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Abstract:

A recombinant DNA vector was generated by cloning the AXCP gene into the
pET26b(+) plasmid. Site directed mutagenesis was utilised to generate the desired
mutants using the recombinant DNA plasmid as a template. The recombinant and all
mutants were successfully expressed in the E. coli strain, BL21(DE3) and purified to

not less than 95% using cation exchange chromatography.

At the haem binding site leucine in position 16 (L16) sits above the haem in the
distal site blocking direct access to the unoccupied sixth coordination site of the
haem. This residue is believed to a vital role in ligand binding and discrimination. To
investigate the role of this residue, L16 was mutated to glycine (L16G),
phenylalanine (L16F) and to tyrosine (L16Y). The side chain of tryptophan at
position 56 (W56) blocks the solvent channel observed in type I cytochromes ¢’
which is the shortest route from the protein surface to the sixth coordinate position at
the distal face of haem. This residue was mutated to glycine (W56G) to unblock the
solvent channel and to tyrosine (W56Y) to investigate whether the side chain of
tyrosine will stabilise the 6¢ adducts by providing H-bonding to the exogenous
diatomic molecules upon their binding to the distal side of the haem. A double
mutant; (L16F/W56G) was generated for further investigation of the effect of the

channel.

Except for L16G, the ferric form of recombinant AXCP and all other mutants were
sensitive to change in the solvent pH. At alkaline pH, the spin state changed from the
quantum-mechanically admixed high-spin/intermediate-spin (S="/», /) state to the

pure high-spin (S="f).

The spectroscopic studies of NO titration with the ferrous forms of proteins showed
that the recombinant AXCP has formed a stable 5¢-NO via the transient 6¢-NO
adduct. Except for L16G, all mutants have formed stable 5¢-NO adducts but the
transient 6¢-NO adducts were undetectable in the timescale of the spectroscopic
experiments. Among them, W56Y exhibited the highest reactivity towards NO.
Interestingly, L16G generated a stable 6¢-NO adduct accompanied by an enhanced

reactivity towards the NO. This is the first reported 6¢-NO adduct for AXCP.



The ferrous forms of recombinant, L16F, L16Y and the double mutant L16F/W56G
were oxidised upon the CO titration and did not bind CO. This was attributed to the
decrease in the oxidation potential of these mutants upon the CO addition. Therefore,
the excess concentration of reductant was kept in the reaction mixture to keep the
oxidation potentials high enough preventing the oxidation. In this case all of them
have formed a stable 6¢-CO adducts. Other mutants; L16G, W56G and W56Y
generated the 6¢-CO adducts. These results show the effect of W56 and L16 on the

oxidation potentials.

The crystal structures of recombinant AXCP at 1.15 A, L16G at 1.18 A, L16Y at
0.98 A, and the double mutant L16F/W56G at 0.96 A resolution were determined.
The crystal structure of the recombinant AXCP exhibited a high degree of similarity
to that of native protein. The overall structures of the mutants were similar to the
recombinant AXCP. In contrast to the crystal structures of recombinant and all the
other mutants, L16G was already in the reduced form and 6¢ with histidine and a
water molecule in the fifth and sixth coordination positions to haem. This is the first
reported structure of AXCP that is 6¢ without the introduction of any exogenous

ligands.
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Introduction Chapter 1

Chapter 1: Introduction and Literature Review

1.1 Haemoproteins:

Haemoproteins are an extensive group of proteins whose members widely differ in
function, structure, and other physicochemical properties and are essential in variety
of biological functions.' These functions include ligand transport,® electron
tratlsfer,3'4 and the metabolism of substrates.’ Haemoproteins also act as biosensors

