.
Cluster # # of # of structures in the Average
structures lowest 10 energy RMSD
structures (R)
I 13 5 (50%) 0.516
Il 10 2 (20%) 0.456
0l 6 2 (20%) 0.412
v 7 0 0.403
none 14 1
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Figure 4.7 A closer look at how the four (#1-4 in Table 4.8) unambiguous restraints
hold cyt bs in place in cluster I. The side chains of the labeled amino acids are

shown as sticks.

(*Y
% cluster Il

O cluster IV

cluster |

Figure 4.8 Center of mass representation of the different clusters obtained for the
HADDOCK simulation with only restraints #1-4 in Table 4.8. Each white sphere is a
cyt bs center of mass (calculated from only the soluble domain) of the different
orientations of cyt bsrelative to cyt P450 (brown).
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helix-A’

Figure 4.9 Complex structures (clusters | and IlI) obtained for the HADDOCK simulation with
only restraints #1-4 in Table 4.8. Cyt bs is in blue, and cyt P450 is in brown with the F’ 3,5 helix in
yellow. a) Lowest energy structure from cluster I. The N-terminus of cyt bsis facing directly into
the plane of the paper and its linker is coming out of the side facing the viewer. b) Lowest energy
structure from cluster Il. Cyt bs is rotated by 180° with the C-terminus pointing into the plane of
the paper and the N-terminus on the side facing the viewer, with cyt bs shifted downwards
compared to cluster I. The white dots are the center of masses of cyt bs from other complex
structures generated (see Figure 4.8). The orientation of cyt P450 will be identical to this figure in
all the following figures.

Table 4.18 Hydrogen bonds and salt bridges at the complex interface of cluster |
for the HADDOCK simulation with only restraints #1-4 in Table 4.8.

Cyt bs Interatom  Cyt P450 Type of
residue [atom]  distance (A) residue [atom] interaction
N62 [HD22] 1.68 E93 [OE1] H-bond
E64 [OE1] 1.56 R126 [HH12] H-bond
E64 [OE2] 1.62 R126 [HH22] H-bond
D65 [0OD2] 1.72 R122 [HH11] H-bond
D71 [OD1] 1.68 R133 [HH12] H-bond
D71 [0D2] 1.61 R133 [HH22] H-bond
Heme [01D] 3.81 K433[ N ] H-bond
Heme [02D] 3.62 K433[ N ] H-bond
Heme [01D] 1.66 K433 [HZ3] H-bond
E64 [OE1] 3.56 R126 [NH2] salt bridge
E64 [OE1] 2.61 R126 [NH1] salt bridge
E64 [OE2] 2.65 R126 [NH2] salt bridge
E64 [OE2] 3.31 R126 [NH1] salt bridge
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Cyt bs Interatom  Cyt P450 Type of
residue [atom]  distance () residue [atom] interaction

D65 [OD2] 2.66 R122 [NH1] salt bridge
D65 [OD2] 3.91 R122 [NE ] salt bridge
D71 [OD1] 2.72 R133 [NH1] salt bridge
D71 [OD1] 3.61 R133 [NH2] salt bridge
D71 [OD2] 3.37 R133 [NH1] salt bridge
D71 [OD2] 2.66 R133 [NH2] salt bridge

Because restraint #4 in Table 4.8 had a very small positive AAG;,: (0.37 kcal/mol),
a HADDOCK calculation was also performed with only the three unambiguous restraints
that had AAG;,; > 1.0 kcal/mol (restraints #1-3 in Table 4.8). Complex structures
generated from this run could be clustered into eight groups of structures with similar
populations (Table 4.20). The two lowest energy clusters were labeled as clusters | and
I, which consisted of ten and seven structures, respectively (Table 4.20). All three of the
unambiguous restraints were violated in > 36% of the structures (Table 4.19). However,
all structures had a cyt bs center of mass in a location that could be considered possible
based on the location of the soluble domain of cyt bs with respect to cyt P450 (Figure
4.11), including clusters | and Il (Figure 4.10). However, when calculating the heme-edge
to heme-edge distance, as seen in Figure 4.10, the values were 16.5 and 11.5 A for
clusters | and Il, respectively. Upon analysis of the interface of cluster |, fifteen hydrogen
bonds and four salt bridges were found (Table 4.21), but many interactions took place
between residues of cyt P450 that have not been experimentally studied yet (e.g. A92
and E93) and there was no overlap with the non-covalent interactions found in Table
4.28. Cluster | can also be disregarded since its heme-edge to heme-edge distance is

beyond 14 A.”> Upon analysis of the interface of cluster II, eleven hydrogen bonds and
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ten salt bridges were found (Table 4.22); similarly to cluster I, there was no overlap with
the non-covalent interactions found in Table 4.28; however, in cluster I, R422 was
found at the interface, which is not possible since it is known that mutation of R422

does not affect cyt bs-cyt P450 binding (Table 4.12 and elsewhere®).

Table 4.19 Violations of unambiguous restraints for the HADDOCK simulation with
only restraints #1-3 in Table 4.8.

Cytbs CytP450 Restraintrange R, (A) # of
(A) structures
V66 K433 2.0-8.0 10.627 18
D65 K433 2.0-8.0 10.521 18
D65 R122 2.0-8.0 12.873 45

Table 4.20 Eight clusters of complex structures obtained for the HADDOCK
simulation with only restraints #1-3 in Table 4.8.

Cluster # # of # of structures in the Average RMSD
structures lowest 10 energy (R)
structures
| 10 2 (20%) 0.644
Il 7 2 (20%) 0.599
1] 6 2 (20%) 0.675
\Y, 4 2 (20%) 0.700
V 8 1 (10%) 0.561
VI 5 0 0.883
Vi 3 0 0.497
VIII 4 0 0.626
none 3 1 (10%)
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Figure 4.10 Lowest energy structure from a) cluster | and b) cluster Il for the HADDOCK
simulation with only restraints #1-3 in Table 4.8. Cyt bs is in blue, and cyt P450 is in brown.
Each white sphere is a cyt bs center of mass (calculated from only the soluble domain) of the
other orientations of cyt bs relative to cyt P450 (brown).
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Figure 4.11 Center of mass representation of the different clusters obtained for the HADDOCK
simulation with only restraints #1-3 in Table 4.8. Each white sphere is a cyt bs center of mass
(calculated from only the soluble domain) of the different orientations of cyt bsrelative to cyt
P450 (brown).
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Table 4.21 Hydrogen bonds and salt bridge contacts in cluster | for the HADDOCK
simulation with only restraints #1-3 in Table 4.8.

Cyt bg Interatom  Cyt P450 Type of
residue [atom] distance (A) residue [atom] interaction
H68 [N] 3.25 E93 [OE1] H-bond
R73 [HH12] 2.38 E93 [OE2] H-bond
R73 [HH11] 2.28 T372 [0G1] H-bond
R73 [HH22] 1.87 E93 [OE2] H-bond
E64 [OE1] 3.27 A92 [N] H-bond
E64 [OE1] 2.79 E93 [N] H-bond
E64 [OE2] 3.00 E93 [N] H-bond
E64 [OE2] 1.58 K433 [HZ1] H-bond
E64 [O] 1.86 K433 [HZ2] H-bond
V66 [O] 1.78 R126 [HH21] H-bond
G67 [O] 1.92 R122 [HE] H-bond
R73 [O] 1.90 N373 [HZ1] H-bond
E74 [OE1] 1.70 N384 [HZ2] H-bond
Heme [02D] 1.69 R126 [HH12] H-bond
Heme [02D] 241 R126 [HH22] H-bond
R73 [NH1] 3.14 E93 [OE2] salt-bridge
R73 [NH2] 2.78 E93 [OE2] salt-bridge
R73 [NH2] 3.43 E93 [OE1] salt-bridge
E64 [OE2] 2.62 K433 [NZ] salt-bridge

Table 4.22 Hydrogen bonds and salt bridge contacts in cluster Il for the HADDOCK
simulation with only restraints #1-3 in Table 4.8.

Cyt bs Interatom  Cyt P450 Type of interaction
residue [atom]  distance (&) residue [atom]

K18 [HZ1] 1.70 D90 [OD1] H-bond
R52 [HH21] 2.10 E424 [OE1] H-bond
E48 [OE1] 1.62 R422 [HH12] H-bond
E48 [OE2] 1.84 R422 [HH22] H-bond
E53 [OE1] 3.14 K433 [N] H-bond
E61 [OE1] 3.14 E93 [N] H-bond
E61 [OE1] 1.64 K433 [HZ1] H-bond
E64 [O] 2.13 R122 [HH21] H-bond
V66 [O] 1.72 R126 [HE] H-bond
G67 [O] 2.05 R126 [HH21] H-bond
Heme [02D] 1.72 R126 [HH22] H-bond
K18 [NZ] 3.46 D90 [0OD2] salt-bridge
K18 [NZ] 2.75 D90 [0OD1] salt-bridge
R52 [NH2] 2.81 E424 [OE1] salt-bridge
E48 [OE1] 2.64 R422 [NH1] salt-bridge
E48 [OE1] 3.14 R422 [NH2] salt-bridge
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Cyt bs Interatom  Cyt P450 Type of interaction
residue [atom]  distance (A) residue [atom]

E48 [OE2] 3.74 R422 [NH1] salt-bridge
E48 [OE2] 2.83 R422 [NH2] salt-bridge
E53 [OE1] 3.98 K433 [NZ] salt-bridge
E53 [OE2] 3.42 K433 [NZ] salt-bridge
E61 [OE1] 2.66 K433 [NZ] salt-bridge

In both of the runs previously discussed in this section, most of the cyt bs
orientations were in a position that could be considered possible, with the center of
mass of cyt bs being located near the N-terminus of cyt P450 (which would not lead to
electron transfer but is physiologically possible depending on how much of cyt P450 2B4
is buried under the membrane), or directly at the center of the proximal side of cyt P450
(where the heme comes closest to the surface), with only the latter orientation allowing
for electron transfer. The lower cleft of cyt bs is held in the concavity between cyt P450
K433 and R122, with the first four unambiguous restraints in Table 4.8. Figure 4.7 shows
how the side chains of cyt bs V66 and D65 are oriented with respect to the cyt P450 side
chains of K433 and R122.

By comparing the two runs (four restraints versus three restraints), it is possible
to see that the fourth restraint between V66 and R122, which has the lowest AAG;,;,
makes a very large impact on the clustering of the resulting complex structures. In the
run with four restraints, there were four main populations of structures composed of
13, 10, 6 and 7 structures each. Cluster | contained half of the 10 lowest energy
structures and the remainder were half in cluster Il and the other half in cluster Ill. With
removal of the fourth restraint (having only restraints #1-3 in Table 4.8), there were now

five clusters (with 10, 7, 6, 4 and 8 structures) with relatively equal populations of the
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lowest 10 energy structures (1 or 2). The fourth restraint therefore restricts the
interactions enough that the simulation is able to converge into fewer solutions. If we
look at the specifics of the interactions between the two runs, it can be seen that the
salt bridges and hydrogen bonds between the two proteins’ soluble domains in their
respective cluster | are also different. Interactions between cyt bs residues N62, E64,
D65, D71 and heme propionates and cyt P450 residues E93, R122, R126, R133 and K433
were seen for the run with restraints #1-4; and interactions between cyt bs residues
E64, V66, G67, H68, R73, E74 and heme propionates and cyt P450 residues A92, E93,
R122, R126, T372, N373, N384 and K433 were seen for the run with only restraints #1-3.
More residues are involved in these types of interactions in the run with three restraints
because the unambiguous restraints are not holding the two proteins as specifically
together.

Other runs were also performed in which restraint #4 (Table 4.8) was removed
and other restraints were included which had higher experimental AAG;,;. One such run
was performed with restraint #5, and another run was performed with restraints #5 and
#6 (Table 4.8). In both cases, the docking simulations did not converge. For the run with
restraint #5, nine clusters were obtained (the 10 lowest energy structures were spread
out among the clusters), and for the run with restraints #5 and #6, seven clusters were
obtained (half of the lowest energy structures lied in one cluster and the remainder
were spread out among clusters). For the reasons listed in Section 4.3.7.10 and the fact
that the complex structures were spread over too many different clusters, an analysis of

the hydrogen bonds and salt bridges, using PISA, was not done for these two runs.
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4.4.6.2 Only the ambiguous restraints considered

Complex structures obtained with only ambiguous restraints (found in Table 4.5)
could be clustered into six groups of structures (Table 4.24). The two lowest energy
clusters, labeled as clusters | and Il, had 7 and 10 structures, respectively. As is typical
for ambiguous restraints in HADDOCK, a long list of violations were generated (Table
4.23); this is because violations are listed for every atom of every passive and active
residue on cyt bs to every atom of every passive and active residue on cyt P450. By
looking at the generated complex structures, it could be seen that the majority of the
cyt bs orientations were near the C-terminus of cyt P450 (Figures 4.12 and 4.13). These
orientations are not physiologically relevant as the N-terminus of cyt P450 is anchored
to the membrane and the distance between the membrane and the top of cyt P450 2B4
has been estimated to be around 30-50 A.”%"* Furthermore, the distance calculated
from the cyt bs heme edge to the cyt P450 heme edge is too large to allow for electron

273 e.g. for cluster | the distance was 15.7 A.

transfer between the two redox centers,
Only three structures (out of the fifty) had cyt bs orientations which might be

physiologically plausible because of their orientation relative to cyt P450.
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Table 4.23 Violations of ambiguous restraints for the HADDOCK simulation with

only the ambiguous restraints in Table 4.5.

Table 4.24 Six clusters of complex structures for the HADDOCK simulation with

Cyt P450 Cyt bs Rag(A)  # of structures
433 all residues 5.146 39
all residues 49 4972 36
all residues 48 4.590 32
137 all residues 4.453 9
122 all residues 4.441 48
all residues 6 4.129 21
all residues 71 4.000 8
135 all residues 3.819 15
139 all residues 3.788 33
133 all residues 3.719 17
126 all residues 3.644 18
all residues 74 3.576 12
all residues 39 3.388 39
all residues 70 3.342 24
all residues 73 3.241 32

only the ambiguous restraints in Table 4.5.

# of # of structures in the lowest Average RMSD
Cluster # o
structures 10 energy structures (A)
I 7 3 (30%) 0.494
Il 10 2 (20%) 0.526
11 9 2 (20%) 0.458
IV 6 1(10%) 0.466
Vv 4 0 0.491
Vi 2 0 0.489
none 12 2 (20%)
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Figure 4.12 Complex structures (clusters | and Il) obtained for the HADDOCK simulation with
only the ambiguous restraints in Table 4.5. Cyt bs is in blue and cyt P450 is in brown with the F’
310 helix in yellow. a) Lowest energy structure from cluster I. b) Lowest energy structure from
cluster Il. Each white sphere is a cyt bs center of mass (calculated from only the soluble domain)
of the other orientations of cyt bs relative to cyt P450 (brown).
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Figure 4.13 Center of mass representation of the different clusters for the HADDOCK
simulation with only the ambiguous restraints in Table 4.5. Each white sphere is a cyt bs center
of mass (calculated from only the soluble domain) of the different orientations of cyt bsrelative

to cyt P450 (brown).
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Table 4.25 Hydrogen bonds and salt bridges in cluster | for the HADDOCK
simulation with only the ambiguous restraints in Table 4.5.

Cyt bs Interatom  Cyt P450 Type of
residue [atom] distance () residue [atom] interaction
E42[0] 1.83 R133[HH11] H-bond
D71 [OD1] 1.61 K139[ HZ1] H-bond
D71 [OD2] 1.79 N260[HD22] H-bond
Heme [01D] 1.60 R126 [HH21] H-bond
Heme [02D] 1.70 R271 [HH12] H-bond
D71 [OD1] 2.59 K139 [NZ] Salt bridge
D71 [OD2] 3.43 K139 [NZ] Salt bridge

Two settings for the semi-flexible segments were also tested: a setting where
HADDOCK selected the residues at the interface automatically during the run and
allowed them to be semi-flexible (discussed above) and a second setting where the
semi-flexible segments were selected based on the range of active and passive residues
(see Section 4.3.7.8). When setting the semi-flexible segments explicitly, as shown in
Table 4.6, the number of clusters dramatically increased from six (Table 4.23) to eleven
(Table 4.26). The center of mass orientations of cyt bs were similar for this run (Figure
4.14) as for the run with the semi-flexible segments set automatically (Figure 4.13).
Cluster V of this run appeared to be a plausible solution but the heme-edge to heme-
edge distance was longer than 14 A (Figure 4.15). Since we do not have complete
information on the entire proximal surface of cyt P450, it seems more logical to use the
automatic settings where HADDOCK decides which segments to set as semi-flexible
based on the complex structures it generates prior to stage 2 of the docking process.
However, because we wanted to perform rigid body docking and not allow the
structures of either cyt bs or cyt P450 to change too much during docking, the semi-

flexible segments were set as listed in Table 4.10 — this set of residues is less than when
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setting all semi-flexible segments explicitly as done in Table 4.6 and restricts the amount

of motions that the residues can undergo during simulated annealing.

Table 4.26 Eleven clusters of complex structures for the HADDOCK simulation in
which semi-flexible segments were those listed in Table 4.6. Only the ambiguous
restraints in Table 4.5 were used for this simulation.

Cluster # # of # of structures  Average
structures inthe lowest 10 RMSD
energy (R)
structures

I 6 3 (30%) 1.084
I 4 1 (10%) 0.917
1 4 1(10%) 0.967
\Y 2 1 (10%) 1.072
\Y 3 1(10%) 0.912
Vi 3 1 (10%) 1.017
il 2 1 (10%) 0.927
Vil 5 0 1.088
IX 2 0 0.944
X 2 0 0.990
Xl 2 0 0.847

none 14 1(10%)

A simulation was also done in which the heme propionate atoms were added to
the list of passive residues of cyt bs (Table 4.7). This was done based on previous studies
that have shown that the propionates are involved in interactions with cyt 450,747
and the fact that the atoms are proximal to residues identified via NMR differential line
broadening. The solutions to the runs in which the heme atoms were considered passive
residues had more clusters and more structures that did not fit within clusters (data not
shown). Despite these results, the more restraints are given to the protein-protein

docking, the more accurate the simulation results. Additionally, the contribution of the

cyt bs heme passive atoms may differ in the presence of the unambiguous restraints.
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However, this was considered after the submission of the manuscript so the heme
atoms are not included in Table 4.9. It should be noted that the cyt bs heme atoms are

found at the interface of our final cyt bs-cyt P450 complexes (Table 4.28).

cluster VI
cluster VII Seluster HLESS

cluster IV
cluster IX O

cluster XI

Figure 4.14 Center of mass representation of the different clusters for the
HADDOCK simulation in which semi-flexible segments were those listed in Table
4.6. Only the ambiguous restraints in Table 4.5 were used for this simulation. Each
white spheres represents a cyt bs center of mass (calculated from only the soluble
domain) of the different orientations of cyt bs relative to cyt P450 (brown).
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N /
Figure 4.15 Cluster V for the HADDOCK simulation in which semi-flexible segments
were those listed in Table 4.6. The complex of this structure was shown because
the center of mass of cyt bs; appears to be in a productive location according to
Figure 4.14. Upon closer inspection, however, the heme-edge to heme-edge
distance was determined to be 16.1 A, which would not allow for electron
transfer.”?

4.4.7 Final HADDOCK generated structures

With the final parameters chosen (Section 4.3.7.10), the HADDOCK simulation
resulted in two low energy clusters with populations of 21 and 14 structures for clusters
| and I, respectively (Figure 4.17). The energy statistics of clusters | and Il can be found
in Table 4.27. The differences between clusters | and Il can be seen by looking at the
interaction interfaces highlighted in Figure 4.19. Cluster Il (Figure 4.19c) involves the
interaction of both the upper and lower cleft of cyt bs, whereas cluster | (Figure 4.19b)
involves the interaction of only the lower cleft of cyt bs. The center of mass
representation of the other, less populated clusters can be found in Figure 4.16.

The heme-edge to heme-edge distance was 9.0 and 7.4 A for clusters | and II,

respectively, which is within the 14 A limit.”> The Fe to Fe distance between cyt bs and
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cyt P450 was 20.9 and 19.3 A for clusters | and Il, respectively. The shortest electron
transfer pathway was predicted using HARLEM”’ for both clusters and is shown in Figure
4.18b. The residues at the interface of the cyt bs-cyt P450 complex for both clusters |

and Il are labeled and listed in Figure 4.20 and Table 4.28, respectively.

Cluster I

Cluster |

Figure 4.16 Center of mass representation of the HADDOCK docking solution for
the cyt bs-cyt P450 complex.

The final 50 lowest energy complex orientations generated from HADDOCK were
clustered based on the RMSD from a reference structure. 35 out of the 50 final
structures were clustered into two main subpopulations (I and Il). However, the
remaining 15 structures were further clustered into smaller groups based on RMSD
from the reference structure. The figure above presents the center of mass of cyt bs,
presented in blue spheres, superimposed on the cartoon representation of cyt P450.
The center of mass was calculated for one structure from each of the clusters
representing the different complex orientations.
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cluster Il

cluster |

Figure 4.17 The two final clusters of cyt bs-cyt P450 complex structures obtained
from HADDOCK. An overlay of the 10 lowest energy structures from the two main
subpopulations (clusters | and II) of docked structures for the cyt bs-cyt P450
complex generated from HADDOCK.®!

Table 4.27 Energy statistics for the two lowest energy clusters of the HADDOCK
complex between cyt bs and cyt P450.

Parameters Cluster | Cluster Il

Number of structures from the 50 1 1
lowest energy docked solutions
Backbone RMSD (as compared to

o 0.81+0.29 2.67+0.42
the reference structure, A)
Total energy (kcal/mol) -435.8 £ 38.0 -470.7 £49.7
van der Waals energy (kcal/mol) -43.8+8.0 -29.5+7.2
Electrostatic energy (kcal/mol) -392.0+37.2 -441.2 £53.7
Desolvation energy (kcal/mol) 33.9+3.0 35.8+3.6
Interface surface area (A% 937.0 + 88.0 903.1+77.7
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cluster | cluster Il

b) cyt P450

cyt b, cyt b,
D-propionate «5%,\? D-propionate
heme S
'3. 9’& e
E 94 heme hemé
: R125 : : :
: helix C : : i ;
: 209A/9.0 A 193A/74A

Figure 4.18 Structure of the full-length membrane-bound cyt bs-cyt P450 complex and electron
pathway prediction. (a) The two lowest energy clusters (I and Il) of the complex between the
catalytic, heme-binding domains of rabbit cyt bs (NMR structure; blue) and cyt P450 2B4 (PDB
code 1SUO; gold) generated from HADDOCK driven by NMR and mutagenesis restraints. Heme
molecules are presented in red. (b) Proposed electron transfer pathway between the redox
centers of cyt bs and cyt P450 are presented as broken lines. The shortest electron transfer
pathway predicted using HARLEM”” is shown in the black dotted lines for cluster II. The shortest
heme-edge to heme-edge distance is 7.4 A and 9.0 A in cluster Il and I, respectively.
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Cluster | Cluster 11

Figure 4.19 Interacting surfaces of cyt bs and cyt P450 2B4. (a) Electrostatic potential surfaces
for the high-resolution NMR structure of rabbit cyt bs (top) and the X-ray crystal structures of
the truncated heme-binding domain of rabbit cyt P450 2B4 (pdb code: 1SUO*; bottom)
generated using APBS software’® and pdb2pqr server’’”® in combination with PyMOL (see
Appendix B). The proximal surface of cyt P450 (facing the viewer) contains the binding pocket
for its redox partners. In the case of cyt bs, the electrostatic potential map shows a
predominantly negatively charged surface (highlighted in red) that is expected to align with and
bind to the positively charged surface on cyt P450 2B4 (highlighted in blue). (b) and (c) are
surface representations of the proximal side of cyt bs (top) and cyt P450 (bottom) generated
from HADDOCK for clusters | and Il, respectively. Residues that form the interaction interface
are colored orange for cyt bs and blue for cyt P450.
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Figure 4.20 Residues at the binding interface of the membrane-bound cyt b;-cyt P450 complex.
The figure is presented by opening the complex like pages of a book with the interaction
interface of cyt bs and cyt P450 facing the viewer. The space filling model of cyt bs (NMR
structure) and cyt P450 (pdb code: 1SUQ) is presented highlighting the interfacial residues
involved in protein-protein contacts in the (a) cluster | and (b) cluster Il complex structures.
Residues on cyt bs that are in contact with residues on cyt P450 are denoted with matching
letters in parenthesis. For example, D65 (orange) on cyt bs is H-bonding to R122 (blue) on cyt
P450 in (a). R125 highlighted in blue is H-bonded to the heme-D-propionate in (b). An important
point to note is that the residues on cyt bs and cyt P450, which form the interaction interface,
are largely the same between the two clusters. The residues in the interface are in excellent
agreement with our NMR data and site-directed mutagenesis presented here (Table 4.11, Table
4.12 and Table 4.13), as well as elsewhere."
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Table 4.28 Non-covalent interactions in HADDOCK-generated cluster | and Il. Non-covalent
interactions were calculated using CCP4°%® and PISA®.

Cluster | cyt bg cyt P450
residue atom residue atom
hydrogen bonds Asn62 HD22 Glug3 OE1l
Asn62 0oD1 Lys433 HZ3
Glue4d oD1 Argl26 HH11
Asp65 0oD1 Lys433 Hz1
Asp65 0oD2 Argl22 HH11
His68 0] Argl26 HE
His68 0] Argl26 HH21
Ser69 oG Leul29 0
Asp71 N Asp134 oD2
Heme O1A Argl33 HH12
salt bridges Glub4 OE1 Argl26 NH1
Glu64d OE2 Argl26 NHE
Glue4d OE2 Argl26 NH1
Aspb5 oD1 Lys433 NZ
Asp65 0oD2 Argl22 NH1
van der Waals His31 Argl26
Phe63 Argl26
Val66 Lys433/Argl125
Gly67 Arg126
Thr70 Ala130/Asp134/Gly136
Ala72 Argl26
Arg73 Argl26
Glu74 Lys100
Heme Argl125/Ile435
Cluster Il cytbg cyt P450
residue atom residue atom
hydrogen bonds | Glu48 OE1 Argd2?2 HH12
Glu48 OE2 Argd22 HH22
Glu49 OE2 Arg85 HH12
Glub4 OE1l Argl26 HH22
Glu64d OE2 Argl26 HH12
Asp65 OoD1 Lys433 HZ2
Asp65 0oD2 Argl22 HH11
His68 0] Argl26 HE
Ser69 0G Argl33 HH22
Asp71 0oD2 Argl33 HH21
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Cluster Il cytbs cyt P450

residue atom residue atom
hydrogen bonds | Heme O1A Argl33 HH12

Heme 01D Argl25 HE

Heme 02D Argl25 HH21
salt bridges Glu48 OE1 Argd22 NH2

Glu48 OE1 Argd2?2 NH1

Glu48 OE2 Argd22 NH2

Glu48 OE2 Argd2?2 NH1

Glu49 OE2 Arg85 NH1

Glu49 OE2 Arg85 NH2

Glu64d OE1 Argl26 NH1

Glub4 OE1 Argl26 NH2

Glu64d OE2 Argl26 NH1

Glub4 OE2 Argl26 NH2

Aspb5 oD1 Lys433 NZ

Asp65 0oD2 Argl2?2 NH1

Aspb5 0oD2 Argl22 NE

Asp65 0oD2 Lys433 NZ

Asp71 0oD2 Argl33 NH2
van der Waals Gly47 Argd2?2

Val50 Val89

Asn62 Lys433

Phe63 Argl26

Val66 Argl125/Lys433

Gly67 Argl26

Thr70 Alal30

Arg73 Argl33

Heme Leu129/Lys433

4.5 Discussion
4.5.1 Identification of the binding epitope for cyt P450 2B4 on cyt b; by NMR

2D 'H-"N-TROSY-HSQC experiments were used to monitor the perturbations in
amide-NH chemical shifts and intensities of isotopically labeled full-length cyt bs upon
complex formation with unlabeled full-length cyt P450 2B4 in isotropic bicelles
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composed of DMPC and DHPC lipids (DMPC/DHPC g ratio of 0.25). The addition of cyt
P450 to cyt bs in an equimolar ratio caused an overall reduction of cyt bs amide signal
intensities, indicating complex formation between cyt P450 and cyt bs, which increases
the overall correlation time of cyt bs (Figure 4.6a, yellow color histogram). The average
chemical shift perturbations observed for most of the backbone amides of cyt bs, upon
addition of cyt P450, are relatively small in magnitude, < 0.01 ppm, and include residues
on both the proximal and distal surface of cyt bs. As a result, no specific regions of cyt bs
can be highlighted as being part of the interaction epitope based on chemical shift
perturbations, This lack of widespread changes in chemical shifts across the *H-"°N-
TROSY-HSQC spectrum indicates that there is no notable change in the overall tertiary
fold of cyt bs upon interaction with cyt P450.

The reason for the small chemical shift perturbations could be two-fold: either
fast-to-intermediate chemical exchange between the bound and the unbound forms of
the complex or the formation of an ensemble of dynamic encounter complexes (see

79-81

Section 1.4). Firstly, complex formation between cyt bs and cyt P450 could be in the

fast-to-intermediate (ns-us) regime, on the NMR time scale, relative to the chemical

2281 \where an overall broadening of the cyt bs resonances is observed.

exchange
Secondly, small and widespread chemical shift perturbations could be a result of the
formation of an ensemble of dynamic encounter complexes, as has been reported

31,32

previously for other metalloprotein complexes®"??, such as cyt bs-metmyoglobin® (see

Section 1.4). Encounter complexes are comprised of an equilibrium ensemble of protein
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orientations within the complex, which results in very small chemical shift perturbations
as observed for the cyt bs-cyt P450 complex.

A closer inspection of Figure 4.6a reveals differential line broadening of cyt bs
resonances upon complex formation with substrate-free cyt P450 (yellow), which
further suggests a dynamic interaction between these two proteins on a fast-to-
intermediate (ns-ps) time scale with respect to NMR chemical exchange.?*®? The line
broadening could be a result of: a) exchange between the unobservable bound state of
the cyt bs-cyt P450 complex in isotropic bicelles (> 100 kDa) and the free observable cyt
bs in isotropic bicelles or b) a change in the transverse relaxation rate of cyt bs
resonances caused by a direct interaction with cyt P450.>* The absence of significant
chemical shift perturbations suggest that the differential line broadening observed is
predominantly due to a direct interaction with cyt P450, enabling the characterization of
the interaction interface between cyt bs and cyt P450. Cyt bs residues that exhibit
significant differential line broadening (with a decrease in intensity > 20% as compared
to free cyt bs) were mapped onto the NMR structure of cyt bs. These residues, which
include E48, E49, D65, V66, and T70-S76, highlight a region of cyt bs around the solvent-
exposed edge of the heme that potentially forms the interaction interface with cyt P450
(Figure 4.6b). Broadening of H68 and S69 resonances of cyt bs was also observed and
may be due to the close proximity of the paramagnetic center in cyt P450 and/or due to
steric interaction between H68 and S69 and residues on cyt P450 in the interface.

Interestingly, extensive line broadening and disappearance of most of the cyt bs

amide resonances in the *H-">N-TROSY-HSQC spectrum were observed upon addition of
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an equimolar amount of substrate-bound cyt P450. Two different compounds were
tested: 3,5-di-tert-butyl-4-hydroxytoluene (BHT; type | substrate), and the heme iron-
binding inhibitor, 1-(4-chlorophenyl) imidazole (1-CPI, type Il substrate) (Figure 4.6c).
The widespread broadening of the cyt bs resonances suggests that the interaction of
cyt bs with the substrate-bound cyt P450 has shifted from a fast/intermediate (ns-us) to
an intermediate/slow time scale (us-ms), which causes the disappearance of the
majority of cyt bs resonances upon titration of substrate-bound cyt P450. This
conjecture is further supported by the measurement of a sub-micromolar K, for the
cyt bs-cyt P450 complex in the presence of the substrates, methoxyflurane (K,;= 0.02
UM, Table 4.13) and BHT (Ky;= 0.3 uM). These sub-micromolar K, values are consistent
with an intermediate-to-slow exchange on the NMR time scale leading to extensive line
broadening of cyt bs amide resonances. A previous kinetic study has reported a greater
than 10-fold decrease in K, of the cyt bs-cyt P450 complex upon addition of a substrate
benzphetamine (compared to the substrate-free complex).83 Unfortunately, only this
publication83 has been able to measure the Ky between cyt bs and cyt P450 in the
absence of a cyt P450 substrate; we were unable to perform such measurements
because the type | spectral change caused by cyt bs alone was not substantial enough
for a robust measurement. Due to extensive line broadening and disappearance of most
of the resonances of the heme domain of cyt bs in the *H-N-TROSY-HSQC spectrum,
relaxation NMR experiments could not be performed to validate the change in the time

scale of interaction.
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4.5.2 Mutagenesis identifies the “hot spots” of the cyt bs-cyt P450 complex

To complement the NMR data collected on the cyt bs-cyt P450 complex, we
carried out site-directed mutagenesis of residues on both cyt bs and cyt P450 (Table
4.11, Table 4.12 and Table 4.13). Residues (E42, E43, P45, G46, E49, V50, E53, Q54, N62,
D65, V66, D71 and L75) on the anionic surface surrounding the solvent-exposed heme of
cyt bs were mutated to alanine to explore the role of atoms distal to the B-carbon of the
wild-type amino acid in binding to cyt P450 2B4. Of the 13 different single mutations of
cyt bs, only two, D65A and V66A, exhibited both a significantly lower affinity (15- and 7-
fold higher K4, respectively) and decreased ability (85% and 43%, respectively) to
stimulate cyt P450 2B4 catalysis (Table 4.11). These data indicate that D65 and V66 of
cyt bs are important for both binding to cyt P450 and its function as an enhancer of cyt
P450 catalysis. The P45A, G46A, E53A, Q54A, D71A and L75A mutants of cyt bs were
found to be indistinguishable from wild-type (data not shown). Whereas E42A, E43A,
E49A, V50A and N62A exhibited a modest decrease in binding affinity with cyt P450,
these mutations did not decrease the ability of cyt bs to stimulate cyt P450 2B4 activity
(Table 4.11); as a result, these residues were deemed to only play a minor role in the
inter-protein interactions.

Previous mutagenesis studies on cyt P450 2B4 (Table 4.12 and elsewhere®®) have
shown that residues in the C-helix and C-D loop (R122, R126, R133, F135, M137 and
K139) and K433 in the B-bulge near the axial C436 are important for binding to cyt bs.

The R133A mutant showed a drastic decrease in binding affinity to cyt bs; in fact, the
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binding was too weak to obtain a robust K; measurement. All other mutants, showed a
decrease in binding affinity of at least 10-fold.
To determine the amino acids that are in contact at the interface between cyt bs

1384 \vas then performed using mutants of

and cyt P450, a double mutant cycle analysis
both cyt bs and cyt P450 that are defective in binding to one another (Table 4.13). In
such cycles the sum of the free energy change for the two single amino acid mutant
proteins is compared to that of the double mutant protein complex. When the sum of
the free energy change of the single mutants is not equal to that of the double mutant,
the two residues are defined as interacting and not behaving independently. This
assumes that the two residues are not interacting indirectly, e.g. through a structural
perturbation. If the sum of the free energy changes of the two mutants is equal to that
of the double mutant, i.e. their interaction energy is zero, then either there is no

interaction between the two residues or the interaction energy is of the same

magnitude as the free energy change of the double mutant, which is an infrequent

69,84 69,84

occurrence. A difference of greater than 1.0 kcal/mol was considered significant.
The free energy of binding, AG, of all possible pairs of wild-type and poorly binding
alanine mutants of both cyt P450 2B4 (R122, R126, F135, M137, K139 and K433, Table
4.12) and cyt bs (D65 and V66, Table 4.11) was measured (Table 4.13). The results of the
double mutant cycle analysis indicate that K433 of cyt P450 interacts with both D65 and

V66 of cyt bs and that R122 of cyt P450 interacts with D65 of cyt bs. Because of the 68-

fold decreased affinity of the R133A-cyt PA50 mutant for cyt bs, a robust double mutant

216



cycle analysis could not be performed. However, R133A-cyt P450’s poor affinity for

cyt bs indicates that R133 is critical to the inter-protein interaction.

4.5.3 Analysis of the cyt bs-cyt P450 predicted interaction interface

A structural model of the cyt bs-cyt P450 complex was generated using the data-

driven docking program HADDOCK,***

governed by unambiguous and ambiguous
intermolecular restraints obtained from NMR and mutagenesis data (Table 4.9). The
NMR structure of the membrane-bound rabbit cyt bs (Chapter 3) and a 1.9 A resolution
crystal structure of the heme-containing domain of cyt P450 2B4 (PDB code: 1SUO>)
were used in HADDOCK calculations. Docking was performed in the absence of a
membrane environment and therefore our structure of the complex reveals the
interactions between the structured heme domains of cyt bs and cyt P450. However, it
is important to note that all NMR and mutagenesis data were collected on membrane-
bound full-length proteins and the enzymatic function of the complex under these
conditions was confirmed by activity assays (Figure 4.5 and Table 4.15).

As described in the above section, the double mutant cycle analysis revealed
that K433 of cyt P450 interacts with both D65 and V66 of cyt bs and that R122 of cyt
P450 interacts with D65 of cyt bs; these interactions were incorporated as unambiguous
intermolecular restraints in HADDOCK. The ambiguous intermolecular restraints were
generated using active and passive residues for cyt bs and cyt P450 (all > 40% solvent
accessible). As active residues, eight cyt bs residues exhibiting significant differential line

broadening upon complex formation with cyt P450, and seven cyt P450 residues

deemed essential for binding to cyt bs based on site-directed mutagenesis were selected.
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As passive residues, amino acids flanking the active residues were selected for cyt bs,
and for cyt P450 all residues on the proximal side where the heme is closest to the
surface were selected (Table 4.9).

The docking simulations reveal not a single specific complex but rather an
ensemble of two low-energy complex orientations (Table 4.27), where the acidic convex
surface of cyt bs is sampling an extended surface area on the concave, basic proximal
side of cyt P450 where the heme is closest to the surface. The two dominant
subpopulations of low-energy complex structures (clusters | and Il) include two unique
but overlapping clusters of residues on cyt bs and cyt P450 2B4 (Figure 4.19, Figure 4.20
and Table 4.28). The residues of cyt bs that are common between the majority of the
low-energy complex structures are found mostly on the lower edge of the protein cleft
(i.e. below the heme, on the a4 and a5 helix). The cyt P450 and cyt bs hemes are nearly
perpendicular to one another in both clusters, and the shortest distance between the
two heme-edges is 9.0 and 7.4 A respectively in clusters | and II, which is well within the
14.0 A limit predicted for efficient electron transfer (Figure 4.18b).”” The Fe-Fe distance
is 20.9 and 19.3 A in clusters | and II, respectively.

Complex formation between electron transfer proteins, like cyt P450 and cyt bs,
proceeds via the formation of dynamic encounter complexes driven by the oppositely
charged surfaces (Figure 4.19a). In the encounter complexes, the different complex
orientations are interchanging among themselves at a fast-to-intermediate time scale as
shown by our NMR data. The encounter complexes then undergo local rearrangements

upon binding of a substrate/ligand, resulting in one or more productive complex
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orientations capable of electron transfer. These productive complexes allow for efficient
electron transfer and then rapidly dissociate to obtain another electron for the next
reaction cycle. Electron transfer complexes are engineered to be robust and resistant to
mutational changes and thermal fluctuations, and carry a redundancy of similarly
charged residues neighboring each protein’s hot spot.?’ The two lowest-energy complex
orientations presented here (clusters | and Il) likely represent productive cyt bs-cyt P450
complex orientations since the heme-edge to heme-edge distances allow for efficient
electron transfer.”” Both complex structures are typical to other redox complexes in
that, although there is a large interfacial area of contact (~¥937 A? in cluster | and ~903 A?
in cluster Il, Table 4.27), the bulk of the binding energy can be attributed to a small
number of complementary residues.?**

The cyt bs-cyt P450 complex orientations reveal that the acidic convex surface of
cyt bs docks, like a ball in a socket, into the entire concavity on the proximal surface of
cyt P450 (Figure 4.16), with the C-helix residues contributing the vast majority of the
binding energy as indicated by the mutagenesis data (Table 4.12). A closer look at the
complex structures from clusters | and Il (Figure 4.20 and Table 4.28) highlights that the
interactions at the complex interface occur between 14 residues and the heme-D-
propionate of cyt bs and 14 residues of cyt P450. Based on the double mutant cycle
analysis (Table 4.13), we identified that the interactions contributing the most binding
energy to the complex formation were between the cyt P450 C-helix residue R122 and

K433 in the B-bulge (near the axial C436), and D65 and V66 at the C-terminus of helix a4

of cyt bs (Table 4.13). These interactions were shown to be critical for both complex
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formation and function. From the HADDOCK structures, we see that D65 of cyt bs is
able to form hydrogen bonds and/or salt bridges with R122 and K433 of cyt P450, and
that V66 of cyt bs is in van der Waals contact with K433 of cyt P450 (as well as R125).
Residue R133 of cyt P450, which was found to be very important for binding to cyt bs in
our studies, is hydrogen bonded with the heme propionate group on cyt bs in both
clusters (additional interactions were also found for R133 in cluster Il, Table 4.28). The
predicted structures provide new insights into the function of cyt P450 2B4 residues
previously mutated to alanine (Table 4.12 and elsewhere®®). R126 of cyt P450 was found
to form hydrogen bonds and salt bridges with E64 of cyt bs in both clusters and
hydrogen bonds with H68 (Table 4.28). Surprisingly, C-D loop residues, M137 and K139,
which mutagenesis data revealed were important for cyt bs binding (Table 4.12), were
not found at the complex interface (Figure 4.20 and Table 4.28). We hypothesize that
their mutation might induce a structural perturbation in the flexible C-helix, which in
turn destabilizes the interaction with cyt bs. The K139A mutation was previously shown
to disrupt a hydrogen-bond network between the K139 amino group and P261 and
N260 in the G-H loop,> suggesting an allosteric interaction between the C-helix and the
G-H loop. Residue R443, which was shown to be important only for binding to CPR,2 is
not found in the interaction interface of the predicted complex structures (Figure 4.20).
On cyt bs, both D65 and V66, which were shown to be in the binding site for

188 are now shown to be in the binding site for cyt P450 2B4 both

cytochrome c,
experimentally and in our HADDOCK complex structures. A double cyt bs mutant E48G

and E49G mutant (which introduced a very flexible sequence of four glycine residues)
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has been shown to be deficient in its ability to stimulate the activity of cyt P450c17.%’
This observation is consistent with the presence of E48 and E49 in the interaction
interface of cluster Il and is in accordance with our NMR data where we observed
considerable line broadening for E48 and E49 upon complex formation with cyt P450.
The HADDOCK structures of the cyt bs-cyt P450 complex based on our NMR data
and site-directed mutagenesis studies, as well as previous experiments,®> demonstrate
that cyt bs and CPR compete for a binding site on cyt P450, and rule out the possibility
of separate, functional binding sites for cyt bs and CPR and the formation of a ternary

complex between the three proteins.