6,7.8

" . g .0
or signal transducers.”” They are found to function in gene regulation” and play a

role in programmed cell death (apoptosis) pracess.m'1|

Haemoproteins have various topologies and folds. All haemoproteins have in
common that they contain an iron-containing porphyrin macrocycle prosthetic group.
They may contain one or more porphyrin cofactors (haem). For example, cytochrome
¢’ from Rhodocvelus gelatinosus' is a monohaem protein, while the co-type
cytochrome is #rihaem", NapC/NirT family'? are ferrahaem proteins, octahaem
hydroxylamine oxidoreductase'® have eight haem groups, and the high molecular
mass cytochrome ¢ (Hmc) is a 16-haem-containing protein.m Haemoproteins may
also contain other types of prosthetic group e.g. the Cus and Cug sites in cytochrome
¢ oxidase.'” The ubiquitous nature of haemoproteins, their wide diversity in function
and structure, and their intense colour, which allows for easy identification and
application of diverse spectroscopies, has entertained scores of scientists for the last

century.

Haem or iron-porphyrin complexes are the versatile and ubiquitous active centres of
haemoproteins.m Haems are characterised by their four five-membered pyrrole rings.
The four rings of the macrocycle are labelled clockwise A-D starting with the first
two symmetric rings with regard to the ring substituents (see figure 1.1). The four

pyrrole nitrogens of the haem macrocycle bind iron strongly."”’

According to the porphyrin macrocycle substitutions, most naturally occurring haems
can be classified into three groups, type-a, type-b, and type—c haems. 5-
aminolevulinic acid is the first intermediate in the haem biosynthesis pathway and a
precursor of protoporphyrin IX. Ferrochelatase enzymes then incorporates Fe(Il) into

the protoporphyrin IX to generate protohaem IX, or haem b, which is the most basic
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Figure 1.1: Chemical structures of haem a, b, ¢, and d. Protoporphyrin IX synthesised from the
precursor S-aminolevulinic acid and Fe(1l) is consequently added by ferrochlatase to form a
protohaem IX (haem b). Haems a, ¢, and d are derivatives of protohaem. Structures were drawn
using ChemDrawUlta 7.0
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20,21,22

haem. Haem b has four methyl groups in positions 1, 3, 5, and 8, two vinyl
groups in positions 2 and 4, and two propionic acid groups in positions 6 and 7

(Figure 1.1).

In haem a, the methyl side chain at position number eight of haem b is oxidised to a
formyl group, and a hydroxylfarnesylethyl group has been attached to the vinyl
group at position number two.** The structure of haem a was not determined until the
mid-1970s** since it is significantly larger, more hydrophobic and less stable than

naturally abundant protohaem.”

Haem c, such as found in c-type cytochromes, is formed when only one or both vinyl
substituents in positions 2 and 4 are used to form covalent linkage to the apoprotein
by addition of the thiol function of cysteine residues, such that two thioether bridges
are formed. This introduction will focus on a c-type cytochrome which is the subject

of this thesis.

1.2 Cytochromes:

Cytochromes (meaning “cellular pigments”) are commonly utilised in electron
transfer reactions. The valence charge of the iron atom in the haem co-factor

26

determines their redox activity (Fe'™ to Fe*").** The cytochromes are usually named
after the type of haem they contain, such as cytochromes a, cytochromes b, and
cytochromes c¢. The numerical subscript next to the haem type is used for
distinguishing different proteins with the same type for example; cytochromes a; and

27,28

a; used to distinguish between a-type cytochromes, b, and b, used to distinguish

between b-type cytochromes,” "

in the same manner c;, c¢3, used to distinguish
31,32
between c-type cytochromes. Some cytochromes name are based upon the a-
13 . P .
band wavelength such as cytochrome c¢-554.7 The iron ion in all electron transfer
cytochromes, except for cytochrome c¢’, is hexa-coordinate (6¢). Independent of the
haem type, the haem iron axial ligand varies, but the most common ligand is

histidine (Table 1.1).
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Proteins Haem  Axial ligand Function

type

Cytochromes b

Myoglobin b His Oxygen storage

Haemoglobin b His Oxygen transport
Flavohaemoproteins b His Oxygen sensing

CooA b His CO-sensing transcription activator
FixL b His Oxygen sensor

Table 1.1: A table showing some examples of cytochromes, their functions, the type of haem

they hold and the axial ligand to the haem iron.