4.5.4 Electron transfer pathway between cyt b; and cyt P450

The structure of the cyt bs-cyt P450 complex generated from HADDOCK shows
that the guanidinium group of R125 on the C-helix of cyt P450 forms a salt bridge
between the heme-D-propionates of both cyt bs and cyt P450. This network was
predicted, using HARLEM,”” to serve as one of the shortest electron transfer pathways
between the two proteins (Figure 4.18b). R125 is one of the most highly conserved cyt
P450 residues and is homologous to R112 in cyt P450m, which has been shown to be
essential for electron transfer.®® The physiological significance of R125 was also
highlighted when mutation of the R125 homolog in human cyt P450 24A1 resulted in a
defect in vitamin D degradation.89 We have also previously attempted to characterize
the R125A mutant of cyt P450 2B4, and found that the mutation rendered the protein
unstable.”® The proposed network involving the heme propionates is consistent with

previous studies that have demonstrated that the heme propionate groups of cyt bs
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4790 and cyt P450 isozymes76, suggesting

interact with charged groups on cytochrome c
that other cyt P450 complexes might employ a similar interface. Figure 4.18b presents
another possible electron transfer pathway between the heme-D-propionate of cyt bs
and 1435, the non-conserved amino acid preceding the axial ligand, C436, on cyt P450.
However, our mutagenesis data have shown that the 1435A mutant is as active as the
wild-type cyt P450 (data not shown), suggesting that it does not play a critical role in
electron transfer between the two proteins.

The extensive knowledge of the structure of the cyt bs-cyt P450 complex
provides insights into the principles governing interprotein interactions and will
markedly facilitate our ability to unravel the molecular mechanism by which the rate of

cyt P450 catalysis is regulated by its redox partners, cyt bs and cytochrome P450

reductase.

4.6 Conclusion

Here we report the structural and functional interaction interface between two
full-length membrane-bound microsomal proteins, cyt bs and cyt P450 2B4, studied by
NMR and site-directed mutagenesis. The two proteins form a dynamic complex
mediated by both hydrophobic and electrostatic interactions (Figure 4.20 and Table
4.28). The electrostatic interactions between the oppositely charged residues, as well as
the fact that the two proteins are anchored in the membrane, play important roles in
orienting the two proteins prior to complex formation and help in considerably
increasing the number of productive collisions that control and direct the flow of

electrons from cyt bs to cyt P450. Addition of a small molecule substrate (BHT or 1-CPl)
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significantly increased the binding affinity between cyt bs and cyt P450, moving the
dynamic interaction between the two proteins from a fast-to-intermediate regime to an
intermediate-to-slow regime on the NMR time scale as indicated by the extensive line
broadening of cyt bs amide NMR resonances upon complex formation with substrate-
bound cyt P450. The structure of the cyt bs-cyt P450 complex presented allows us to
define the pathway of interprotein electron transfer from cyt bs to cyt P450 through the
highly conserved R125 residue on cyt P450. Our study demonstrates how a
combinatorial approach, including NMR and mutagenesis studies (particularly double
mutant cycle experiments), can be exploited to obtain atomic-level structural, functional
and dynamic information on intact, membrane-bound, large metalloprotein redox

complexes in a near-native environment.

4.7 Contributions

Le Clair determined the histidine protonation states of cyt bs and cyt P450; ran,
analyzed and prepared figures for all HADDOCK simulations apart from the one
published; and wrote the bulk of the chapter as well as provided detailed editing of and
conceptual feedback for the manuscript. Jahr did the NMR titration experiments and
analysis of the cyt bs-cyt P450 complex in the presence of BHT. Ahuja did the NMR
experiment of the complex without substrate. Ahuja and Popovych established how to
prepare all the files for HADDOCK and did the run and analysis of the simulation
presented in the manuscript. Im and Bridges expressed all proteins and ran the single
mutagenesis binding and activity assays, as well as the double mutant cycle

experiments.
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CHAPTER 5

Anatomy of the cytochrome bs interface in its stereospecific and
encounter complexes with cytochrome P450

5.1 Summary

For redox protein complexes, data analysis can be complicated by the presence
of two types of complexes: the electrostatic-driven encounter complexes and the
stereospecific complex(es). In this chapter, we impart a simple NMR approach to
identify residues involved in encounter and stereospecific complexes between redox
partners. We successfully applied this approach, in which we monitored extensive line
broadening as a concentration of NaCl, to the two full-length membrane-bound proteins
cytochrome bs (cyt bs) and cytochrome P450 (cyt P450). Encounter complex formation
between the two proteins encompasses all sides of cyt bs, and the prevalence and
strength of non-covalent interactions in these complexes are highly dependent on the
cyt bs surface charge density. Cyt bs residues V66, G67 and T70 were identified as being
strongly involved in stereospecific complex formation with cyt P450. We propose an
overall and residue-specific mode of interaction between cyt bs and cyt P450, which

encompasses the involvement of charged, polar and hydrophobic residues. Upon

Adapted from the manuscript entitled “Anatomy of the cyt bs interface in its stereospecific 233
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addition of a cyt P450 type | substrate, a shift was seen in the interaction between cyt bs
and cyt P450. We show that there is an increase in the encounter complex population
and that substrate-bound cyt P450 has the ability to scan a larger surface area of cyt bs,
compared to substrate-free cyt P450. This lengthens the lifetime of the encounter

complex, thereby leading to a higher frequency of stereospecific complex formation.

5.2 Introduction

Understanding protein-protein interactions is essential to unraveling the
intricate networks that execute crucial biological functions, such as cellular respiration
or xenobiotic metabolism. Although significant progress has been made,’ studying the
molecular mechanisms of electron transfer complexes, which are highly transient, is still
challenging. Characteristics of these complexes differ from other protein complexes for
two main reasons: redox proteins interact with numerous partners, and they need to
associate and dissociate quickly with one another (for high turnover of electrons). The
protein-protein interactions therefore need to strike a balance between being non-
specific enough to allow for quick dissociation but specific enough to allow the two
redox centers to be close enough (< 14 A)Z for electron transfer.?

Redox partners are hypothesized to interact via dynamic docking.*” Like other
molecules, redox partners diffuse through solution and membranes via Brownian
motion, until they experience stochastic macrocollisions.® This probability of a
macrocollision is usually enhanced by the two proteins being oppositely charged.’

Following the macrocollision, the proteins interact non-specifically via long-range
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electrostatic interactions as they scan each other’s surfaces through diffusional and

rotational motions.”

Encounter complexes are formed at this stage, and the proteins
then either dissociate or find each other’s “hot spots” and are able to form a
stereospecific/productive complex in which electron transfer can occur. Since the rate
of electron transfer falls off exponentially as the distance between the redox centers
increases,” this productive/stereospecific complex formation needs to be driven by
specific, short-range interactions such as hydrogen bonding, salt bridges, van der Waals
and hydrophobic contacts.? It is also possible that there is fast exchange between the
encounter complexes and the stereospecific complex since binding affinities of redox
complexes can be quite low (K, of 10°-10° m).?

While studying tight complexes is becoming more routine using NMR and X-ray
crystallography,12 investigating dynamic redox complexes is still a difficult task, due to

the millisecond timescale of complex formation®*1371°

and the sample heterogeneity
from the presence of both stereospecific and encounter complexes. The encounter
complexes’ population can vary greatly, from 5% to 100%, depending on the redox
partners, and can therefore have a significant impact on observable measurements.>’
Another level of complexity is added to the system if the electron transfer proteins are
also membrane-bound. Although significant discoveries have been made in the field of
transient complexes through the use of NMR Paramagnetic Relaxation Enhancement
(PRE) techniques, PRE often requires mutation and/or addition of a prosthetic group to

16,17
d.

an amino aci For a small protein interacting with a large protein, the binding

interface can also be studied via differential line broadening, which does not require any
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protein alterations.'® Chapter 4 introduced this type of analysis to study complex
formation between cytochrome bs and cytochrome P450 using solution NMR.

For the well-known oxidation of non-activated hydrocarbon molecules,*
cytochrome P450 (cyt P450) requires two electrons from its redox partners: cytochrome
P450 reductase (CPR) and cytochrome bs (cyt bs). Cyt bs can only donate the second
electron, while CPR can donate both the first and second electron.”® Cyt bs has been

21,22
A

shown to be an essential component of the cyt P450 catalytic system in vivo. S

redox partners, cyt bs and cyt P450 should follow the dynamic docking model of

11’24, the addition of salt

complex formation.*> According to theory”® and experiments
causes more significant dissociation of the encounter complexes of soluble proteins
than the stereospecific complex(es). The hypothesis is that salt more easily interferes
with the long-range, electrostatic-driven interactions present in the encounter

" than the short-range interactions present in the stereospecific complex3'7.

complexes

In this chapter, we present a detailed look at the interactions between the two
membrane-bound, full-length ferric proteins rabbit cyt P450 2B4 and rabbit cyt bs (from
the cyt bs point of view). By utilizing a series of H,">N-TROSY-HSQC spectra to monitor
differential line broadening as a concentration of NaCl, we make a distinction between
cyt bs residues involved in encounter complexes versus those implicated in the
stereospecific complex. We show the extent of the cyt bs residues’ involvement in

encounter complex formation and identify cyt bs residues which are likely at the

interface with cyt P450. We also compare the protein-protein interactions in the
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absence and presence of a type | substrate (BHT), showing the differences and

similarities in the encounter and stereospecific complexes formed.

5.3 Materials and methods

5.3.1 Materials

Phosphate buffer components (potassium phosphate monobasic and dibasic),
glycerol and 3,5-di-tert-butyl-4-hydroxytoluene (BHT) were purchased from Sigma-
Aldrich. Sodium chloride was purchased from Fischer Scientific. 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (DHPC) and 1,2-dimyristoyl-sn-glycero-3-phosphocholine

(DMPC) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).

5.3.2 NMR sample preparation and experiments
N full-length cyt bs and unlabeled full-length cyt P450 were expressed and

2226 NMR experiments were performed at 298 K on a

purified as detailed previously.
Bruker 900 MHz spectrometer equipped with a 5 mm triple-resonance TXI cryo-probe.
All NMR samples were prepared in 100 mM potassium phosphate buffer, pH 7.4, with
5% (w/v) of glycerol. DMPC/DHPC isotropic bicelles, with a g ratio of 0.25 of [DMPC] to
[DHPC], were prepared by co-solubilizing DMPC and DHPC in chloroform. The solvent
was then evaporated with N, gas to form a thin film along the bottom of the test tube;
any residual chloroform was removed by placing the test tube in a vacuum oven
overnight. The lipid film was rehydrated prior to preparing the NMR sample.27 The final

concentration of bicelles in all NMR samples was 10% (w/v). Detailed instructions on the

isotropic bicelle preparation can be found in Appendix D.
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The NMR experiments on cyt bs alone were done on 0.2 mM of cyt bs
incorporated in DMPC/DHPC isotropic bicelles. A series of 'H,">N-SOFAST-HMQC spectra
of cyt bs were collected under the following four conditions: 0, 100, 250 and 400 mM
NaCl. All NMR samples containing the cyt bs-cyt P450 complexes were prepared to give
a final concentration of 0.2 mM of each protein, with a 1:1 molar ratio of cyt bs to cyt
P450. The complexes were preformed and then incorporated in DMPC/DHPC isotropic
bicelles. The complex samples containing BHT had a molar ratio of 2:1 of BHT to cyt
P450. NaCl titrations were performed on both the protein complex samples with and
without BHT. For both types of cyt bs-cyt P450 complexes, a series of *H,”°N-TROSY-
HSQC spectra was collected for the following salt concentrations: 0, 100, 250 and 400

mM NaCl.

5.3.3 NMR data analysis

All spectra were processed in TopSpin 2.0. Peak assignments were made using
Sparky, and chemical shifts and peak heights were obtained from Sparky.28 The
assignment of each ferric cyt bs resonance in the HSQC spectra can be found in Figure
3.3. In order to compare intensities of residues in the spectra at each NaCl
concentration, the intensities of cyt bs were internally normalized by setting the
intensity of D134 as 100% and all other intensities as a percentage of D134 (referred to
as “relative intensities”). Residue D134 was chosen for the normalization because it is
the highest intensity resonance in all spectra. It is also located at the end of the C-
terminus of cyt bs and it does not appear to be affected by complex formation in any the

experiments we have performed. Curves were generated in Excel using the relative
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intensities of each residue, at each salt NaCl concentration, and slopes were calculated
according to the data points between 0-250 mM NaCl for cyt bs with substrate-free cyt
P450, and 0-400 mM for cyt bs with BHT-bound cyt P450. For the residues that were
absent from the spectrum at a specific salt concentration, the value was set at 0% for
that point, and a maximum of one data point with 0% was used in any given slope
calculation for a residue. For this reason, most slopes for the complex between cyt bs
and BHT-bound cyt P450 only had 2-3 data points. The intensities of residues near the
N-terminus (K7-V9) and in the linker fluctuated a lot upon addition of NaCl for free cyt
bs in bicelles and were not considered when discussing slopes.

The following cyt bs residues are either unassigned or invisible in the 'H-">N-
TROSY-HSQC spectra: M1-D6, S23, L30, K33, P45, G46, G47, P86, S90, K91, K94, P95 and
1100. Additionally, the resonances of H32, H68 and S69 do not reliably appear in the
spectra. The following residues have the lowest intensities in the free cyt bs 'H-N-
TROSY-HSQC spectrum and could not be discussed in our analysis since any small
variation in intensity might cause their resonances to become undetectable: T26, H31,
V34, L37, L51, G56, 181 and H85. It is interesting to note that three of these residues
(T26, L37 and L51) are located in a cleft that has been hypothesized to become exposed
during a molecular dynamics (MD) simulation of cyt bs (Figure 5.1).%° For the cyt bs-cyt
P450 complex, four (S93, E97, T102 and D104) out of fifteen of the linker residues were
identified and assigned conclusively in the cyt bs-cyt P450 complex and only had a single
conformer peak that could be easily monitored during experiments. Other residues for

which incomplete information could only be obtained are listed in Table 5.1.
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Table 5.1 Residues for which only incomplete (or no) intensity information could
be obtained in the given experiments. The intensities of these residues were
unreliable as they either overlapped with nearby peaks, their intensities fluctuated a
lot during the salt titration of cyt bs alone, or they alternated between multiple
conformers in either all or some of the spectra. These residues are colored light grey
in their respective figures.

cyt bs-cyt P450 cyt bs-cyt P450 with BHT
T13, L14,117, H20, S25, W27, 117, H20, S25, K24, 129, F40,
L41, E42, E43, L75 and S76 E42, L84 and D88

Figure 5.1. Cleft opening on the top of cyt bs as determined by MD simulations in
Storch et al.”® The left side of cyt bs is shown in a) with the axis and arrow
demonstrating the 90° rotation performed to show the top portion of cyt bs in b). In
blue are residues that become exposed during the cleft opening and orange
residues are those that border the cleft.

5.3.4 Calculation of solvent accessibility of cyt b residues

The cyt bs structure obtained from NMR in Chapter 3 was used for the
generation of all figures. NACCESS,*® with the default parameters, was used to calculate
the solvent accessibility of cyt bs residues (see Appendix C) in our NMR structure of cyt
bs. Residues that were considered solvent accessible had a relative solvent accessibility
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> 35% for either the main chain or side chain atoms, or all atoms. A threshold of 35%
was used because a cyt P450 residue shown to be important for the cyt bs-cyt P450
interaction, as determined from mutagenesis,31 was calculated to have a main chain
solvent accessibility of 35.8%. It should be noted that although Y35 was shown to be
inaccessible with NACCESS, Y35 has been previously shown to be accessible to
nitration;*? this partial solvent accessibility might be caused by the opening of the cleft

shown by MD simulations® (Figure 5.1).

5.3.5 Circular dichroism experiments of cyt P450 2B4

Circular dichroism experiments were performed on a Jasco J-715
spectrapolarimeter fitted with a 150-W xenon lamp at 25°C using a 1 mm cuvette.
Bandwidth was set at 1.0 nm and the time constant was 1.0 sec. Spectra were recorded
in the far UV region from 190 nm to 270 nm, with eight scans accumulated and
averaged for each spectrum. A background (with everything present except cyt P450
2B4) was subtracted for all experiments. NaCl was titrated into a solution containing
1 uM cyt P450 2B4 and 2% (w/v) DMPC/DHPC bicelle (g = 0.25) in 100 mM potassium
phosphate buffer, pH 7.4, containing 5% (w/v) glycerol. The following concentrations of
NaCl were tested: 1 uM, 250 uM, 500 pM, 675 uM, 1 mM and 1.25 mM. These
concentrations provide molar ratios of cyt P450 to lipids that are equivalent to those in

the NMR samples.
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5.4 Results

5.4.1 NaCl does not affect the structures of cyt b; and cyt P450 2B4

Cyt bs is a 15 kDa protein with a heme-containing soluble domain, a 15-residue
linker and an a-helical transmembrane anchor (Section 1.1). The full assignment of the
'H,°N-TROSY-HSQC spectrum of the soluble domain of full-length cyt bs can be found in
Figure 3.3. To assess whether the structure of cyt bs, incorporated in 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC) and 1,2-dihexanoyl-sn-glycero-3-phosphocholine
(DHPC) isotropic bicelles (g = 0.25), is affected upon addition of NaCl, a series of 2D
'H,°N-SOFAST-HMQC spectra of cyt bs were taken at the following salt concentrations:
0, 100, 250 and 400 mM NaCl. The spectra revealed that the structure of cyt bs does not
change significantly under these salt conditions, with the overall HMQC pattern
remaining identical (Figure 5.3). Although there were slight perturbations for some
residues, the shifts were not significant enough to suggest structural changes, as they
were within experimental error (average perturbation < 0.009 ppm). These small shifts
are likely a result of the change in buffer conditions experienced by solvent-exposed
residues. Through circular dichroism experiments of cyt P450 2B4 in DMPC/DHPC
isotropic bicelles (g = 0.25), we also confirmed that the overall secondary structure
content of cyt P450 2B4 does not change with addition of NaCl (Figure 5.2). This is in
agreement with a previous study which showed no secondary structure changes in cyt
P450 2B4 at different sodium phosphate and NaCl concentrations.>

In addition to the lack of structural changes, the intensities of cyt bs resonances

were not affected by the addition of NaCl. The relative intensities (see Methods) of each
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residue fluctuated around a single value within a standard deviation of only 1.4% (which
is an error range < 9%) over all NaCl concentrations. Addition of BHT to cyt bs also
caused no spectral changes, neither in intensities nor chemical shifts (Figure 5.4). The
changes in intensity described in the following sections can therefore be ascribed to

modifications in the interaction between the heme domains of cyt bs and cyt P450.
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Figure 5.2. The secondary structure of cyt P450 is not affected upon addition of
NaCl. Circular dichroism spectra of cyt P450 2B4, incorporated in 2% (w/v)
DMPC/DHPC isotropic bicelles (g = 0.25), collected before and after titration of NaCl
(molar ratios of cyt P450 to lipids are equivalent to those in the NMR samples).
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Figure 5.3. The overall structure of cyt bs is not affected by the presence of NaCl. 'H,”’N-
SOFAST-HMQC of cyt bs, incorporated in DMPC/DHPC isotropic bicelles (g = 0.25), collected
under the indicated salt conditions.
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Figure 5.4. Addition of BHT affects neither intensities nor chemical shifts of cyt bs backbone NH nuclei. 'H,">N-SOFAST-HMQC spectrum
of cyt bs in isotropic bicelles (maroon) and the spectrum obtained after addition of BHT in a 1:1 molar ratio (coral) superimposed above

it.
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5.4.2 Interaction between cyt b and substrate-free cyt P450

To identify interfacial cyt bs residues, the full-length 1:1 cyt bs-cyt P450 complex
was studied incorporated in DMPC/DHPC isotropic bicelles (g ratio of 0.25). Upon
addition of cyt P450, there was an overall drop in the intensities of cyt bs resonances in
the *H-">N-TROSY-HSQC spectrum but only a few cyt bs residues showed a drastic
decrease in intensity or became undetectable (Table 5.2 and Figure 5.6a). The
reappearance of cyt bs resonances in the H-"’N-TROSY-HSQC spectrum and the
concurrent increases in relative intensities (see Methods) of resonances were then
monitored as a function of NaCl concentration (0 to 400 mM NaCl, Table 5.2 and Figure
5.5). Residues K7 and D8 were not affected by addition of cyt P450 and their intensities
did not change upon addition of NaCl (M1-D6 are unobservable®?). By the addition of
250 mM NadCl, the intensities of 88% of the residues, including those from the linker
region, reached a plateau and experienced no further disruptions by NaCl (Figure 5.5);
the residues that continued to be influenced by further increases in ionic strength are
shown in Figure 5.6b. The intensities of the following residues were significantly
influenced by the addition of NaCl (slope > 0.0391%/mM NaCl, see Methods and
Discussion): E53, A55, N62, K77, T78* and F79* (*indicates solvent inaccessible, see
Methods). At 400 mM NaCl, the intensities of cyt bs (in complex with cyt P450) were still
only 78.5 + 20.5% (on average) of the intensities of cyt bs alone in isotropic bicelles (free
cyt bs). In the complex at 400 mM NaCl, cyt bs residues 117, K24, A59, V66 and T70 had

intensities significantly lower (< 58%) compared to the free cyt bs spectrum.
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Table 5.2 Cyt bs residues that experience extensive line broadening in the
presence of substrate-free cyt P450, at different ionic strengths.

[NaCl] Absent or low intensity (< 2%)
(mM)  Solvent accessible  Solvent inaccessible
0 T38, E64-G67, Y35, H44, A59, T60,
T770,D71, R73 F63, A72, L84
100 T70 none
250 none none

In italics are residues that were absent from the spectrum.
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Figure 5.5 Effect of NaCl on the relative intensities of selected cyt bs residues in
the presence of substrate-free cyt P450. All intensities were internally normalized
(shown in %) to the intensity of D134 (see Methods). The relative intensities were
monitored with additions of NaCl. Most residues reached a plateau by 250 mM NacCl
in the presence of substrate-free cyt P450. The trend for R89 (shown), as well as T60
and D87, was different than for other residues since the increase in intensity from
100 to 250 mM was smaller than the increase from 250 to 400 mM NacCl.
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Figure 5.6 Residues playing a role in the formation of the stereospecific and encounter complexes between cyt b; and substrate-free
cyt P450. a) Residues that broadened drastically upon complex formation with substrate-free cyt P450; purple highlights residues which
are solvent accessible (> 35% based on NACCESS®) and blue those that are solvent inaccessible. The residue in pink (T70) was still absent
from the spectrum even at 100 mM NacCl. b) Residues that continued to be affected by ionic strength even at 400 mM NaCl, and that are
therefore prevalent interactions in the encounter complexes. Each of these residues had a slope > 0.006%/mM NaCl between 250 and
400 mM (those that plateaued had an average positive slope of < 0.003%/mM NaCl). Only T28, 129 and T60 are solvent inaccessible.
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5.4.3 Interaction between cyt b; and substrate-bound cyt P450

In Chapter 4, we showed that the interaction between cyt bs and cyt P450 is
altered by the presence of a cyt P450 substrate.>® To understand the cause of this
change, we sought to study the effect of ionic strength on the complex between cyt bs
and cyt P450 in the presence of the type | substrate 3,5-di-tert-butyl-4-hydroxytoluene
(BHT). BHT is a synthetic additive that is commonly used as a preservative for foods,
cosmetics and other products.35 Mammalian cyt P450 2B enzymes convert BHT into
reactive metabolites which have been linked to adverse effects such as lung tumor
promotion36. Similarly to the previous section, the reappearance of cyt bs resonances
and the concurrent increases in relative intensities (see Methods) were monitored as a
function of NaCl concentration (0-400 mM NaCl) for the full-length cyt bs-cyt P450
complex in the presence of BHT (1:2 cyt P450:BHT), incorporated in DMPC/DHPC
isotropic bicelles (g = 0.25). In the absence of NaCl, nearly all cyt bs residues broadened
beyond detection upon addition of substrate-bound cyt P450 (in agreement with the
results in Chapter 43%). The only cyt bs resonances remaining in the spectrum originated
solely from the N-terminus (K7-V9) and C-terminal end of the linker (E97, T102 and
D104) (Table 5.3 and Figure 5.7). Peaks reappeared differentially in the spectrum with
addition of 100 and 250 mM NaCl (Table 5.3, green in Figure 5.8a). Some residues
continued to be absent even at 250 and 400 mM NacCl (Table 5.4 and Figure 5.10). None
of the residues reached a plateau in intensity by the addition of 400 mM NaCl (Figure
5.9). The increases in the relative intensities were linear for all residues and a slope

could be calculated for each residue with R* > 0.92 (see Methods and Figure 5.9). The
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average slope for all residues was 0.0204 + 0.0106%/mM NaCl. Two residues were
affected more significantly by NaCl (slope > 0.0310%/mM NaCl): Q54* and A55 (*not
solvent accessible). The relative intensities of cyt bs residues in the complex spectrum at
400 mM NaCl were, on average, only 50.7 + 20.1% of the intensities observed for free
cyt bs. In addition to V66, G67 and T70 still being absent in the spectrum, the following
residues had significantly lower intensity (< 30.6%) compared to free cyt bs: L14, K24,
E48, D65, D71 and A72 (this percentage could not be calculated for F63 and T78).

Table 5.3 Cyt bs; resonances present in the spectrum for the complex between
cyt b; and substrate-bound cyt P450.

[NaCl] Present (relative intensity > 1.6%)
(mM)  Solvent accessible Solvent inaccessible*
0 K7-V9, E97, T102, D104

100 K10-Y11, E15-E16, N21-
H22, 525, A55, G57, S93

250  T13, K18-K19, T38-K39, Y12, W27, D36, V50,

L41-E43, E48-E49, R52- T78-180, E83
E53, D58, E61-N62, E74,
K77, D87, R89

*While these residues were calculated to be solvent inaccessible by NACCESS, they
are visible on the surface representation of cyt bs and are therefore listed here
(these were also colored dark green in Figure 5.8a).

Table 5.4 Cyt bs; residues that experience extensive line broadening in the
presence of BHT-bound cyt P450, at different ionic strengths.

[NaCl] Absent or low intensity (< 2%)
(mM)  Solvent accessible Solvent inaccessible
250 L14, E64, D65, V66, Y35, H44, A59, T60, F63,
T70, D71, R73 A72,576

400 V66, G67*,T70
*The resonance of G67 did not reliably appear in the spectra during the salt titration
and it was noise-level at 400 mM NaCl, suggesting strong participation in complex
formation with cyt P450.
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Figure 5.7. 'H->N-TROSY-HSQC spectrum of cyt bs with substrate-bound cyt P450 (1:1) in
isotropic bicelles. Only cyt bs residues at the N-terminus and in the linker region near the
membrane anchor remain in the spectrum at 0 mM NacCl. 129 and L37 are labeled but have
multiple peak centers and low intensities and were not considered in the analysis. Unlabeled

resonances are either unassigned or originate from minor conformers of cyt bs.
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Figure 5.8 a) Residues on all sides of cyt b; are involved in encounter complexes between cyt bs and cyt P450. Surface representation of cyt bs
with different shades of green indicating the residues that are very loosely involved in the encounter complexes’ formation (light green,
reappeared at 100 mM NacCl) and residues that interact more prevalently (dark green, reappeared at 250 mM NaCl). Dark purple and light violet
indicate the residues that are involved in stereospecific complexes (see Figure 5.10). The residues in dark grey are involved in neither the
encounter complexes nor the stereospecific complexes. Information could not be obtained for the residues in light grey. The leftmost figure
shows the proximal side of cyt bs where the heme is solvent exposed and the figures to the right are successive 90° rotations around the axis
shown. b) The surface charge density of cyt bs dictates the level of interaction within the encounter complexes. b) shows the electrostatic
potential surface for rabbit cyt bs (NMR structure from Chapter 3) calculated using the PDB2PQR?”*® server and PyMOL*® with the APBS plugin
2.1% (see Appendix B). The surface of cyt bs is highly acidic on the proximal side of the soluble domain, as are parts of the linker region. The
distal face and sides of cyt bs contain some negative charges, but their concentration is much lower than on the proximal side.
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Figure 5.9 Effect of NaCl on the relative intensities of selected cyt bs residues in
the presence of substrate-bound cyt P450. All intensities were internally
normalized (shown in %) to the intensity of D134 (see Methods). The relative
intensities were monitored with additions of NaCl.

Figure 5.10 Residues playing a role in the stereospecific complex formation
between cyt bs and substrate-bound cyt P450. Solvent accessible residues whose
intensities were drastically affected in the presence of BHT-bound cyt P450 are
shown in pink and purple, with solvent inaccessible residues in blue. Residues that
were still absent or low in intensity at 250 mM NaCl but reappeared at 400 mM NaCl
are shown in purple, and those still absent at 400 mM NaCl are shown in pink.
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5.4.4 The effect of increasing ionic strength

By looking at the order of reappearance of cyt bs residues upon addition of NaCl,
specifically in the complex between cyt bs and BHT-bound cyt P450, several conclusions
can be reached about the effect of NaCl on complex dissociation. If it were simply the
intensities of all cyt bs resonances increasing in the same manner with addition of NaCl,
residues T26, H31, V34, L37, L51, G56, 181 and H85 should be the last to reappear in the
complex spectrum, since these eight residues have the lowest intensities in the free cyt
bs spectrum (Section 5.3.3). However, this is not the case: only 181 reappeared at 400
mM NaCl, and T26, V34, L51, G56 and H85 appeared at 250 mM NaCl and L37
reappeared at 100 mM NaCl (Table 5.3 and Table 5.4). Along the same lines, if the
decrease in intensity upon complex formation was only due to the overall correlation
time of cyt bs increasing, and if salt was breaking up complexes in an even fashion, we
would expect the regions of cyt bs that are internally more flexible and dynamic to
reappear first with addition of NaCl. Based on the higher mobility of certain regions of
full-length cyt bs (judged by low heteronuclear BN-{*H) steady-state nuclear overhauser
effect values (Section 3.4.341), residues E42-E43, R73 and L75 should be among the first
peaks to reappear (after N-terminal and linker residues); this is not the case as they
reappear only at 250 or 400 mM NaCl (Table 5.3 and Table 5.4). These two findings
suggest that the broadening is not only due to a longer correlation time of cyt bs upon
binding cyt P450 and that salt is not simply dissociating the complexes in a manner
affecting all residues equally. Furthermore, salt is not simply breaking up all electrostatic
interactions since some charged residues are still absent at 250 mM NaCl (Table 5.4).
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5.5 Discussion

5.5.1 Characterizing the cyt bs-cyt P450 2B4 complex

Interestingly, no significant chemical shift perturbations were observed (< 0.01
ppm), under any of the conditions studied here (and in Chapter 4), for the complex
between cyt bs and cyt P450 2B4 in DMPC/DHPC isotropic bicelles (g = 0.25). The lack of
chemical shift perturbations indicates that the complex formed between the two

>742 o that only free cyt bs is observable (because the

proteins is either highly dynamic
complex is unobservable by solution NMR due to a size > 100 kDa). The intensities of cyt
bs resonances were, however, affected by the presence of cyt P450. The broadening of
cyt bs residues, caused by both substrate-free and BHT-bound cyt P450, can be
attributed to cyt bs binding to cyt P450 for several reasons: NaCl and BHT caused no
effect on the free cyt bs spectrum and the broadening observed for cyt bs in complex
with cyt P450 was reversible upon addition of NaCl. Moreover, the data suggest that
NaCl caused a differential reappearance of resonances based on the residues’
interactions with cyt P450. The broadening can be hypothesized to originate from one
or two different mechanisms: an enhancement of the relaxation rates of the nuclei upon
complex formation (from direct interfacial contacts with cyt P450 and/or immobilization
of cyt bs upon interaction with cyt P450), and/or intermediate-to-slow exchange
between the bound and unbound forms of cyt bs. Regardless, analysis of residues
experiencing extensive broadening can aid in identifying the interfacial residues of the

34,43

complex. The interaction epitope was successfully determined for HPr and HPrK/P
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despite the lack of chemical shift perturbations and the absence of new cross-peaks

after addition of the binding partner.*

5.5.2 The interface between cyt b; and substrate-free cyt P450 2B4

As mentioned in Section 5.4.2, upon addition of substrate-free cyt P450, only a
few cyt bs residues experienced extensive line broadening (Table 5.2). By filtering these
residues based on their solvent accessibility, the following cyt bs residues are likely to be
found at the interaction interface with substrate-free cyt P450: E64, D65, V66, G67, T70,
D71 and R73 (purple and pink in Figure 5.6a). These residues are all located on the lower
cleft of the proximal side of cyt bs where the heme is exposed to the solvent. The
placement of E64, D65 and D71 at the interface would agree with previous knowledge
that cyt bs carboxyl groups are involved in charge-pairing interactions with cyt P450
2B4.%% Mutagenesis and docking studies have shown v66>* and D65****® to be
implicated in interactions with cyt P450. Here we show experimentally that the other
residues E64, G67, T70, D71 and R73 are involved in the interaction of cyt bs with cyt
P450 2B4. These residues agree with prior knowledge of cyt bs complexes and/or the
general understanding of redox partner association. Earlier molecular modeling
proposed the interaction of D65 and E64 with R122 and R126 on cyt P450 2B4,
respectively,” and data-driven protein docking®® showed non-covalent interactions
between all five of these residues and cyt P450 2B4 residues. Experimentally-speaking,
D71 was previously thought to only be relevant for interactions of cyt bs with electron

931 "hut we show here that it is also pertinent for

donor proteins (e.g. cyt bs reductase
electron acceptor proteins. The presence of R73 at the interface would be consistent
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with the fact that arginines are frequently found at protein interfaces,”® and that
arginines are the only charged residues found at the core of redox partners’ interfaces.”
As for G67 (and V66), while hydrophobic residues are rarely found in ordinary protein
interfaces, they are common in the interfaces of redox protein complexes,13 such as
cyt bs-cyt ¢ and others>*>,

A number of buried cyt bs residues are affected upon complex formation with
cyt P450 (Table 5.2). Residue Y35, which is on a B-sheet in the back of the heme pocket,
is affected by addition of cyt P450 2B4; this agrees with a previous study showing that
the nitration of Y35 was inhibited by the presence of cyt P450 2B4.3? Residues Y35, T38,
A59 and T60 are located in or adjacent to the cleft opening, on the top of cyt bs,
proposed by MD simulations (Figure 5.1);*® upon complex formation with cyt P450,
these residues might experience restricted motions (i.e. the cleft might not be able to
open anymore) which would explain the drop in intensity observed. Residues A59, T60
and F63 are also indirectly affected, likely because they are located on the same helix as
D65 and V66. Similar reasoning can be applied to A72 which is located on the a-helix
where residues T70 and D71 reside.

Introduction of 100 mM NaCl into the sample caused reappearance of all
residues except for T70. This suggests that T70 might be the most important cyt bs
residue modulating complex formation with substrate-free cyt P450. Threonine residues
have been found in the center of binding sites of other redox complexes,>>® and T70

was found to be within van der Waals contact at the cyt bs-cyt P450 interface obtained

from simulations®*. Beyond 250 mM NaCl, only the intensities of a number of solvent
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accessible residues continued increasing with addition of 400 mM NaCl: L14, K39, E42-
E43, E48-E49, R52, E61, F63-D65, G67, D71, E74 and K77 (Figure 5.6b). We hypothesize
that these residues are involved in a larger number of encounter complexes and
therefore continue to be affected by the addition of salt even at higher ionic strengths.
These residues are all charged and five are on the upper cleft of cyt bs. Some of these
residues have been hypothesized to be at the interaction interface with other cyts P450:
E42,>’ E48,°"° E49,°%° and R52°°. While these residues are not tightly bound to cyt
P450 (as judged by the absence of extensive broadening), they are present in a wide
array of encounter complexes with cyt P450. The relaxation rates of residues L28, 129
and T60, which are in or around the cleft opening on the top of cyt bs>* (Figure 5.1), also
continue to be affected by complex formation even at high ionic strength (400 mM
NaCl). Complex formation is likely still occurring at 400 mM NaCl, as evidenced by the
fact that numerous residues did not reach their original intensity (compared to the
intensities for free cyt bs) even though they had reached a plateau; these included 117%*,
A59*, V66 and T70 (*not solvent accessible). In complex formation with substrate-free
cyt P450, the importance of V66 and T70 was therefore still apparent even at 400 mM

NacCl.

5.5.3 Encounter complexes between cyt b; and substrate-bound cyt P450

In the presence of BHT-bound cyt P450, extensive line broadening was observed
across the entire cyt bs spectrum (Figure 5.7). At lower concentrations of NaCl,
broadening can be attributed to the presence of both encounter and stereospecific
complexes. With addition of 100 and 250 mM NaCl, interactions between cyt bs and cyt

258



P450 should be screened based on their prevalence (i.e. the number of
encounter/stereospecific complexes in which they are involved) and whether the
interactions are short-range (stereospecific complexes) or loose (encounter
complexes).”* Certain regions of cyt bs were found to be less frequently involved in
encounter complexes (light green, Figure 5.8a) and required minimal salt to reappear in
the spectrum (100 mM NaCl, e.g. K10 and Y11), while other interactions were found to
require higher ionic strength (250 mM, dark green in Figure 5.8a, e.g. Y12) to reappear.
By looking at which residues reappeared in the spectrum by the addition of 250 mM
NaCl, we can hypothesize that residues on all sides of cyt bs are involved in encounter
complex formation (Figure 5.8a). Cyt bs is able to perform nearly a full 360° when
sampling these complexes, with the distribution of negative charges on all sides of cyt bs
facilitating this rotation (Figure 5.8b). The involvement of cyt bs residues in the
encounter complexes is strongly correlated with the localization of surface charge
density on cyt bs. Regions that were found to be more prevalent (and required higher
ionic strength to dissociate) in the encounter complexes have a higher density of
negative charges (Figure 5.8); cyt bs must be adhering to cyt P450 slightly longer and
more frequently in these regions. Similar cyt bs residues were found to be more
frequently involved in encounter complexes in both the cyt P450 substrate-free case
(those that did not reach a plateau by 250 mM NacCl) and in the cyt P450 BHT-bound
case (reappeared at 250 mM NaCl): K39, E43, E48-E49, R52, E61, E74 and K77 (all are
solvent accessible). There is therefore overlap in the populations of encounter

complexes formed both when cyt P450 is BHT-bound and substrate-free.
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By looking at the regions of cyt bs involved in encounter complexes, a number of
other conclusions can be drawn. The N-terminal residues of cyt bs (K7, D8 and V9) do
not broaden out beyond detection under any of the conditions; this reveals that the N-
terminus is not at the cyt bs-cyt P450 interface in any of the complexes formed.
Beginning at K10, the residues in the remainder of the structured soluble domain are
involved in at least one of the encounter complexes (green in Figure 5.8a). Y12 is only
involved in encounter complex formation with cyt P450 and would therefore still be
accessible and modifiable by nitration® since it is engaging in only loose, dynamic
interactions. Moving down to the linker region of cyt bs, when in the presence of BHT-
bound cyt P450, the linker region residue S93 that is connected closely to the soluble
domain was shown to be involved in some encounter complex formation (reappearing
at 100 mM NaCl), whereas residues E97, T102 and D104, which are close to the

membrane anchor, had no direct interactions with cyt P450.

5.5.4 Stereospecific complexes between cyt b; and substrate-bound cyt P450

As mentioned in Section 5.4.4, with the addition of NaCl, there was a differential
increase in the intensities of cyt bs residues, suggesting that some complexes were
preferentially dissociated compared to others. Based on the extent of broadening, by
the addition of 250 mM NaCl it appears that the encounter complex population was
sufficiently reduced and that the broadening originated predominantly from the
stereospecific complex(es). At 250 mM NaCl, cyt bs residues L14, E64-G67, T70, D71 and
R73 were identified as being involved in the interaction with BHT-bound cyt P450
(Figure 5.10), based on solvent accessibility and low intensity (Table 5.4). These residues
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are nearly identical to those that experienced broadening with substrate-free cyt P450
(Table 5.2). While it is unclear how L14 is involved, the remainder of the data indicates
that cluster | of the simulated cyt bs-cyt P450 complex structures, in which only the
lower cleft of cyt bs interacts with cyt P450 (Figure 5.11), is the predominant complex
formed both in the presence and absence of a cyt P450 substrate. This is in agreement
with previous results indicating that mutagenesis of E42, E43, P45-G46, E49-V50 and
E53-N54 (on the upper cleft of cyt bs) did not affect cyt bs-cyt P450 2B4 binding and
metabolism.>* The only discrepancy is for D71, which was found to be unimportant by
mutagenesis but is shown here to be important via NMR; however, it is not uncommon
for interfacial residues to contribute insignificant free energy of binding.?® The solvent
inaccessible residues, whose intensities are affected by the presence of BHT-bound cyt
P450, are similar to those observed with substrate-free cyt P450 (Table 5.2 and Table
5.4).

We can further home in on the essential cyt bs residues by looking at residues
that are still absent from the spectrum at 400 mM NaCl. Although every other
resonance is now visible in the spectrum at this ionic strength, the resonances of V66,
G67 and T70 are still broadened beyond detection when in complex with BHT-bound cyt
P450 (Table 5.4, pink in Figure 5.10); all three of these resonances are, however, very
intense in the free cyt bs spectrum. This suggests that these three residues are involved
either directly, or indirectly, in interactions within the stereospecific complex, since they

are the hardest to dissociate with increasing NaCl concentration. V66 was previously
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Figure 5.11 Cluster | of the data-driven simulated cyt bs-cyt P450 structure (obtained in Chapter 4) is in agreement with the findings that only
the lower cleft of cyt bs interacts with cyt P450 (from this Chapter). Cyt bs (NMR structure from Chapter 3) is in blue and cyt P450 (PDB code
1SUO®") is in green. Areas of cyt P450 in black are regions proposed to be buried in the membrane (Section 1.2.2). Residues in yellow are V66,
G67 and T70. In a) cyt P450 is oriented in accordance with the membrane topology discussed in Section 1.2.2. In b) the complex is oriented such
that it is evident that only the lower cleft of cyt bs is interacting with cyt P450.
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shown by mutagenesis to contribute significantly to the free energy of binding of the
cyt bs-cyt P450 complex.34 The work in this chapter suggests that cyt bs residues G67
and T70 might also be involved in similar strong interactions with cyt P450 2B4 (both in
the presence and absence of substrate). This is the first report that T70 and G67 may
play a significant role in this interaction; neither of these residues has been previously
mutated. Residue V66 was previously found to interact with K433 by a double mutant
cycle analysis, and V66, G67 and T70 were all proposed to be in van der Waals contacts
at the interface of the simulated cyt bs-cyt P450 2B4 complex (interacting with
R125/K433, R126 and A130/D134/G136, respectively).>* As mentioned, we also found
that these three residues were involved in the interaction of cyt bs with substrate-free
cyt P450, with T70 being the final residue to reappear with addition of NaCl (Table 5.2).
When in the presence of BHT-bound cyt P450, ionic strength continued to have
an effect on the complex formation even at high concentrations of NaCl (Figure 5.9); this
is dissimilar to what was obtained with substrate-free cyt P450 (Figure 5.5).
Furthermore, at 400 mM NacCl, the intensities of cyt bs residues, in the presence of BHT-
bound cyt P450, were still only 50% of the intensities in the free cyt bs spectrum.
Accordingly, it can be concluded that there are still many complexes being formed at
this high ionic strength; however, residues involved in tighter binding or more frequent
interactions can still be identified since they experience considerably more broadening
than other residues. A comparison of the intensities at 400 mM NaCl to the intensities in

the free cyt bs spectrum revealed an additional residue, E48, which seems to be a key
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residue in encounter complex formation (but not involved in tight interactions that

would result in extensive line broadening).