1.3 Cytochromes c:

In all cytochromes c type, the haem is covalently attached to the polypeptide via two,
or very rarely one, thioether bonds between vinyl groups of the haem and the reduced
cysteine’s thiol group in the apocytochrome (Figure 1.2). In the case of two
thioether linkages,** the presence of the sequence motif CXXCH (where C is
cysteine, H is histidine and X can be any amino acid except cysteine) in the
apocytochrome provides thiol groups of reduced cysteine residues for the formation
of the thioether linkages with the haem’s vinyl groups.”> The imidazole of the
histidine often serves as the fifth axial ligand to the haem iron. This motif changes to
F/AXXCH in the case of a single thioether linkage.”®"’ The sixth ligand can be
methionine (His/Met) or histidine (bis-His). The other four ligands are provided by
nitrogen atoms of the tetrapyrrole ring. Some bacterial cytochromes ¢ could exhibit
different sequence motifs, such as CXXXCH* and CXXXXCH.* The axial ligand
may vary as well, for instance, the nitrite reductase NrfA contains the unusual
CXXCK haem binding site,” in which the axial ligand is lysine (K) instead of the

usual histidine residue.
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apocytochrome c holocytochrome c

Figure 1.2: The CXXH sequence motif, showing the formation of thioether bonds by a
stercospecific addition of reduced cysteine thiol groups te the apocytochrome ¢ to

protoporphyrin IX producing holocytochrome c.

1.3.1 Cytochrome c biosynthesis:

All cytochromes ¢ reside in a different location than the site of synthesis of their
apoproteins and haem co-factor. The formation of thioether bond(s) between the
reduced cysteine thiol groups and the haem’s vinyl group(s) in a posttranslational
process is the key stage of the formation of holocytochrome ¢, a process known as
cytochrome ¢ maturation.*’ This bond formation does not occur spontaneously under
physiological conditions, is tightly coupled to the folding of apcytochrome ¢ and the
transport of apocytochrome ¢ and the haem prosthetic group to their site of function.
Based on the occurrence of specific haem attachment components, three pathways
have been recognised, termed, system I, 11, and II1, all of which lead to the covalent
attachment of haem to the polypeptide.*” All the systems have in common four
general steps within the maturation process, translocation and the correct folding of
the apocytochrome c, translocation of haem group, reduction of the cysteine thiol

groups, and the formation of thiol linkages.

System 1 also known as CCM (cytochrome ¢ maturation) is common in ¢ and y-

protobacteria microbial models, where it was initially discovered, land plants, and in
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some red algae and protozoa mitochondria.* ** System I is best understood in
Escherichia coli (E. coli), where it consists of nine membrane and periplasmic
assembly proteins (CcmABCDEFGH and DsbD). They all carry out their functions
in the periplasmic space.” Alcaligenes xylosoxidans cytochrome ¢’ (AXCP) which is
the subject protein in this thesis is synthesised in the periplasm by this system,

therefore it will be discussed in detail hereafter.

Since the cytochrome ¢ maturation process occurs in the bacterial periplasmic space,
while both apocytochrome c¢ and haem substrates are synthesised in cytoplasm, the
maturation process requires the following: the synthesis of the apocytochrome ¢ and
haem substrates, delivery of the substrates to the periplasmic space and maintenance
under a reduced state, and then the haem ligation reaction. These steps are

summarised below and represented in (Figure 1.3):

1- Translocation of apocytochrome c¢: The apocytochrome ¢ is synthesised in
bacterial cytoplasm and the N-terminal sequence (leading sequence) directs
the protein to its location of function in the periplasm. Once in the periplasm
the N-terminal sequence is cleaved by a leader peptidase. The precursor is
then translocated into the periplasmic space before haem attachment by the

type II secretion pathway. *'