5.6 Conclusion

Using data presented in this chapter and the general understanding of complex
formation between redox partners, it is possible to start piecing together the residue-
specific mode of interaction between cyt bs and cyt P450 2B4. The dipole moments of
cyt bs and cyt P450 cause the negatively charged cyt bs (Figure 5.8b) to be drawn to the
positive surfaces on cyt P450 (Figure 5.12). Following the macrocollision between the
two proteins, the proteins either dissociate or cyt bs is able to rotate a full 360° when
sampling encounter complexes with cyt P450 2B4. This rotation is allowed by the 15-
residue linker of cyt bs, and the surface charge density dictates the level of interaction
within the encounter complexes’ population (Figure 5.8); it is important to note that a
reduction in the length of the linker region by eight residues markedly inhibits the
interaction between cyt bs and cyt P450 2B4.°% Attachment to the membrane likely
allows for a reduction in the dimensionality search prior to and during the encounter
complex formation. The two proteins scan each other’s surfaces until the side
containing the largest area of condensed negative charges (on the proximal side of cyt
bs) is facing the proximal side of cyt P450 where the heme is closest to the surface
(Figure 5.12). Upon experiencing more specific microcollisions, charged clusters on the
proximal side of cyt bs, located on each side of the lower cleft and on the upper cleft of
cyt bs, participate in orienting the cyt bs redox center relative to cyt P450 (Figure 5.13).

47,63

The heme propionates also likely play a similar role. This pre-orientation guides the
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residues of cyt bs, T70, V66 and G67 (yellow, Figure 5.13), to form short-range
interactions with residues on cyt P450, which should aid in placing the hemes within a

14 A edge-to-edge distance from one another,”** allowing for electron transfer to occur.

-3.000 kT/e +3.000 kT/e

Figure 5.12. Electrostatic potential surface for the proximal side (where the heme
is closest to the surface) of the soluble domain of cyt P450 2B4. This was calculated
for the pdb structure 1SUO® using the PDB2PQR*"*® server and PyMOL?*® with the
APBS plugin 2.1% (see Appendix B) The proximal side of cyt P450 2B4 has a slight
concave depression which is highly positively charged in the center (located near
the buried heme); this is the location postulated to interact with cyt P450 redox
partners.®’ This figure is not to scale when compared with the cyt bs figures.
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Figure 5.13 Summary of the residues involved in the association with cytP450
Residues in red and blue are the negatively and positively charged residues,
respectively, which are involved in orienting the two redox centers during the
microcollisions. In yellow are the residues that are central to the interactions
between cyt bs and cyt P450 and likely serve as the close-range, specific contacts to
get the redox centers close enough to allow for electron transfer.

Identical cyt bs residues appear to be involved in complex formation regardless
of whether cyt P450 is bound to a substrate or not. Similar cyt bs residues are also
involved in the encounter complexes with both BHT-bound and substrate-free cyt P450;
however, the population of encounter complexes and the surface area of cyt bs scanned
during the macrocollision are much higher when cyt P450 is BHT-bound. Even at 400
mM NaCl, broadening indicates that cyt bs is still involved in a large number of
complexes with BHT-bound cyt P450; this differs from the substrate-free cyt P450 case
for which the majority of complexes appear to have dissociated at this ionic strength.

BHT-bound cyt P450 must adopt a conformation that enables it to encapsulate cyt bs

and sample more encounter complexes with cyt bs (as shown by the extensive
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broadening observed for residues on all sides of cyt bs). This increase in the population
of encounter complexes leads to the two proteins finding more frequently favorable
orientations that allow for interactions between residues of cyt bs and cyt P450, thereby
permitting electron transfer.

We anticipate that the simple approach presented here should be applicable to
similar dynamic systems in which only line broadening is observed. As shown in this
study, this method provides very detailed information on the residues involved in
protein complex formation and can separate contributions from the encounter and

stereospecific complexes.

5.7 Contributions

Everything in this chapter was performed, analyzed and written by Le Clair,

except for the CD experiments which Zhang performed. Proteins were expressed by Im.
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CHAPTER 6

The role of the cytochrome bs linker region in complex formation
with cytochrome P450 2B4

6.1 Summary

In this chapter, we establish the structure, internal dynamics and diffusion tensor
of a membrane-bound cytochrome bs mutant in which eight residues (E97-D104) are
deleted from the linker region. This mutant (referred to as m-cyt bs) was found to have a
similar fold as wild-type cyt bs based on an analysis of the H,N-HSQC-NOESY
spectrum. The internal dynamics of m-cyt bs were also shown to be similar to wild-type,
with the N-terminus and linker residues being highly flexible, and certain residues in
helices a2, a3 and a5 having large amplitude motions. The diffusion tensor, however,
was found to be more asymmetrical for m-cyt bs than wild-type and its effective
correlation time was longer by ~1 ns. Through the use of the NMR approach developed
in Chapter 5, the complex formation between m-cyt bs and cyt P450 (both with and
without substrate) was studied in isotropic bicelles. We found that m-cyt bs and
substrate-free cyt P450 were not able to engage in stereospecific complex formation
and only remained as a pure encounter complex, with all complexes being dissociated
by the addition of 400 mM NaCl. By looking at the interaction between the two proteins

in the presence of a cyt P450 substrate, it was shown that m-cyt bs is not able to sample
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as many orientations within the encounter complex. Residues V66 and T70 were
identified as being important in complex formation between m-cyt bs and substrate-
bound cyt P450, indicating that the interactions with the lower cleft of cyt bs are
essentially unaffected by the shortening of the linker. Truncation of the linker, however,
renders the upper cleft of cyt bs unable to successfully interact with cyt P450 (even in
encounter complex formation), and renders cyt bs unable to perform the full 360°
rotation, within the concavity of substrate-bound cyt P450 (as was observed for wild-
type cyt bsin Chapter 5). This study shows that the length of the linker modulates the
number of encounter complexes (and the surface area sampled within them) that can
form between cyt bs and cyt P450. Truncation of the linker therefore results in a lower
probability of finding the stereospecific orientation during each macrocollision. We
therefore show that the cyt bs 15-residue linker is required to allow the adequate

rotational/diffusional freedom in its interaction with cyt P450.

6.2 Introduction

The length, structure or sequence of linker regions connecting protein domains
can prove to be essential in modulating the interaction between protein partners.l'3 In
the case of cytochrome bs (cyt bs), only the length of the linker has been shown to be of
importance for interaction with cytochrome P450." Cyt bs can be thought of as three
separate domains: a large cytosolic heme domain, a linker region and a membrane
anchor. The two regions of cyt bs that have been shown to be insensitive to protease
cleavage® are S5-D88 (the heme domain) and D104-Y127 (the membrane domain).

Based on sequence alignment, the heme domain is believed to encompass residues M1-
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R89 and the transmembrane domain has been predicted, using the MPEx program, to
be D104-M131.} By deduction, the linker domain was therefore estimated to be from
$90-D104." Structural characterizations of the heme domain from NMR using truncated
rabbit cyt bs® and full-length cyt bs (Chapter 3) have determined the structured part of
the heme domain to be from L14-R89 and K10-R89, respectively. The microsomal cyt bs
sequence of the linker region is 60-80% conserved in vertebrates and its length is
conserved at 15 amino acids.! Until our studies on the full-length protein, little was
known about the structure of the linker region® though it was determined to be
unstructured in truncated cyt bs proteins.”’ As discussed in Chapter 3, the linker region
(S90-D104) of full-length cyt bs, incorporated in dodecylphosphocholine micelles, is
completely unstructured.

As discussed in Chapter 1, cyt bs interacts with many different electron acceptor

8-18

and electron donor proteins. Of particular interest in our lab (and this thesis) is the

association of cyt bs with cyt P450 proteins.s_13 As discussed in Chapters 1 and 3, cyt bs
has been shown to be an important part of the cyt P450 metabolism cycle in vivo.'%
The role of the length and sequence of the linker region in the interaction between cyt
bs and cyt P450 2B4 was the focus of a previous study done by Clarke et alt Init, they
observed that a deletion of six or less amino acids from the linker induced a minor (a
maximum of 4-fold) increase in the spectral dissociation, K;. With a deletion of eight
residues, however, K increased drastically by 30-fold. The rate of metabolism of

methoxyflurane, in the presence of the 8-deletion mutant of cyt bs, was shown to be

~36% less than for wild-type cyt bs. Deleting more than eight residues resulted in a K;
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> 100. Reversing the sequence, lengthening the linker, or altering one or two highly
conserved residues, resulted in (comparatively) minor changes in the K.

In the studies presented in this chapter, the same 8-deletion mutant of cyt bs
(referred to as mutant cyt bs, or m-cyt bs) was studied. The structure and internal
dynamics of m-cyt bs, which has residues E97-D104 deleted from its linker region,’ was
studied by solution NMR and compared to results obtained for wild-type cyt bs. An
analysis of the NMR relaxation measurements was also done with TENSOR2*" to yield
the diffusion tensor of the soluble domain of m-cyt bs. The interaction between m-cyt bs
and cyt P450 was then studied with the NMR approach developed in Chapter 5. Both
the interactions of m-cyt bs with substrate-free cyt P450 and substrate-bound cyt P450
were examined and compared to the results obtained for wild-type cyt bs in Chapter 5.
Through these studies, we shed light on the drastic decrease in activity and binding

observed for m-cyt bs.

6.3 Materials and methods

6.3.1 Materials

Uniformly >N-labeled 8-deletion mutant of cyt bs, in which residues E97-D104
were truncated from the linker, was overexpressed and purified according to the
procedures outlined in previous publications®**?* and Chapter 3. The lipids 1,2-
dihexanoyl-sn-glycero-3-phosphocholine  (DHPC) and 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) were purchased from Avanti Polar Lipids (Alabaster, AL). 2H-
dodecylphosphocholine (DPC) and D,0 were purchased from Cambridge Isotope
Laboratories (Andover, MA). Phosphate buffer components (potassium phosphate

277



monobasic and dibasic), glycerol and 3,5-di-tert-butyl-4-hydroxytoluene (BHT) were

purchased from Sigma-Aldrich. Sodium chloride was purchased from Fischer Scientific.

6.3.2 Solution NMR

All solution NMR experiments were performed at 298 K on a Bruker 900 MHz
NMR spectrometer equipped with a 5 mm triple-resonance TXI cryo-probe (at the
Michigan State University facility). In all instances, the NMR buffer for each sample
consisted of 100 mM potassium phosphate buffer, pH 7.4, with 5% (w/v) glycerol
(referred to as NMR buffer). The protein concentration of *N-m-cyt bs was 0.2 mM for
all complex samples (with 0.2 mM of cyt P450), 0.1 mM and 0.2 mM for the *H, ©°N-
TROSY-HSQC spectra of m-cyt bs in micelles and bicelles, respectively, and 0.5 mM for
the ®N-HSQC-NOESY experiment. Proteins were incorporated in either DPC micelles or
10% (w/v) DMPC/DHPC isotropic bicelles with a g ratio (molar ratio of DMPC to DHPC) of
0.25. The isotropic bicelles were prepared as described in Chapter 5 and Appendix D,
which was based on a previously published method.” All NMR data were processed

using TopSpin 2.0 (Bruker) and analyzed with Sparkyzs, except where indicated.

6.3.2.1 Structure determination of mutant cyt bs

A °N-HSQC-NOESY spectrum was collected on uniformly N-labeled m-cyt bs
incorporated in ’H-DPC micelles. For this spectrum, 2048 x 84 x 300 complex data points
were recorded with 8 scans and 128 dummy scans, and a mixing time of 100 ms. The
spectrum was recorded with spectral widths of 15290 Hz, 3650 Hz and 14006 Hz for *H,

>N and aliphatic protons. NOE distance restraints (Table 6.3) were input into CYANA
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2.1% for structure calculation. Thirty minimum energy conformers were selected from

100 structures calculated in 10,000 annealing steps.

6.3.2.2 Backbone °N relaxation measurements of mutant cyt bs

The °N longitudinal relaxation rate (R;), >N transverse relaxation rate (R,) and
N-{'H} steady-state nuclear overhauser effect (NOE) were measured on a sample
containing 0.5 mM uniformly °N-labeled m-cyt bs in 100 mM phosphate buffer, pH 7.4
with 45 mM DPC and 5% (w/v) glycerol. The BN longitudinal and transverse relaxation
time constants, T; and T,, respectively, were determined by collecting a time series of
N-HsQcC spectra with sensitivity enhancement. For T; measurements, the spectra were
collected with relaxation delays of 5, 40, 80, 130, 210, 330, 470, 630, 800, 1000 and
1400 ms (duplicate points for 40 and 130 ms). T, measurements were achieved by Carr-
Purcell-Meiboom-Gill (CPMG) spin echo experiments28 with relaxation delays of 7.2,
14.4, 28.8, 43.2, 72, 100.8, 115.2 and 158.4 ms (with duplicate points for 14.4 and 43.2
ms). In the CPMG pulse train, the delays between the 180 degree pulses were set to 0.9
ms. For both T; and T, measurements, a recycle delay of 1 s was used and 2048 x 200
complex data points were collected with 24 scans and 16 dummy scans, and duplicate
points for two relaxation delays were recorded for estimation of errors. 2D BN-{*H}

2930 with water flip-back pulse for water suppression31

steady-state NOE experiments
were recorded with and without pre-saturation of the amide protons; the proton
saturation period and recycle delay were 3 s and 4 s, respectively, and 2048 x 512
complex data points were collected with 20 scans and 32 dummy scans. All the spectra

were processed using NMRPipe®*? and peak heights were determined using Sparky®. T;
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and T, values were calculated by fitting the peak heights as a function of relaxation
delays in Sparkyze. The NOE values were calculated with NOE= Igturated/ lunsaturated, Where
Isaturated @Nd lunsaturated are the peak heights for each residue with and without pre-

saturation, respectively; the error was calculated in the same manner as Bailey et al®

Relaxation data were analyzed using the Lipari-Szabo model-free analysis**** in
TENSOR22!. The chemical shift anisotropy tensor angle from the N-H bond vector was
set at 18° according to the work done by Pandey et al. on full-length rabbit cyt bs in DPC
micelles.>® The value of t. (for the isotropic model) and diffusion tensor (for the
anisotropic model) were calculated based on the relaxation parameters of residues
within secondary structure elements®’ (based on the structure of wild-type cyt bs) of the
soluble domain (K10-R89), which had NOE > 0.65 and an R,/R; value within 1.5 standard

deviations from the mean.*® The errors for the diffusion tensor components and the

isotropic correlation time were obtained from 1000 Monte Carlo simulations.

6.3.2.3 NaCl titration on mutant cyt bs-cyt P450 complex samples

For all m-cyt bs-cyt P450 complex samples, 15N—m—cyt bs and wild-type unlabeled
cyt P450 were concentrated together (at a 1:1 molar ratio) in order to pre-form the
complex. In the samples containing BHT, BHT was added in a 1:2 molar ratio of cyt
PA450:BHT after pre-forming the m-cyt bs-cyt P450 complex. The protein complexes were
carried on ice to the Michigan State University 900 MHz NMR facility. There, the bicelle
film (which had remained in the vacuum oven overnight) was rehydrated in NMR buffer,
and added in small aliquots to the protein complex. NaCl titrations were performed on

the protein complex samples both with and without BHT. For each NaCl titration point

280



(0, 100, 250 and 400 mM NaCl), a 'H,2>N-TROSY-HSQC spectrum was collected. CO
assays>> were performed to confirm that the active form of cyt P450 was present at the
end of the NMR experiments.

The peak heights for each residue, in all complex spectra, were calculated using

Sparky.*

In order to be able to compare the intensities obtained at each NaCl
concentration, each H,">N-TROSY-HSQC spectrum was internally normalized to the
intensity of D134 (setting D134 as 100% and all other residues as a percentage of D134);
these intensities are referred to as “relative intensities” in the text. As mentioned in
Chapter 5, D134 was chosen because it is the highest intensity resonance in all spectra
and is located at the C-terminus of cyt bs and therefore should not be affected by
complex formation with cyt P450 (similar to wild-type cyt bs in Chapter 5, the intensity
of D134 was not affected in any of the m-cyt bs-cyt P450 spectra). The relative
intensities for each m-cyt bs residue were plotted as a function of the concentration of
NaCl in Excel. Slopes were calculated according to the data points between 0-400 mM
NaCl for m-cyt bs with substrate-free cyt P450. In addition to the missing resonances
listed in Section 6.4.1, for the m-cyt bs-cyt P450 complex, only L92 and S93 (out of the
seven residue linker) were identified and assigned conclusively in the m-cyt bs-cyt P450
complex and only had a single conformer peak that could be easily monitored during
experiments.

The cyt bs structure obtained from NMR in Chapter 3 was used for the

generation of all figures, with the linker truncated at residue E97. NACCESS,*! with the

default parameters, was used to calculate the solvent accessibility of cyt bs residues (see
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Appendix C) in our NMR structure of cyt bs (Chapter 3). Residues that were considered
solvent accessible had a relative solvent accessibility > 35% for either the main chain or
side chain atoms, or all atoms. A threshold of 35% was used because a cyt P450 residue
shown to be important for the cyt bs-cyt P450 interaction, as determined from

mutagenesis,”* was calculated to have a main chain solvent accessibility of 35.8%.

6.4 Results

6.4.1 Sequence specific assighnment of the soluble domain of full-length m-cyt bg

The *H-"N-TROSY-HSQC spectrum of m-cyt bs in DPC micelles at 25 °C was well-
resolved and had dispersed NH correlations (Figure 6.6), indicating that m-cyt bs was
well-folded and monomeric under the sample conditions. Because the spectrum was
nearly identical to the one of wild-type cyt bs (Figures 6.1 and 6.2); the peak
assignments were transferrable. For the peaks that shifted in the m-cyt bs spectrum
(compared to wild-type cyt bs), nearby peaks were assigned to the given residues. This
initial assignment was confirmed by collecting and assigning a >N-HSQC-NOESY
spectrum. The complete assignment of the 'H->N-TROSY-HSQC spectrum of m-cyt bs
can be found in Figures 6.6 and 6.7.

By comparing the 'H,°N-TROSY-HSQC spectra of m-cyt bs spectrum to the one
for wild-type cyt bs, both in DPC micelles and DMPC/DHPC isotropic bicelles, it can be
seen that the majority of residues that differ in the spectrum of m-cyt bs (compared to
wild-type cyt bs) are the residues that were deleted in the mutant (E97, T98, L99, T102
and D104), and the other linker residues L92 and S93 which are adjacent to the residues

that were deleted in the mutant. The other residues that differ in the spectrum are
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identical to residues that were identified as shifting among different cyt bs samples in
Section 3.4.4.

Similar to wild-type cyt bs (Chapter 3), it can be seen in Figure 6.6 and Figure 6.7
that the minor isomer is also present in the m-cyt bs samples (labeled in grey with
asterisks). As discussed in Chapter 3, this minor isomer differs from the more populated
isomer with respect to the heme orientation (Section 3.4.1); more specifically, the heme
plane is rotated by 180° about the a-y meso-axis (Figure 3.1).*** As discussed
extensively in Section 3.4.1, these two isomeric species originate from the initial
incorporation of the heme (type B) molecule into apo-cyt bs during expression. In all
subsequent analyses in this chapter, including the experiments performed on the m-cyt
bs-cyt P450 complex, only the major isomer was considered.

The following resonances for m-cyt bs residues are either unassigned or invisible
in the spectrum: M1-D6, S23, L30, K33, P45, G46, P86, S90, S90, K91, K94, P95 and 1100.
The following residues have the lowest intensities in the m-cyt bs 'H-°N-TROSY-HSQC
spectrum and cannot be quantitatively discussed in the following sections, as any small
changes in intensity might cause the resonances to become undetectable: T26, H31,

H32, Y35, L37, G47, L51, H68, S69, 181 and H85.

6.4.2 Structure of the soluble domain of full-length m-cyt bs

A detailed comparison of the NOE cross-peaks in the >’N-HSQC-NOESY spectra of
wild-type and mutant cyt bs was done to see if the soluble domain structure of m-cyt bs
was the same as for wild-type cyt bs. NOE cross-peaks within/to/from all a-helical

segments (Figure 6.8 and Table 6.2), B-sheets (Figure 6.9 and Table 6.1) and
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unstructured regions were compared. As can be seen in Figure 6.8, the a-helical
segments of m-cyt bs, helix a4 and the 310 helix have identical patterns for dqy and dyy
(i,i+3 and above). Additionally, helices al and a5 have NOE cross-peak patterns that
indicate identical structures for both mutant and wild-type cyt bs. Helix a2 has identical
NOE patterns for doy but has an additional cross-peak for dyn(i,i+3) from residue 41 to
44 in the mutant cyt bs spectrum; this might indicate a slight difference at the terminal
region of the helix. Compared to mutant cyt bs, the wild-type helix a3 has one additional
long-range NOE cross-peak for dyn(i,i+4) from residue 50 to 54, and a few additional
cross-peaks to/from residues in helix a3, including dgn(i,i+3) 48-51 and dgn(i,i+4) 51-55;
this could indicate a slight difference in the positioning of helix a3. The B-sheet
structures appear to be fairly similar for wild-type and mutant cyt bs, with only a few
scattered long-range NOEs differing for wild-type and mutant cyt bs (Table 6.1). The only
key differences are the absence of two NOE cross-peaks to Y35-NH (35-82 and 35-80)

and the cross-peak between residue L28-NH and D58-NH in the m-cyt bs spectrum.
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Figure 6.1 Comparison of *H-">N-TROSY-HSQC spectra of wild-type cyt bs (red) and mutant cyt bs (blue), each incorporated in DPC micelles.
Linker residues that are deleted in the mutant are labeled, as well as other residues that shifted in the mutant spectrum compared to wild-type.
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For residues in unstructured regions of cyt bs, there are some weak NOEs in the
wild-type spectrum which are missing in the m-cyt bs spectrum. A few of these long-
range NOE connectivities are associated with the region N21-129: dyn(21-25, 27-21, 28-
35, 29-89 and 35-29) and dqn(21-27, 21-56, 26-54 and 55-22). The following long-range
NOE cross-peaks are also weak in the wild-type spectrum and missing in the mutant
spectrum: 14NH-88NH, 17NH-56NH, 31NH-61NH, 37NH-39NH, 40HA-79NH, 48HA-
L51NH, 50NH-42NH, 73HA-66NH, and 78HA-73NH. Compared to wild-type cyt bs, the
mutant >N-HSQC-NOESY spectrum has two additional, weak cross-peaks for 18NH-
58NH and 48HA-E42NH. These might indicate small differences in the tertiary fold of m-
cyt bs (compared to wild-type) but do not point to global changes for m-cyt bs. Also, no
record was kept for the concentration used for the wild-type NOESY spectrum and it is
therefore possible that it was collected at a higher concentration and therefore had a
better signal-to-noise ratio, which might explain why some of the cross-peaks are
missing for m-cyt bs.

NOE distance restraints (a total of 856, Table 6.3) were extracted from the BN-
HSQC-NOESY spectrum and inputted into CYANA2.1%, with chemical shift tolerances of
0.02, 0.3 and 0.45 ppm for H, Bc and PN, respectively. The CYANA-generated
structure, with a backbone RMSD of 1.24 A, is presented in Figure 6.12(a and b). It can
be seen that the secondary structure (Figure 6.13) and tertiary fold (Figure 6.12) of m-
cyt bs are poorly defined in the CYANA-generated structures. Compared to wild-type cyt
bs (Figure 6.12c), the structure appears distorted and loosely held together. A direct

comparison of the secondary structure elements of the CYANA structures of m-cyt bs
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and wild-type cyt bs (Figure 6.13) shows that m-cyt bs is lacking three B-strands and one
a-helix, and the matching secondary structure segments are far smaller in the m-cyt bs
CYANA structure. However, based on the manual NOE cross-peak analysis explained in
the previous paragraph, we know that the secondary structure elements of m-cyt bs
should be nearly identical to those of wild-type, with very minor differences if any.
Similarly, we concluded from the manual analysis of long-range NOEs that the tertiary
structure should be very similar if not identical. The differences in the CYANA structures
definitely arise from the much smaller amounts of restraints used for m-cyt bs in the
structure calculation. As mentioned, only 856 NOE restraints were used for the
calculation of the m-cyt bs structure, while 1787 NOE restraints, 112 TALOS dihedral
angle restraints and 39 hydrogen bonds were inputted for the calculation of wild-type
cyt bs (Table 3.2 in Chapter 3). Therefore, despite the differences in the CYANA
structures, it is safe to assume that the structure of m-cyt bs is the same as wild-type cyt
bs, based on the nearly identical 'H,°N-TROSY-HSQC spectra of wild-type cyt bs and m-
cyt bs (both in micelles and bicelles, Figures 6.1 and 6.4) and the observation of similar
NOE cross-peaks in the secondary structure elements and tertiary fold (discussed at the
beginning of this section).

Parallel to what was observed for wild-type cyt bs, the structure of m-cyt bs
appears to be similar in DPC micelles and isotropic bicelles. The 'H,”>N-TROSY HSQC
spectra of m-cyt bs in DPC micelles and DMPC/DHPC isotropic bicelles overlap, with the
exception of C-terminal and linker residues, as was observed for wild-type cyt bs

(Section 3.4.4 and Figures 3.15 and 3.16).
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Table 6.1 Differences in the cross-peaks observed in the

mutant cyt b; and wild-type cyt bs for B-sheet structures.

>N-HSQC-NOESY spectrum of

Helix | Additional NOEs dnn dan
observed for
wild-type 14-85"" | 13-83"
Pl mutant
52 wild-type 60-29% ESZVW
mutant 30-58"
wild-type 35—82\‘:"W 11-85""
B3 79-36™ | 35-80
mutant

“and " denote weak and very weak NOE cross-peaks

Table 6.2 Differences in the cross-peaks observed in the **N-HSQC-NOESY spectrum of mutant

cyt bs and wild-type cyt b; for a-helical structures.

Helix | Additional NOEs don dun
observedfor [ ooy | Gi#3) | Gi+d) | Gi+2) | (i+3) | (i,i+4)
wild-type 12’1; 16-19""

al -
mutant 16-18"
wild-type

a2
mutant 41-44"

3 wild-type 48-51"" | 51-55"" | 48-50"" 50-54""

o
mutant
wild-type

ad
mutant 62-64""
wild-type 76-79"

a5
mutant

“and "™ denote weak and very weak NOE cross-peaks; for : in the mutant spectrum, there is a

broad peak that overlaps the region of the assigned peak in the wild-type spectrum
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Figure 6.8 Comparison of Ha-NH and NH-NHNOE connectivities for all helices (al-a5 and 3,)
in mutant cyt bs and wild-type cyt bs, based on *>N-HSQC-NOESY. NOE connectivities observed
for both proteins are in red, only in wild-type cyt bs are in blue, and only in mutant cyt bs are in

orange.
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in red, only in wild-type cyt bs are in blue, and only in mutant cyt bs are in orange.
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Table 6.3 NMR structural statistics for mutant cyt bs.

Total NOEs 856
Intra-residue 222
Short range/Sequential 337
Medium range 254
Long range 143
Dihedral angles ¢ and ¢ (°) 112
Ramachandran plot statistics (Figure 6.11)
Residues in most favored regions (%) 69.10
Residues in additionally allowed regions (%) 30.00
Residues in generously allowed regions (%) 0.80
Residues in disallowed regions (%) 0.00
NOE violations > 0.5 A 0
Angle violations 0
Average backbone RMSD (A) 1.24 +0.39
Average heavy atoms RMSD (A) 1.85+0.34
180 0

90

-90

_

90 180

-180
-180 -90

0
¢
Figure 6.11 Ramachandran plot for the backbone structure of mutant cyt bs. All 30 final
structures (generated from NOESY and CYANA) are represented in this figure.
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Figure 6.12 Low energy structures of m-cyt b; calculated by CYANA2.1 from 856 NOE restraints and 112 dihedral angles (Table 6.3). The NOE
restraints were obtained from m-cyt bs incorporated in DPC micelles. a) Proximal sides of six low energy structures of m-cyt bs showing how
unstructured, wide and distorted the tertiary structure is according to CYANA. b) Side-view of m-cyt bs; showing how loosely held to each other
the proximal and distal sides of m-cyt bsare. The lack of restraints inputted into CYANA2.1 is the cause of the poorly defined secondary and

tertiary structures.
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Figure 6.13 Secondary structure and sequence of the soluble domain of m-cyt bs (E97-D104), incorporated in DPC micelles, generated from
CYANA.
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Figure 6.14 Comparison of secondary structure elements for wild-type cyt b; and mutant cyt b; (E97-D104) based on the CYANA-generated
structures. The colors denote the different secondary structure elements, with blue for beta-sheet elements and red for alpha-helices and one

340 helix (86-89 and 86-88 for wild-type and mutant protein
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6.4.3 Backbone relaxation measurements of mutant cyt bs in DPC micelles

6.4.3.1 Statistical analysis of R;, R, and R,/R; and steady-state NOE parameters of
mutant cyt bs

The R;, R, and 15N—{lH} NOE values were measured for 15N—m—cyt bs in DPC
micelles. In the following analyses, a deviation greater than one standard deviation from
the mean (for the entire range of the measurement  its respective fitting error) was
deemed significant. Residues with a fitting error greater than 15% were omitted from all
analyses. The effect of the paramagnetic Fe(lll) was discussed in Section 3.4.3; assuming
an identical structure for m-cyt bs, only the $69 amide nitrogen is within 7 A from Fe(lll).
Nothing could be said about the relaxation rates or NOE values for S69 for because all
three parameters had very large errors. The average R; value for all observed m-cyt bs
residues K7-M96 was 0.918 + 0.236 s *. The N-terminus (K7-D8) and linker residues (L92,
S93 and M96) had significantly higher R; values than the rest of m-cyt bs: 1.885 + 0.068
st and 1.490 + 0.092 s, respectively. Considering only the m-cyt bs soluble domain (V9-
R89), the average R; value was 0.868 + 0.134 s, Two residues, V9 and H22, were
identified as having R; values significantly larger than other residues in the soluble
domain (> 1.003 s for their entire error range); V9 is located near the N-terminus and
H22 is in the al-B2 loop. Residues with R; values significantly lower than other residues
within the soluble domain (< 0.734 s™ for their entire error range) included E43 and R52,
which are in secondary structure elements.

The average R, value for all observed m-cyt bs residues K7-M96 was 26.30 + 4.95

s, The lowest R, values were observed for the N-terminus residues K7-V9 (13.5 £ 0.9

302



s!) and the linker residues $93 and M96 (19.3 s™). The average R, value for the soluble
domain (K10-L92) was 27.0 + 4.2 st For m-cyt bs, L92 was not observed to have a low R,
value (25.2 s), even when compared only to residues K10-L92. Residues, within the
soluble domain, that had significantly low R, values (< 22.82 s'l) included K10, L37, E42,
Q54 and D65.

The average R»/R; value was 30.29 + 8.41 for all m-cyt bs residues (K7-M96). N-
terminal residues K7-V9 and linker residues L92-M96 had R»/R; values significantly lower
than other residues (8.71 + 2.56 and 14.41 * 3.27, respectively), and none were
significantly higher. Within the structured soluble domain (K10-R89), the average R,/R;
value was slightly higher at 31.85 * 6.60. Within this subset, no residues varied
significantly from the mean value.

The average NOE value for all m-cyt bs residues (K7-M96) was 0.80 + 0.14. NOE
values were significantly lower for N-terminus residues K7-K10 and all linker residues
(L92, S93 and M96), with averages of 0.401 + 0.091 and 0.492 + 0.123, respectively.
Within the soluble domain (defined here as Y11-R89), residues V34, F40, E42-E43, L51,
R73 and 180 had significantly low NOE values (< 0.771 s for their entire error range).
Within the soluble domain (Y11-R89), residues T13, D36, D58, L84 and H85 had
significantly higher NOE values (> 0.893 s for their entire error range).

Upon analysis with TENSOR2%, the anisotropic model (fully asymmetric) proved
to be the best fit for m-cyt bs in DPC micelles (xz(s%) = 58.60 and xzexp= 65.59). The
principal components of the anisotropic rotational diffusion tensor were D, = (1.340 +

0.052) x 10" s, D, = (1.446 + 0.047) x 10’ s and D, = (1.528 + 0.052) x 10’ s™. The axes
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of this tensor were not defined in the same way as for wild-type (chosen by TENSOR2)
and so the absolute values cannot be compared. The effective correlation time, 7.,
was then 11.59 ns (as calculated by the same formula as given in Eisenmann et al.*) As
a reference, the isotropic model yielded a similar t. value of 11.57 + 0.10 ns ()(2exp =

70.38 and x’(s%) = 65.61).

6.4.3.2 Comparison of the relaxation measurements of mutant and wild-type cyt bs
Due to the differences in the labeling scheme, with wild-type cyt bs being
deuterated and m-cyt bs being protonated, the absolute R; and R, values between the
two proteins could not be compared, as deuteration is known to decrease both
relaxation rates and affect each rate to a different extent.”® If cyt bs and m-cyt bs had
similar relaxation rates, the deuteration present in wild-type cyt bs should cause the
rates to be smaller than for m-cyt bs. However, the R; values for wild-type cyt bs are
actually larger than m-cyt bs by an average factor of 1.10 + 0.20, indicating that the
longitudinal relaxation rates are much larger in wild-type cyt bs than m-cyt bs. The R,
rates are indeed smaller for wild-type cyt bs, by a factor of 0.91. A comparison of the
relaxation rate trends and residues that are significantly different (from the mean within

their own dataset) between wild-type and mutant cyt bs, can be found in Section 6.5.2.

6.4.4 NaCl titration experiments

6.4.4.1 Interaction between m-cyt bs and substrate-free cyt P450
To identify interfacial residues, m-cyt bs was studied in complex with cyt P450 2B4 in a
1:1 molar ratio, incorporated in DMPC/DHPC isotropic bicelles, g ratio of 0.25. The

relative intensities (see Methods) of each m-cyt bs resonance in the *H->N-TROSY-HSQC
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Figure 6.15 N-R;, -R, and "H{*’N}-NOE relaxation parameters obtained for mutant cyt bs at
900 MHz in DPC micelles. The observed relaxation data for the residues specific residues are
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spectrum were monitored upon titration of NaCl (0 to 400 mM NacCl). In the absence of
substrate and NaCl, no m-cyt bs residues broadened beyond detection and only T70 had
a low intensity (< 0.6%, see Methods). At 100 mM NaCl, all residues had an intensity >
1% and were very intense in the spectrum; only T70 had a relative intensity of 1.1% but
should not be considered low intensity as its signal-to-noise ratio was 20. The increase
in the relative intensities was plotted as a function of NaCl concentration for each
residue. With addition of NaCl, the increase in intensity was linear for all residues, with
an average slope of 0.0179 + 0.0067 %/mM NaCl (see Methods) and an R” value > 0.93
(average R’ of 0.98) (Figure 6.16). No plateau was reached by the addition of 400 mM
NaCl, as shown in Figure 6.16. The following residues increased in intensity at a faster
rate than others (slopes > 0.0246%/mM NaCl): K10, E43, E53, A55, N62, D65 and K77.
The following had significantly lower slopes (slopes < 0.0112%/mM NacCl): L51, G56, F63,
R73*, L84 and H85* (*are the residues which are solvent accessible, see Methods);
however, these slopes were still high and all were above 0.009%/mM NaCl. A
comparison of the relative intensities of each resonance in the 'H,>N-TROSY-HSQC
spectrum of m-cyt bs in isotropic bicelles (free m-cyt bs) revealed that the intensities in
the complex spectrum at 400 mM were identical to those in free m-cyt bs, indicating
that all complexes had dissociated and we were only observing free m-cyt bs. When the
relative intensities of free m-cyt bs were compared to those of m-cyt bs residues in
complex with substrate-free cyt P450 at 250 mM NaCl, the average intensity in the
complex spectrum was 75.2 + 13.9 % of the intensities in free m-cyt bs. At this ionic

strength (400 mM NaCl), five residues could be identified as having their relative
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intensities < 61.3% of their respective intensities in m-cyt bs alone: E64, V66, T70, D71

and S76* (*solvent inaccessible).

20

A55
sN62

~& E43

D65

»V66

Normalized peak height of amide NH signal (%)

0 100 200 300 400
NaCl concentration (mM)

Figure 6.16 Effect of NaCl on the relative intensities of selected m-cyt bs residues
in the presence of substrate-free cyt P450. All intensities were internally
normalized (shown in %) to the intensity of D134 (see Methods). Most residues
reached a plateau by 250 mM NaCl in the presence of substrate-free cyt P450.
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Figure 6.17 Residues playing a role in the complex formation between m-cyt b; and substrate-
free cyt P450. (a) T70 (pink) broadened considerably upon complex formation with substrate-
free cyt P450 and is solvent accessible (> 35% based on NACCESS"). (b) Residues that were
significantly affected by ionic strength and should be involved in encounter complex formation.

Partial to no information on 117, K24, S25, D36, L37, E61, L75, 181, D88 and S93
could be obtained in these experiments because their intensities were not reliable as
they either overlapped with nearby peaks, their intensities fluctuated a lot during the
salt titration of cyt bs alone (Chapter 5), or they alternated between multiple

conformers.

6.4.4.2 Interaction between m-cyt bs and substrate-bound cyt P450

The complex between m-cyt bs and cyt P450, in the presence of the cyt P450
substrate 3,5-di-tert-butyl-4-hydroxytoluene (BHT, 1:2 cyt P450:BHT) was also studied.
Upon addition of substrate-bound cyt P450, several m-cyt bs resonances broadened
beyond detection (Table 6.4); the remainder of the resonances were intense in the
spectrum, see Figure 6.18. The relative intensities (see Methods) of each m-cyt bs

resonance was then monitored with addition of NaCl (0 to 400 mM NacCl).
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At 100 mM NaCl, only solvent accessible residues on the lower cleft of m-cyt bs (and
S76) were still absent or low in intensity (Table 6.4). The relative intensities of all
residues’ resonances increased with addition of NaCl (Figure 6.19), and at 400 mM NaCl,
only T70 was still absent from the spectrum while all other resonances had a relative
intensity > 2%. When plotted as a function of NaCl concentration, the trend for the
intensity increase appeared linear in some cases (Figure 6.19a) and slightly exponential
in other cases (Figure 6.19b). Because of the varying trends observed for different
residues, a strict slope comparison could not be carried out (unlike what was done in

Section 6.4.4.1 or Chapter 5).

Table 6.4 Mutant cyt b; residues that experienced extensive line broadening in
complex with BHT-bound cyt P450 over the range of 0-100 mM NaCl.

[NaCl] Absent or low intensity
(mM)  Solvent accessible Solvent inaccessible
0 T381, E64, D65, V66, 117, H44, A59, T60,
G67,T70, D71, R73 A72', 576, 184"
100  E64, D65% V66°, G677, A59°, S76°
770, D71% R73’
250  E64° V66, T70 A59°
400 T70 none

The relative intensities threshold for resonances considered having low intensities
were < 0.4%", <0.7%’ and < 1.1%".

The intensities (in the *H,">N-TROSY-HSQC spectrum) of m-cyt bs resonances in
complex with substrate-bound cyt P450 at 400 mM NaCl were compared to those of
free m-cyt bs in bicelles, the average of the resonances’ intensities was 55.6 + 17.3 % of
the intensities in free m-cyt bs spectrum. At 400 mM NacCl, residues H44, E64 and D65
had resonances that were significantly broadened, with < 38% of the intensities found in

the free m-cyt bs spectrum.
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Figure 6.20 Residues playing a role in the complex formation between m-cyt b;
and substrate-bound cyt P450. Solvent accessible (>35% based on NACCESS")
residues that are low in intensity/undetectable at 100 mM NaCl (dark purple), 250
mM NaCl (light purple) and still at 400 mM NaCl (light pink). In blue are residues
that are solvent inaccessible and low in intensity at 100 mM NaCl (dark blue) and
still absent at 250 mM NaCl (light blue).

Partial to no information on Y11, Y12, L14, K24, T26, L28, 129, V34, Y35, D36, L37,
T38, F40, G56, T60, E61, F63, L75, F79, 181, G82, H85 and D88 could be obtained in these
experiments because their intensities were not reliable as they either overlapped with
nearby peaks or alternated between multiple conformers.