2- Translocation of haem: The haem is synthesised in bacterial cytoplasm and
has to be transported to the periplasmic space where it assembles with the
apocytochrome. The haem chaperone CemE is the key player in Cem system.
Experiments in E. coli showed that haem is covalently but transiently bound
to CcmE, therefore, haem-bound-CemE (holo-CemE) is thought to be a
transient intermediate in the haem translocation.*® The haem attachment to
CcmeE is dependent on CemC.Y" CemA and CemB belong to the ATP-binding
cassette (ABC) transporter, and CcmA has been shown to hydrolyse ATP.*
Therefore it has been suggested that CcmA and CemB are required to release
haem from the haem chaperone CcmE by coupling the energy obtained from
ATP hydrolysis. CemD is a mediator of complex formation between CemC

o) 49
and CcmE.

3- Haem ligation: CcmF and CemH are involved in the transfer of haem from

holo-CemE to apocytochrome c, including the covalent haem attachment step

6



Introduction Chapter 1

to produce the product holocytochrome.” For the bonds to occur between the
cysteines of apocytochrome CXXCH motif and the haem, the thiol group of
the cysteines have to be reduced.* The cysteine thiolates of the
apocytochrome at haem binding site form an intramolecular disulfide bond
that must be reduced prior to covalent haem attachment.*' Therefore,
thioredoxin-like protein CemG and thiol-disulfide transporter DsbD are
proposed to facilitate the reduction of this intramolecular disulfide bond.”"*?

OQuter
membrane

~ Apo-cytc S Apo-cytc

. Ho .
“r=ader Y et 1 r X
Eli éH gH SI—I
Periplasm \ /

N\ \
&

Inner
membrane

Cytoplasm

Figure 1.3: Cytochrome ¢ biogenesis system I (the Cem system) in E. coli. The Apo-cytochrome ¢
(apo-cyt ¢) is synthesised in cytoplasm, the signal sequence directs the apo-cyc ¢ to the periplasm
where it will cleaved by the action of leader peptidase enzyme, and then transported to the
periplasmic space by the type Il secretion pathway (sec system). Haem has to be transported to
periplasm. Haem is transported by CemA and CemB which are parts of the ABC transporter,
and then covalently binds to the CemE forming holo-CemE by the aid of CemC and CemD.
CemF and CemH helps the transport of haem from holo-CemE to the apoproteins. For the
formation of thioether bonds between haem and apo-cyt ¢, thiol groups of the apo-cyt ¢ has to be

reduced, CemG and DsbD are involved in this reduction. The figure adapted from references **
52,53

The other two systems are less complicated than system I. System II known as the

3 2 .. 84
CCS (cytochrome ¢ synthesis), occurs in chloroplasts, some Gram positive”™ and

. . 55 . 2 . .
Gram negative bacteria,” and cyanobacteria.”® This system is less well understood
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than system I at the molecular level. It is very likely to consist of four proteins™
(Figure 1.4). CesX also called ResA is a thioredoxin-like protein; it is similar in
structure to CemG®’ and CedA, similar in function to DsbD; together reducing a
disulfide bond in the apocytochrome CXXCH motif. The haem attachments and

possibly haem delivery function is catalysed by CesA and CesB.™

Outer
membrane

Periplasm

Inner
membrane

Cytoplasm Ll ‘W
Signal

sequence S S

Figure 1.4: Cytochrome c¢ biogenesis Il in Gram-negative and Gram positive bacteria,

chloroplasts, and cyanobacteria.

System III, also referred to as CCHL (cytochrome ¢ haem lyase), is the simplest
known maturation system. It is restricted to the mitochondria of fungi, animals,
apicomplexan parasites, diatoms and green algae,”® where CCHL (also known as
holocytochrome synthases) are the central components of biogenesis. Cytochrome ¢,
haem lyaseSCJ (CCyHL) and CCHL® of veast were found to be involved in the

maturation of cytochrome ¢, and cytochrome c respectively.
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1.3.2 Classification:

On the basis of sequence similarities, c-type cytochromes have been grouped into

four classes:®'

Class I includes the monohaem mitochondrial and bacterial cytochromes whose
haem is attached close to the N-terminus. The haem Fe is hexacoordinate with
histidine in the fifth coordinate position and methionine, which is about 40 residues
further on toward the C-terminus, in its sixth coordinate position. The total number

of amino acids ranges between 80 and 120.