The NMR sample was diluted and a CO assay was performed on it.*® The assay
revealed that only the active form (absorbance at 450 nm) of cyt P450 was present in

the sample and that none of the protein had converted to the P420 form (Figure 6.21).
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Figure 6.21 CO assay UV-Vis spectrum showing that cyt P450 is in its active conformation (blue)
under the NMR conditions. This spectrum was obtained on a diluted aliquot of the following
NMR sample: 0.2 mM m-cyt bs + 0.2 mM cyt P450 + 0.4 mM BHT + 400 mM NaCl + 10 w% of
DMPC/DHPC isotropic bicelles (q=0.25) in NMR buffer. Note: the sample was stable for over two
days

6.5 Discussion

6.5.1 The structure of mutant cyt b; is very similar to wild-type cyt bs

Since only a N-HSQC-NOESY spectrum was collected for m-cyt bs, a mere total
of 856 NOE restraints were obtained (Table 6.3). This number is less than half the
number of restraints obtained for wild-type cyt bs (Table 3.2) for which we also
collected a *C-HSQC-NOESY spectrum. Compared to wild-type cyt bs, the thirty lowest
energy CYANA-generated structures of m-cyt bs were not well-defined (Figures 6.13 and
6.14). When comparing the secondary structure content of these CYANA-generated
structures (Figure 6.13) to those obtained for wild-type cyt bs (Figure 6.14), it is evident
that the majority of B-sheets are missing from the m-cyt bs structures, with only 34-35

and 80-82 involved in B-sheets. When comparing the a-helices between the two
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proteins, it can also be seen that fewer and shorter a-helices were defined for m-cyt bs.
Because of these drastic changes in the secondary and tertiary structures of m-cyt bs
according to the CYANA-generated structure, a qualitative comparison of the NOE cross-
peaks present in mutant and wild-type cyt bs was pursued. Upon comparing the bN-
HSQC-NOESY spectra, the secondary structures and overall tertiary fold of m-cyt bs
appear to be very similar to wild-type cyt bs (Tables 6.1 and 6.2, and Figures 6.8 and
6.9); only a few NOE cross-peaks differ between the two proteins and their overall
patterns indicate the same structure. Overall, the deletion of eight residues in the linker
region of cyt bs does not appear to significantly affect the fold of the soluble domain of
cyt bs.
6.5.2 Shortening of the linker does not affect internal dynamics of cyt b; but
causes the soluble domain to diffuse through solution differently

For both wild-type and mutant cyt bs, the N-terminal and linker residues (for m-
cyt bs, this included only L92, S93 and M96) had increased mobility on a fast time scale
compared to the remaining residues, with significantly high R; values, low R, (except for
L92) and low steady-state NOE values. For m-cyt bs, Fewer residues deviated from the R;
average value, with only residue H22 (in the al-B2 loop) experiencing fast time scale
motions. Restricted motions were observed in both proteins for the following residues:
E42 (low R; and R, in wild-type and low R, in mutant), E43 (low R; in both), R52 (low R;
in both) and Q54 (low R; in wild-type and low R, in mutant). There were some
differences with L84 and D87-D88 having high R; and high R, values, respectively, in

wild-type cyt bs but average relaxation rates in m-cyt bs (D87 cannot be compared as it
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had large errors for both its R; and R, measurements). As mentioned in Section 3.5, for
molecules of the size of cyt bs (17 kDa), BN-{*H} steady-state NOE is more sensitive to
internal dynamics than R; and R»,*° and additional residues could be highlighted as
deviating from the mean value with a comparison of the NOE values. Residues in the a2-
helix, a3-helix and a5-helix were seen as having large amplitude internal motions in
both the wild-type and mutant proteins (at a slower time scale between T, and T;);
some of these residues agree with those shown to be dynamic in MD simulations.*®

The diffusion tensor was markedly asymmetrical along each axis for m-cyt bs,
while wild-type cyt bs had similar D, and D, components indicating a prolate axially
symmetric diffusion tensor (Chapter 3).44 The effective correlation time, T,y also
increased by ~1 ns upon shortening the linker. The length of the linker, as expected,
affects the overall diffusion of the soluble domain through solution.
6.5.3 The effect of the length of the linker on the complex formation between
cyt bs and cyt P450

Upon interaction with substrate-free cyt P450, no residues in the 'H->N-TROSY-
HSQC spectrum of m-cyt bs broadened beyond detection. This is in stark contrast to the
complex formation of substrate-free cyt P450 with wild-type cyt bs, in which case ten
residues broadened beyond detection (Y35, A59, T60, F63-G67, T70 and R73). If we
expand the list of m-cyt bs residues to those that have low intensities (< 0.6%), only T70
can be described as being key in the interaction of m-cyt bs with substrate-free cyt P450.
When looking at the increase in relative intensities of m-cyt bs residues as a function of

NaCl concentration, a congruent set of residues were found to experience a significantly
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steep increase in intensity with addition of NaCl for both wild-type and mutant cyt bs
(Figure 6.17b). Interestingly, while 88% of residues’ resonances reached a plateau by
400 mM NaCl in the wild-type cyt bs complex with substrate-free cyt P450, none of the
residues reached a plateau in the complex between substrate-free cyt P450 and m-cyt
bs. However, at 400 mM NaCl, m-cyt bs residues’ intensities reflected that we were only
observing free m-cyt bs, whereas for wild-type cyt bs complex formation was still
occurring (intensities were on average only 79% of the intensities in free cyt bs). This
indicates that the m-cyt bs-cyt P450 complex, in the absence of substrate, requires
lower ionic strength to dissociate all stereospecific complexes (T70 is intense in the
spectrum at 100 mM NaCl and only low in intensity - but not absent - at 0 mM NaCl).
The complex between m-cyt bs and substrate-free cyt P450 appears to be a pure

electrostatic-driven encounter complex,‘w'49

with ionic strength completely dissociating
all complexes by 400 mM NaCl. In the case of wild-type cyt bs, stereospecific complexes
are able to form, in addition to the encounter complexes, which explains why higher
ionic strength is requires to break up some of the residue-specific interactions.

In the presence of BHT, the interaction between m-cyt bs and substrate-bound
cyt P450 was nearly identical to the interaction observed between wild-type cyt bs and
substrate-free cyt P450, with the solvent accessible residues T38, E64-G67, T70, D71 and
R73 being undetectable or having low intensity (Table 6.4 and Table 5.2). Similar solvent
inaccessible residues were also affected and included H44, A59, T60, A72 and L&4.

However, all residues were intense, except for T70, by the addition of 100 mM NaCl for

wild-type cyt bs’s interaction with substrate-free cyt P450, whereas in the case of m-cyt
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bs with BHT-bound cyt P450, an addition of 400 mM NaCl was required. In both
complexes, however, T70 was found to be the most important hydrophobic residues in
the protein-protein interaction. Residue V66 and E64 was also found to be affected
upon interaction of substrate-bound cyt P450 and m-cyt bs. The widespread broadening
observed for wild-type cyt bs (in the presence of BHT-bound cyt P450) was attributed to
a large population of non-specific encounter complexes since their broadening was
heavily influenced by ionic strength. In the wild-type protein, it was shown that all sides
of cyt bs were able to participate in encounter complex formation (Figure 5.9); the
mutant, however, experiences restricted motions (as seen by the increase in the
effective correlation time and a more anisotropic diffusion tensor) and is therefore
unable to sample as many orientations in the encounter complexes. In fact, it appears
that m-cyt bs might only capable of interacting with cyt P450 through its proximal side
and only via its lower cleft, as none of the residues in the upper cleft, except for E43 and
E53, were highlighted in any of the spectral analyses (Figure 6.17 and 6.20). Because m-
cyt bs is only capable of interacting with substrate-bound cyt P450 through a limited
surface area, the number of encounter complexes that m-cyt bs is able to form is much
smaller than for wild-type cyt bs. Because m-cyt bs is unable to perform a 360° rotation
within the concavity of substrate-bound cyt P450, the two proteins need to collide in a
specific orientation in order to yield a productive orientation; otherwise they just
dissociate and there is no electron transfer. Out of all the macrocollisions, only a small

percentage of the time will m-cyt bs and substrate-bound cyt P450 collide the correct
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orientation, which explains why m-cyt bs has a 60% decrease in its ability to stimulate

cyt P450.

6.6 Conclusion

The structure and internal dynamics of m-cyt bs were found to be very similar to
wild-type cyt bs. Deletion of eight residues in the linker, however, did affect the
correlation time of the soluble domain and its diffusion through solution. The NMR
spectra reflect that the binding between m-cyt bs and cyt P450 was much less than wild-
type cyt bs, in agreement with previous binding and activity assays." This was assessed
by a drastic decrease in the number of m-cyt bs residues experiencing extensive line
broadening (compared to wild-type cyt bs), both when cyt P450 is substrate-free and
substrate-bound, indicating very little stereospecific complex formation and a decrease
in the encounter complex population. Even when cyt P450 was BHT-bound, the
shortened linker did not allow m-cyt bs to sample as many encounter complexes as the
wild-type protein and only very localized broadening was observed for m-cyt bs
residues. We can hypothesize that m-cyt bs is not able to form as many stereospecific
complexes because it is unable to sample as many encounter complex orientations. For
wild-type cyt bs, the increased surface area sampled and the higher population and
lifetime of the encounter complexes, cyt bs and cyt P450 are able to find - more
frequently - productive orientations that allow for electron transfer (compared to m-cyt
bs). Interestingly, we were able to identify that both wild-type cyt bs and m-cyt bs utilize

the same key residues, V66 and T70, in specific complex formation with cyt P450.
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CHAPTER 7

Conclusions and future directions

7.1 Conclusions

The preceding chapters of this dissertation have described various projects
related to the characterization the full-length cyt bs-cyt P450 complex in a membrane
environment. The broad goals were 1) to determine the structure and dynamics of full-
length cyt bs, 2) to identify residue-specific interactions at the cyt bs-cyt P450 interface
and use this information to generate a model of the complex structure, 3) to classify
residues involved in encounter and stereospecific complexes, 4) to understand how cyt
P450 substrate modulates the interaction between the two proteins and 5) to address
the role of the cyt bs linker in the complex formation.

The work in Chapter 3 established the structure and dynamics of full-length cyt
bs in DPC micelles. Using solution NMR, only the soluble domain of full-length cyt bs was
visible in the spectra. Sequence specific assighment of 88.5% of the cyt bs soluble
domain’s backbone and side chain atoms was achieved. The structure of the soluble
domain was then successfully solved with a final backbone RMSD of 0.32 A. Although
there were similarities between our structure and the previously reported structure of

truncated rabbit cyt bs', we found the presence of two additional B-strands, six
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longer/shorter secondary structure elements, and only three identical structured
segments. We also established that the linker region, connecting the soluble domain
and transmembrane domain, was completely unstructured. Relaxation measurements
pointed to the flexibility of the linker region, as well as the N-terminus. Overall, the rest
of the soluble domain was fairly rigid, with only a few residues experiencing higher than
average mobility (including just three loop residues). Using TENSOR2, the diffusion
tensor of the soluble domain of cyt bs was shown to have a prolate axial symmetry and
en effective correlation time twice as large as those reported for previous truncated cyts
bs>*. We also found that the structure of the soluble domain was essentially the same in
both DPC micelles and DMPC/DHPC isotropic bicelles. Using static solid-state
experiments, the transmembrane domain of full-length cyt bs, in DMPC/DHPC bicelles,
was found to be a-helical with an average tilt of ~15° (relative to the bilayer normal).
The focus in Chapter 4 was then shifted to studying the interaction between cyt
bs and cyt P450. In collaboration with Lucy Waskell’s lab, we obtained single site-
directed mutagenesis analyses of both cyt bs and cyt P450 2B4. These mutagenesis
results pointed to cyt bs residues V66 and D65 as being hot spots for cyt P450, and cyt
P450 2B4 residues on the C-helix, C-D loop and K"’ 3¢ helix as being hot spots for cyt bs.
A double mutant cycle analysis was then done to identify exactly which cyt bs residues
interacted with which cyt P450 2B4 residues. Solution NMR differential line broadening
analysis identified many other cyt bs residues as being important for the interaction
with cyt P450 2B4. A series of docking simulations with HADDOCK were then performed

in which all experimental data was considered as restraints. Double mutant cycle data
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and NMR differential line broadening results were entered as unambiguous restraints
and ambiguous restraints, respectively. We found that the complex structures did not
converge, and were not physiologically relevant, when only NMR-derived ambiguous
restraints were considered. The unambiguous restraints, which in this case were the
double mutant cycle analysis data, therefore proved essential in driving the docking
results. Two final models for the cyt bs-cyt P450 complex structure were proposed and a
detailed analysis of the interface was performed. Hydrogen bonds, van der Waals
contacts and salt bridges were all shown to be present at the interaction interface. This
structural model of the complex then allowed us to propose an inter-protein electron
transfer pathway involving the highly conserved R125 on cyt P450 serving as a salt
bridge between the heme propionates of cyt P450 and cyt bs.

In Chapter 5, we introduced a new approach for studying the cyt bs-cyt P450
interaction, using solution NMR, based on previous knowledge of redox complexes (see
Section 1.4) and work showing the role of electrostatic interaction in the encounter
complexes compared to the stereospecific complexes.”” The approach, in which we
observed the intensities of the residue’s resonances as a function of NaCl concentration,
allowed us to isolate the broadening originating from the encounter complexes and the
stereospecific complexes. We saw that all sides of cyt bs are able to interact with cyt
P4A50 during the encounter complex, and were able to identify which residues
participate in more pervasive interactions in these encounter complexes. By
progressively shielding the electrostatic interactions, we then observed the

stereospecific complexes in solution and were able to identify additional hot spots to
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those discussed in Chapter 4. We saw that, in addition to V66, residues G67 and T70
played key roles in the hydrophobic interactions between the two proteins. From the
conglomeration of data, we were able to propose a detailed mode of interaction
between the two proteins (Section 5.6). In the presence of a cyt P450 substrate, we
discovered that there was an increase in the encounter complex population and that cyt
P450 was able to scan a larger surface area of cyt bs. We concluded that addition of a
substrate therefore lengthens the lifetime of the encounter complex and allows the two
proteins to find a productive orientation (for electron transfer) more frequently.

In Chapter 6, we then turned our focus to understanding how the cyt bs linker
region modulates the interaction between cyt bs and cyt P450. Based on previous data,®
we selected a mutant in which the linker region was truncated by eight residues. This
mutant, referred to as m-cyt bs, was previously shown to have a drastic decreased
affinity for cyt P450 2B4 and a reduction, by more than half, in its ability to stimulate cyt
P450 methoxyflurane metabolism. Using solution NMR, we first set out to establish the
validity of using this mutant to understand the role of the linker. We established that
the soluble domain of m-cyt bs was essentially unchanged from wild-type cyt bs. In
addition, the internal dynamics of cyt bs were essentially identical to those of wild-type
cyt bs. The main differences between m-cyt bs and the wild-type protein lay in the
diffusion tensor of m-cyt bs being much more anisotropic than wild-type cyt bs and m-
cyt bs having a longer effective correlation time. The interface between m-cyt bs and cyt
P450 was then characterized using the approach described in Chapter 5. In agreement

with binding assays and activity assays,® we found that the extent of broadening of m-
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cyt bs resonances, upon interaction with cyt P450, was much less than for wild-type cyt
bs. In both cases, however, the same hot spot residues, V66 and T70, were identified as
being important for stereospecific complex formation. The key differences between m-
cyt bs and the wild-type protein, in their interactions with cyt P450, lay in the absence of
interaction between the upper cleft of cyt bs and cyt P450 (even in the encounter
complex) and the fact that the m-cyt bs surface area that cyt P450 is able to scan, during
the encounter complex, is much smaller and only encompasses the lower cleft of m-cyt
bs. The unstructured and dynamic linker region of wild-type cyt bs therefore allows cyt
bs to be able to sample more encounter complex orientations, essentially lengthening
the lifetime of the encounter complex, and increasing the probability of the two
proteins finding a productive orientation (for electron transfer) within each

macrocollision.

7.2 Future directions

In both Chapters 5 (wild-type cyt bs) and 6 (mutant cyt bs), the importance of
T70 was made apparent both in the presence and absence of substrate; it was always
the last residue to re-appear with salt titration. This NMR result could be cross-checked
my mutating T70 to an alanine and seeing how this mutation affects both the binding to
cyt P450 and the ability of cyt bs to stimulate methoxyflurane metabolism. While
residue D71 and L75 were mutated and shown not to be important functionally, T70 has
so far been omitted from mutational studies, even for other variants of cyt bs (see Table
1.2). From our NMR results, we would expect that cyt bs might not be able to interact

with cyt P450 at all (i.e. no K; measurements would be successful) or the binding and
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metabolism would be drastically reduced. Similarly, G67 (found to be important in
Chapter 5) would be important to mutate (as long as it would not affect the H68
coordination to the heme).

We also would like to shift the focus to getting more details on cyt P450. For
example, very little is known on the membrane interaction of cyt P450. As discussion in
Section 1.2.2, the soluble domain (in addition to the transmembrane domain) of cyt
P450 2B4 (as well as other cyts P450) are predicted to be buried in the membrane. We
are currently studying how the secondary structure of cyt P450 (using circular
dichroism) is affected by the presence of different membrane mimetics and by the
presence of different lipid types. In the end, we hope to understand which types of
lipids cyt P450 may be interacting with on the cytoplasmic side of the endoplasmic
reticulum membrane® in order to make the model membrane more physiologically
relevant than just DMPC/DHPC bicelles. In order to refine the models presented in
Section 1.2.2, we also plan to study how deeply cyt P450 is incorporated into the lipids
by observing the order parameter of each C-H bond in the lipid acyl chain, using a

modified version (introduced by our lab)****

of a solid-state NMR technique called
Proton Detected Local Field.

It is also hoped that the NMR approach used in Chapters 5 and 6 will be applied
to other redox protein complexes that experience line broadening upon complex

formation. In this manner, we could start piecing together the mode of interaction of

multiple redox partners (how these proteins form encounter and stereospecific

329



complexes) and start visualizing how proteins interact with one another on the cell

membrane.
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Appendix A

Instructions for running HADDOCK on the cyt bs-cyt P450 complex

new.html document — creates the run and all files needed for the run
Contains:
- Line 9: The path to the HADDOCK program
- Line 11 & 12: The path to the pdb of the proteins you are docking
- Line 13: The directory where the run will be saved
- Line 15 & 16: define the proteins as A, B, C, etc. based on the pdb number it had in
Line 11 &12
- Line 17: Path to the table of unambiguous restraints
- prot = protein ; prot_seglD = protein segment ID

B new.html - /nobackup/leclairs/p450/ (on nyx-login-amdl.engin.umich.edu)
File Edit 5Search Preferences 5Shell Hacro Hindows

1 <htnl>

2 <head>

3 <title>HADDOCK - start</title>

4 £/head>

5 <body bgcolor=#ffffff>

B <hZ2>Paraneters for the start:<{/h2>

7 <BR>

8 <hd><!—— HADDOCK —->

9 HADDOCEK _DIR=/honmessof twarefrhel5/1sashaddock? , 1/<BR>

10 H_COHP=2<BR>

11 PDE_FILE1l=/nobackupsleclairs/pda0/testfit_1_FE3_500, pdb<BF>
12 PDE_FILEZ=/nobackup/leclairs/pd50/rec_FE3_CYF_CPH.pdb<BR>
13 PROJECT _DIR=/nobackups/leclairs/pdh0<BR>

14 PROT_SEGID_1=A<BR>

15 PROT_SEGID_2=B<BR>

16 RUN_HUHBER=1010<BER>

17 UNAHBIG_TBL=/nobackups/leclairs/pd50/pre_P450_8delnutbb_U15H_DPC_060811.tbl1<BR>
18 subnit_save=5ave updated paraneters<{BR>

19 </hd><!-— HADDOCK —->

20 </body>

21 </htnl>

22

cd run__/begin — don’t need to worry about this; it only contains iterations.cns prior to
submitting the simulation.

cd run__/data/
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- distances: ambig.tbl and unambig.tbl (took the distance file that we referred to in
the new.html and renamed it as unambig.tbl)

- new.html — copies the new.html in here, so that you can always go back and check
which table you used for the restraints for the given run.

- sequence — stores the pdbs of the proteins in here that it took from the new.html
file. File_A is cytb5 and File_B is cytP450 (see how these are defined in new.html).

cd run__/protocols

- These are all default files that HADDOCK creates to run the simulation. Some of
these files need to be edited based on the system that we are using. Our protein is
paramagnetic and has an iron and a heme, which are not included in the default
files of HADDOCK.

- numtrees.cns — need to change the number of trees as 10, and not 1 (unsure what
this does). Alex told use to change this. That’s why we just copy this file from
previous runs because it’s already been modified.

- covalions.cns — defines covalent bonds to heteroatoms. In our case, the Fe3+ of
cytP450 is covalently bound to CPH and the cysteine (CYF). **If do not have a
ligand, need to remove all the information on the ligand here, here CPH.

o Line 2: Spcount =2 because are defining two atoms covalently bound to
one ion (the ligand and the cysteine). If only have the cysteine bound to
the ion, then change

o Line 3: defines the first atom as $id1 and make sure that the ion in your
system is defined; in our case: Fe+3.

o Line 3-4: defines all the ions that HADDOCK recognizes. If need to add
more, will have to add topology and parameter files.

Line 18: defines the two atoms that are covalently bound to the ion

Line 20-26: List of atoms that can covalently bind to the ions listed. Add
“resn CPH” so that HADDOCK looks for a heteroatom named CPH to bind
to the iron (since 1SUO has CPH bound to the iron). Add the three letter
code here so that it finds the atom that is covalently bound to Fe3+.

o Line 28: picks the bond between Sid1 and Sid2.

- generate_B.inp (B stands for molecule B, which is cytP450). Need to add the Line
353 saying that the patch is HEB (pheb) reference residue 436 and the atom is S,
and it is covalently bound to residue 500 (which is the heme) and the atom is Fe3+.

This lines connects those two atoms together.

igé ' following patch is to attach a hene (resid YY) CHB atom to a cys (resid XX}
353 patch pheb refe=1={resid 436 and segid 5%} refe=2={resid 500 and segid "FE+3"} end
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- generate_B-water.inp (same file as above, but this is used for the water
refinement stage), so need to change the same line as the previous bullet point.

- The A, C, D, E, F denote the molecule for which the file was created. In our case, A
is cytb5 and B is P450.

cd run__/toppar — Contains all the topology and parameter files for the proteins and
ligands. For proteins, it has the topology of peptide bonds (how the atoms are linked
together in space — the network in 3D — defines all the possible angles for every amino
acid and links all the amino acids). The PDB file only contains coordinates of atoms.

- Need to change the heme files, because the default folder only has heme.pdb
and heme.psf. These are for heme C. These do not contain the topology and
parameter data, so they need to be included in ligand.param, ligand.pep, and
ligand.top.

- Alex created hemeB.pdb and hemeB.psf. Need to add those two files to the
toppar directory.

- Modify the following ligand files so that they include the topology and parameter
files that you obtained from PRODRG2 for the ligand that you have in the crystal
structure. These ligand files contain any small molecule that exists in your
structure (e.g. cholesterol, BHT, 1CPIl, hemeB, hemeC). The topology and
parameter files contain information for heme B and heme C. If you don’t have
any other ligands, delete the ligand information from the following files, but
always keep the heme in the ligand files. Never leave ligand information from a
ligand that is not in the system you are submitting for the simulation or you will
get errors.

o ligand.param — need to add the ligand information from param.txt on pg.
2 above
= The first part of the ligand file, starting at “evaluate” contains
parameter information on the heme, which we obtained from Alex.
= Copy the ligand information, which you obtained from PRODRG2
from “evaluate” to “set message on echo on end” below the
information for the heme.
o ligand.top — get the ligand information from top.txt from PRORDG2 (see
pg. 2). Copy from “AUTOGENERATE” to
= The heme topology is defined up until Line 618.
= Line 575: refers to the patch that we added in generate_B.inp and
generate_B-water.inp
= The small ligand information starts at Line 620 with
“AUTOGENERATE” until “END.”
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= The script should end with “set echo=true end”
o ligand.pep — this is an empty file for us because our ligand is not a
peptide.

cd run__/run.cns

- Never use the default run.cns. Always copy from a previous run, since we have

changed so many files compared to the default.

- Contains papers that you should cite when you use HADDOCK.

- Line 58: # of molecules you are docking, “ncomponents= “ (2 in our case because
we have cytP450 and cytb5)

- Line 65: “fileroot=" uses this name for the generated complex structures and
puts a number next to it.

- Line 69: Path of the current run (where it’s being conducted) for “run_dir="
When copy run.cns from previous runs, the path is already properly defined, you
just need to change the run #.

- Line 71-81: define the pdb and psf files and labels molecule as A, for molecule A

» The .psf file is just the pdb filename followed by .psf

- Line 83-93: define the pdb and psf files and labels molecule as B, for molecule B

- Line 95-141 defines pdf and psf files for molecules C-F if have them.

- Line 152-154: defines the path where the HADDOCK program is; this is
automatically defined when you do haddock and create the run.

- Line 156-158: define the path for the log files. Make sure to change the run # so
that it puts it in the folder of your current run (otherwise will overwrite other
run’s data).

- All the following information has to be inputted based on our needs (this is why
we just copy the run.cns file for each run).

- Line 161: Histidine patches — this has to do with defining the protonation state of
your histidines based on the pH of your sample. Need to define the histidine
protonation states based on pH and need to make sure that H44 and H68 are
deprotonated.

= Line 165: define how many histidines you are going to define in the list
below.

= Line 168-169: define the protonation state of the histidines HD1, which are
coordinated to the heme. They do not have a HD1 proton attached to the
nitrogen because they are coordinated to the heme.

- Line 297: definition of semi-flexible interface — the side-chains and backbone of
the residues defined here will be allowed to move during the semi-flexible
simulated annealing http://www.nmr.chem.uu.nl/haddock/docking.html#sa
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= Wanted the side-chains at the interface of the complex to move so that
they could pack better, so they took the stretches of residues that they saw
at the interface during the first few runs and defined them here so that the
refinement could include packing of the side-chains and backbones.

= Line 304: Defines the number of segments that you will keep as semi-
flexibles in molecule A.

» Line 309-328 defines all the segments of molecule A that are defined as
semi-flexible (all the other segments of the proteins are assumed to be
rigid). Here, they have the segments 40-42, 46-59, 60-66 and 70-79. If you
put too many flexible regions, the simulation will crash.

o Did not include His44 and His68 in these semi-flexible regions
because their side-chains need to stay coordinated to the iron (if you
keep them flexible, you can lose the coordination to the iron). We do
not have these coordination bonds defined anywhere so have to keep
these residues rigid to hold the heme in place.

o They first ran the simulation keeping everything rigid, then looked at
the complex structure and determined which regions of the protein
would likely have side-chain interactions/packing at the interface. The
residues defined here will affect the H-bonding and packing, but will
not affect the overall complex structure too much.

= Line 333: Defines the number of segments that you will keep as semi-
flexibles in molecule B.

= Line 337-356 defines the semi-flexible regions of cytP450.

o Ran it rigid first and then figured out which regions of cytP450 came
in contact with cytb5 in those complex structures. Defined those
regions as semi-flexible so that HADDOCK could do side-chain packing
refinement. The segments are 118-144 (which is Helix C), 339-346,
414-433, and 439-446.

0 Cys436 is kept rigid (and is not included in the semi-flexible segments)
because don’t want the heme to pop out. Want the cysteine to
remain covalently bonded to the iron.

- Line 470: define the segments of the proteins that you will keep as fully-flexible
during all of it1. If define too many segments as fully-flexible, the run would
crash, or it did not make much of a difference.

= Line 477: the number of fully-flexible segments for molecule A you will
define below.

= Line 482-491: the fully-flexible segments in molecule A.
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® Line 496: the number of fully-flexible segments for molecule B you will
define below.
= Line 498-509: the fully-flexible segments in molecule B.
= Since we don’t see the first 6 amino acids at the N-terminus of cytbs, need
to keep those residues as fully flexible. The percentage of the dominant
versus minor complex structures change but end up with the same
structures. The side-chains and backbones will be allowed to move
throughout every stage of the simulation, including water refinement.
NCS restraints (non-crystallographic symmetry restraints) (Line 586-629)
Symmetry restraints (Line 630-800)
Can ignore the distance restraints section because we have already defined them
in a separate table and want to keep everything as default. (Line 801-884)
DNA-RNA restraints (Line 885-891)
Dihedrals (Line 892-903)
Karplus coupling restraints (Line 904-959)
Residual dipolar couplings (Line 960-1107)
Relaxation data (Line 1108-1181) — can refine the complex structure further by
including T, and T, data.
Line 1182: topology and parameter files — just make sure this section is there
Energy and interaction parameters (Line 1229-1266)
Line 1267: Number of structures to dock (looked at HADDOCK papers and saw
what people used for these numbers)
» Line 1271: The number of structures for rigid body docking (it0): 2000
® Line 1274: The number of structures for semi-flexible refinement (it1): 500
(the 500 lowest energy structures from it0 are selected for itl refinement)
= Line 1278: Number of low energy structures you want the program to pick
up for final analysis. Have been using 50 for this.
DOCKING protocol (Line 1295-1359) can be ignored — just use default
Solvated rigid body docking (Line 1360-1407) can be ignored — just use default
Line 1408: Final explicit solvent refinement
» Line 1419: number of structures used for water refinement. Defined that as
150.
= Should have at least 3-5 times more structures selected for this step
compared to the amount of structures you will use for the final structure
analysis (i.e. if select 50 lowest energy structures for the final analysis, need
at least 150 structures here).
Scoring (Line 1440-1498) — use default here because we did a manual analysis of
all 50 structures instead of having a score for all structures.
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Did not change “analysis and clustering,” “Structure quality analysis,” and “final
clean-up” (Line 1499-1533)
Line 1534-1579: parallel jobs
= Copy lines 1540-1578 from previous runs — defines the number of CPUs
used on the LSA server. These were generated by Tony for efficient running
of HADDOCK on the LSA server.
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Appendix B

Histidine protonation states

The Henderson-Hasselbach equation can be re-written as:

10pH-pka — [ Equation B.1
[HA]

From this equation, the probability of the residue/atom being protonated or de-
protonated can be derived as:

[HA] _ 1oPKa-pH
[A]+[HA] = 1+10PKa-pH

probability of being protonated = Equation B.2
The pKa values in Tables B.1 and B.2 were calculated from the PROPKA web
interface.™” The percent of histidines protonated versus de-protonated in the tables was
calculated using Equation B.2.
To assign the protonation state (HD1, HE2, both or neither), the PQR file for the
NMR structure of cyt bs (Chapter 3) was generated from the PDB2PQR server®* with
PROPKA? set at pH 7.4. By inspecting the output pgr file, it is possible to assign which

nitrogens are protonated in the histidines of cyt bs.

Instructions for generating the pqgr files to assess protonation

Need to generate a pdb file that has all of the hydrogrens present. This step also
calculates the charges on the surface of the protein.
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= Go to: http://nbcr-222.ucsd.edu/pdb2pqgr 1.8/ (moved from

http://kryptonite.nbcr.net/pdb2par/)

= Either put in the pdb # or upload your pdb file

= Leave all the default options selected

= Make sure that the following are checked:

4 Ensure that new atoms are not rebuilt too close to existing atoms
4 Optimize the hydrogen bonding network
v Use PROPKA to assign protonation statesat pH < fill in pH
v Create an APBS input file

= Click Submijt

= Right-click and select “Save Link As...” for all the output files generated, as well as

the runtime and debugging information files.

Table B.1 Protonation state of histidines in the pdb file of the NMR structure of rabbit cyt bs.

Histidine | pKa | % protonated % de- de- HE2 HD1
residue # atpH7.4 protonated at | protonated | present | present
pH 7.4
20 7.03 29 71 Yes
22 7.17 37 63
31 7.23 40 60
32 7.23 40 60
44 4.04 | boundto Fe** Yes
68 6.27 | bound to Fe** Yes
85 7.16 37 63
Table B.2 Protonation state of histidines in the 1SUO pdb structure.
Histidine pKa | % protonated | % de-protonated | de-protonated HE2 HD1
residue # atpH 7.4 atpH 7.4 present present
172 2.29 7.762 x 10" ~100 Yes X
231 6.22 6 94 Yes X
252 9.40 99 1 No X
284 6.75 18 82 Yes
285 6.43 10 90 Yes
319 6.50 11 89 Yes
335 6.43 10 90 Yes
354 6.57 13 87 Yes
369 0.39 9.8x10° ~100 Yes
397 2.35 8.9x10" ~100 Yes
412 6.59 13 87 Yes X
492 6.36 8 92 Yes X
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Generating electrostatic potential surfaces
The generated pqr file can also be used for calculating the electrostatic potential
surface of a protein (this was done for cyt bs and cyt P450 in Figures 1.2, 1.4, 5.9 and

5.12). Here are some brief instructions on how these structures were generated:

In PyMOL?,

= Open the pdb file (if you open the pqr file instead, the heme will not be present)
= Go to Plugin = APBS Tools [this opens the APBS user interface]
= Mair]

- Select “Use another pqr”

- Clic Choose Externally Generated PQR|and find the pqr file you just generated

= |Program Locations|[should have the locations of the plug-ins]

*|Temp File Locatidn [this is where it puts the files it generates]
- Put the full path for Temporary PQR file
- Put the full path for Temporary PDB file

= |Configuration |
- ClicK Set grid |
- Click Run APBS

. Visualizatioﬂ1
- cick Dpdate]

- Under “Molecular Surface”
v' Solvent accessible surface
v' Use settings such as “Low -5” (negative) and “High 5” (positive); other
settings commonly used are -1,1 or -10,10
= When you “Show: surface” — will show the electropotential map
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The solvent accessibility of cyt bs residues in the NMR structure (Chapter 3) was assessed using NACCESS®.
These solvent accessibility values were the ones used in Chapters 5 and 6.

For Table C.1 and Table C.2:

Appendix C

Solvent accessibility of cyt bs residues

¢ Relative % SA: relative % solvent accessibility of the selected amino acids (see below)
e All-atoms: all atoms of the entire amino acid

e Total-Side: all atoms of the side chain of the amino acid. Alpha-carbons are considered as side chain atoms.
¢ Main-Chain: only backbone atoms of the amino acid

¢ Non-polar atoms: only non-polar atoms (all non-oxygens and non-nitrogens) of the side chain of the amino acid
¢ All polar atoms: only polar atoms (nitrogens and oxygens) of the side chain of the amino acid

Table C.1 Cytochrome b; (NMR structure) residues that are solvent accessible (>35.0% for side chain, all-atom, or backbone)

based on NACCESS.

Amino Amino All-atoms, Total-Side, Main-Chain, | Non-polar atoms, | All polar atoms,
acidtype | acid# | Relative % SA | Relative % SA | Relative % SA Relative % SA Relative % SA
MET 1 97.3 102.3 76.4 104.4 66.5
ALA 2 43.4 48.3 34.6 50.2 30.1
ALA 3 98.9 100.3 96.5 102.4 92.1
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Amino Amino All-atoms, Total-Side, Main-Chain, | Non-polar atoms, | All polar atoms,
acid type acid# | Relative % SA | Relative % SA | Relative % SA Relative % SA Relative % SA

GLN 4 59.8 70.3 204 70.6 55.4
SER 5 68.2 71.9 60.5 48.7 82

ASP 6 36.7 49.8 1.2 234 43.9
LYS 7 92.5 92.9 90.6 95.5 88.3
ASP 8 50.4 67.7 34 59.9 45.3
VAL 9 56.6 62.1 39.9 61.4 41.3
LYS 10 53.8 66.2 0 53.5 54.3
TYR 11 62.5 62.9 60.5 52.1 81.1
THR 13 45.3 62 0 53.7 35.3
LEU 14 31 374 6.6 37.1 6.9

GLU 15 61.8 77.3 6.1 102.2 40

GLU 16 42.2 53.9 0.3 35.5 45.9
LYS 18 51 59.7 131 41.8 63.7
LYS 19 65.3 75.7 20 67.3 62.5
HIS 20 28.3 35.2 0 39.2 15.9
ASN 21 41 36.4 54 15.2 53.2
HIS 22 82.6 80.3 91.8 78.4 87.4
SER 23 60.1 73.9 32 99.7 31.9
LYS 24 79.5 92.3 23.9 88.2 67.5
SER 25 27 40.3 0 16 34.9
HIS 31 52.1 55.9 36.5 59.5 43.7
LYS 33 31.8 39.1 0 324 31.1
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Amino Amino All-atoms, Total-Side, Main-Chain, | Non-polar atoms, | All polar atoms,
acid type acid# | Relative % SA | Relative % SA | Relative % SA Relative % SA Relative % SA

THR 38 9.6 0 35.6 0 21.1
LYS 39 41.4 47.8 13.9 50.8 28.5
LEU 41 29.1 35 6.9 34.7 7.2
GLU 42 73 76.1 62 91.9 62.9
GLU 43 42.5 36.7 63.2 75.6 24.6
PRO 45 40.1 45.5 0.5 45.1 0.6
GLY 46 95.2 77.7 107 80.9 107.8
GLY 47 21.6 51.9 1 46 0
GLU 48 66.8 81.4 14.2 61.2 69.8
GLU 49 64.5 81.3 4.3 101.7 44.5
ARG 52 72 84.7 4.1 8131 67.5
GLU 53 56.2 54.4 62.7 50.8 59.1
ALA 55 27.9 21.7 39.2 21.1 41.3
GLY 57 334 81.2 1.1 70.8 0.5
ASP 58 49.3 54.5 354 68.5 39
GLU 61 72.8 83.9 32.9 88.9 64.2
ASN 62 29.7 40.2 0 4 41.8
GLU 64 59.3 59.4 59 70 53.6
ASP 65 91.9 100.9 67.3 51.21 113.9
VAL 66 37.5 28.4 65.4 28.1 67.5
GLY 67 56.8 81.9 39.8 79.7 36.6
HIS 68 19.9 2 93.5 6.1 35.5
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Amino Amino All-atoms, Total-Side, Main-Chain, | Non-polar atoms, | All polar atoms,
acid type acid# | Relative % SA | Relative % SA | Relative % SA Relative % SA Relative % SA
SER 69 38.7 53.6 8.5 81.6 8.1
THR 70 75.1 96.4 17.5 97.6 48.3
ASP 71 70.3 93.7 6.6 70.4 70.3
ARG 73 71.7 77.9 384 5221 81.1
GLU 74 51.5 65.4 1.6 74.3 39.2
LEU 75 41.6 52.6 0 52.2 0
LYS 77 59.8 71.2 10.4 72.8 41.9
HIS 85 41.1 50.2 34 47.3 34
PRO 86 58.2 64.5 11.6 65 4.4
ASP 87 73.6 88.3 33.5 98.7 60
ARG 89 42.5 43.9 34.8 334 46.9
SER 90 82.5 88 71.4 99.2 70.6
LYS 91 64.4 68.4 47.1 58.7 72.4
LEU 92 61.1 64.4 48.3 64.2 48.6
SER 93 83.6 82.4 85.9 95.2 75.2
LYS 94 78.5 77.8 81.4 76.7 81
PRO 95 87.9 89.3 77.9 90.6 66.5
MET 96 94.6 98.3 79.1 98.2 78.6
GLU 97 62.9 63.6 60.4 69.7 59.2
THR 98 78.3 94.4 34.6 94.6 58.8
LEU 99 96.7 103.3 71.5 103 71.6
ILE 100 77.3 82.7 57.2 82.4 57.4
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Amino Amino All-atoms, Total-Side, Main-Chain, | Non-polar atoms, | All polar atoms,
acid type acid# | Relative % SA | Relative % SA | Relative % SA Relative % SA Relative % SA
THR 101 92.7 113 37.9 111.8 70
THR 102 77.6 86.2 54.2 93.8 58.1
VAL 103 96.9 114.3 43.2 115.5 36.9
ASP 104 88.9 94.3 74.2 81.7 92.8

Table C.2 Cytochrome bsresidues that solvent inaccessible (< 35.0% for side chain, all-atom, or backbone) based on NACCESS.

Amino Amino All-atoms, Total-Side, Main-Chain, | Non-polar atoms, | All polar atoms,
acid type | acid# | Relative % SA | Relative % SA | Relative % SA Relative % SA Relative % SA

TYR 12 26.9 32.3 0 25.6 29.2

ILE 17 2.4 3 0.4 31 0

THR 26 134 18.3 0 18.1 7.8

TRP 27 16 18.8 0.1 21

LEU 28 1.1 1.4 0 1.4

ILE 29 8.7 10.9 0.5 10.8 0.5

LEU 30 0.9 1.1 0 1.1 0

HIS 32 29.6 33.8 12.2 30.5 28.5

VAL 34 0 0 0 0 0

TYR 35 9.3 11.2 0 4.3 18.3

ASP 36 4.8 6.5 0 10.5 1.7

LEU 37 4.7 5.9 0 5.9 0

PHE 40 114 12.9 4 12.9 4.2
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Amino Amino All-atoms, Total-Side, Main-Chain, | Non-polar atoms, | All polar atoms,
acid type acid# | Relative % SA | Relative % SA | Relative % SA Relative % SA Relative % SA

HIS 44 12.1 10.6 18.3 16.6 7.1

VAL 50 21.7 28.8 0 28.5 0

LEU 51 1.6 0.4 6.2 0.8 4.7

GLN 54 18.5 22.9 2 6.4 23.5

GLY 56 14.3 0.9 23.3 6.2 21.4

ALA 59 0 0 0 0 0

THR 60 23.7 32.1 1 42.1 1.8

PHE 63 11.7 13.8 1.8 13.7 1.9

ALA 72 1.1 0.4 2.4 0.3 2.5

SER 76 12.8 18.1 2.2 14.2 11.8
THR 78 23.6 29.1 8.6 32 135

PHE 79 10.5 12.8 0 12.7 0

ILE 80 20.7 26.3 0 26.1 0

ILE 81 10.8 11.8 7 11.7 7.2

GLY 82 0 0 0 0 0

GLU 83 11.3 14.5 0 19.4

LEU 84 0.5 0.5 0.3 0.5 0.3

ASP 88 16.9 23 0.4 22.9 13.7
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Appendix D

Preparing isotropic bicelles

Here are the instructions that were followed for all isotropic bicelles prepared in this
thesis:

= Take out lipids from freezer and let the containers equilibrate to room temperature
before opening them (do not want moisture to come into the container when you
open it).

= Wash Pasteur pipette connected to N, gas tube with ethanol (and wipe with kimwipe)
and dry out the ethanol inside the pipette by blowing N, gas out of it.

= Wash medium-sized test tubes with ethanol and set upside down on clean kimwipe
(want test tubes that are large enough to pipette into, but not too large). Dry test
tubes with N gas.

= Weigh out long-chain lipids (e.g. DMPC) into test tube. Always keep the lipid container
closed when not actively using it.

= Cover the test tube with parafilm if weighing out lipids for another test tube (do not
want lipids to be exposed to air; otherwise will get oxidized).

= Add DHPC (in solution) to test tube without touching the tip of the micropipette to the
sides of the test tube (since have to add two different volumes), then wash walls with
the lipid/detergent solution to remove powder from walls.

= Vortex test tube while covering the top of the tube to ensure that no solution comes
out.

= Dry the lipid solution under a slow flow of N, gas (have the Pasteur pipette pointing
straight down into the test tube; adjust the test tube up and down accordingly so that
there is a gentle flow of air on the surface of the lipid/detergent solution).

= When ~half the volume has evaporated, hold the test tube sideways and rotate it as
the rest of the volume evaporates — want to form a thin film onto the walls of the test
tube (don’t want the film to go too high on the tube or it will be difficult to
reconstitute it). To help speed up the process, can warm the bottom of the tube with
your hand.

= Cover the test tubes with parafilm; then puncture holes through it using a syringe tip.
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= Put in vacuum oven overnight (29 psi) at ~1.3 (37°C). At some point during this time,
open up the vacuum chamber and then put the vacuum on again (to get rid of the
evaporated chloroform). In the morning, all chloroform should be evaporated and you
can rehydrate the dried lipid mixture with buffer to form isotropic bicelles.

351