Class 11 includes the high-spin (also known as class 1la) and low spin (know as class
IIb) cytochromes c¢’. They are monohaemoproteins with the haem covalently bound
to the C-terminus. The haem is pentacoordinate with histidine in the iron’s fifth
coordinate site while the sixth coordinate position is vacant and may be available for
binding small exogenous molecules such as CO, NO, or CN . The protein usually
exists as a dimer with about 110-130 amino acids for each monomer. Cytochrome ¢’
from Alcaligenes xylosoxidans (AXCP) which is the subject of this thesis is regarded

as class II c-type cytochrome.

Class III comprises the multihaem cytochromes with bis-histidine axial ligation.
They are characterised by the presence of variable number of helices, little f sheet

content and only 30-40 amino acid residues per haem group in their structures.”

1.4 Cytochrome c¢":

Cytochromes ¢’ are small c-type cytochromes found in photosynthetic,”
denitrifying,** nitrogen-fixing,*” and sulphur-oxidising bacteria.®® They are a distinct
family of class 11 cytochromes, although several species undergo an unusual ligand-
controlled dimer dissociation.”” They are usually isolated as soluble homodimers
composed of two identical subunits of approximately 130 residues. Each monomer
contains a c-type haem within a four a-helix bundle.”® The first cycP was isolated
from a photosynthetic bacteria, Rhodospirillum rubrum in 1954 and was named
pseudohaemoglobin.”” The covalent attachment mode of the c-type haem serves to

classify these molecules as c-type cytochromes, and the ‘prime’ superscript indicates
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that the haem-iron atom is high-spin and also discriminates these proteins from the
structurally dissimilar low-spin mitochondrial proteins. The haem iron in cycP is
pentacoordinate (Sc) with only a single histidine axial ligand (proximal pocket),
while the sixth iron coordination is vacant (distal pocket) and surrounded by bulky
hydrophobic residues which form a so called hydrophobic cage with only hindered
access of ligands to the haem iron’s sixth coordinate.”” This vacant distal pocket
directs the protein to play a role in ligand binding rather than the electron transport
role of the hexacoordinate (6¢) cytochromes c.”' All cycP proteins characterised to
date form complexes with CO and NO but do not generate stable O, adducts’ and
they show much lower affinity for exogenous ligands when compared to globins®’

probably due to the steric constraints around the haem distal pocket.

The vacant distal pocket of different cytochromes ¢’ is relatively buried and packed
with hydrophobic residues such as leucine, methionine or phenylalanine, while the
proximal pocket is close to the protein’s surface with the histidine ligand exposed to
solvent. Based on the nature of the distal hydrophobic pocket residues, cytochromes

2

¢’ have been divided into two types:7 Type | consists of aromatic residues such as
Phe and Tyr above the distal haem coordination site, combined with a solvent
exposed channel to the distal pocket such as those from Chromatium vinosum and
Rhodobacter capsulatus. In contrast, Type 2 cytochromes ¢’ possess aliphatic
residues such as Leu or Met above the distal haem coordination site with no direct
access to the distal pocket. The solvent channel in this type is blocked by other
residues making the distal haem coordinate inaccessible; AXCP is an example of this

type (Figure 1.5).

10
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Figure 1.5: (A) Type I cytochrome ¢ from C. vinosum (PDB 1BBH) showing the aromatic
residue in the distal pocket of the haem iron (above) and the channel by which the distal pocket
is exposed to the solvent (below). (B) is showing type Il cytochrome ¢’ from A. xylosoxidans
(PDB 1E83), the aliphatic residue Leu is occupying the distal haem pocket, the solvent channel is
blocked in this type. Figures have been created with PyMOL.™

Although cytochromes ¢’ have been isolated for more than half a century® and have
been extensively characterised, their physiological function is still somewhat
unclear’' since even in closely related organisms the level of expression in response
to oxygen/nitrate level is different. Recently, evidence for possible roles for
cytochrome ¢’ in protecting bacteria from nitrosative stress™ and in NO-shuttling has

emerged.”

11
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1.5 Crystal Structures:

To date, the crystal structures from the diverse bacterial species that have been
solved and deposited in the RSCB Protein Data Bank”® are summarised in (Table
123

Bacterial Source PDB code Resolution (A)

Rubrivivax gelatinosus 1JAF 250

Rhodobacter sphaeroides 1GQA 1.80

Phaeospirillum molischianum  2CCY 1.67

1.80

Table 1.2: The Protein Data Bank (PDB) depositedcstal structures of cochrome c from

different bacterial species with their resolutions and codes

The unusual feature of cytochromes ¢’ is the amino acid sequence identity among
cytochromes c” is around 20 % in most cases. But the x-ray crystal structures (Figure
1.6) showed that their overall folding pattern (classic four-helix bundle), haem
attachment to a CXXCH motif near the carboxyl terminus '~ and the haem

environment are structurally homologous.’®

1.2
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1GQA iMvQ 2Ccy

Figure 1.6: The crystal structures of cytochromes ¢’ from different bacterial species. In spite of
their low amino acid sequence identity, they exhibit the same classic four-helix bundle, and the
haem attachment to CXXCH motif to the C-terminus site. Legends are PDB codes, for relevant

bacterial species refer to table 1.2,

Since, the study of AXCP is the objective of this work; it will be described in more

detail.

1.5.1 Alcaligenes xylosoxidans (4X):

First described in 1971, formerly known as Pseudomonas denitrificans, but

nowadays reclassified as Alcaligenes xylosoxidans or Alcaligenes sp. NCIMB 11015.

13
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It 1s an aerobic, motile, Gram-negative bacillus which has been isolated from the
normal flora of the ear and gastrointestinal tract in humans.”” Infections caused by
AX include bacteremia, meningitis, biliary tract infection, urinary tract infection,

pneumonia, and osteomyelitis."’

1.5.2 Overall AXCP crystal structure description:

The first ferric AXCP crystal structure was solved in 1996 at 1.8 A resolution®' (PDB
code 1CGO), while the ferrous crystal structure was not solved until 2000 (PDB code
1E84) when the NO- and CO-bound crystal structures were solved as well.** (PDB
codes 1E85 and 1E86 respectively).

AXCP is a dimeric protein and is made up of two identical polypeptide chains of 14
kDa. The subunits are arranged in head-to-tail fashion. The major parts of the dimer
interface lie between residues Tyrl1, His22, Leul8, and Alal5 from helix A of one
subunit to His22, Tyrll, Alal5, and Leul8 of the other subunit. Each subunit
consists of a left-twisted anti-parallel four-a-helix bundle, labeled A-D (Figure 1.7).
There are a few cross-linking hydrogen bonds between helices. Helices are
connected by two short loops (A-B and C-D), and one longer one (loop B-C). Loop
(A-B) consist of only five residues (33-37), and the (C-D) loop can hardly described
as a loop because residue number 100 is the last residue of helix C and residue 101 is
the first of helix D. The one longer loop (B-C) comprises 21 residues (55-75) and it
helps to provide some of the packing around the haem. Since the A-B and C-D loops
are shorter than B-C loop, the helix axes spatially diverge from the double-connected
end towards the single-connected end, where the haem binding pocket is formed.
Each subunit incorporates a protohaem IX molecule as a prosthetic group, which is
covalently bound to helix D in CXXCH motif via thioether bonds between the two
cysteine residues and the haem vinyl groups close to the C-terminus *' and is partially
exposed to solvent.*” The iron haem is five coordinate (5¢) with His120 as the fifth
axial ligand in the proximal pocket, while the sixth coordination site is vacant, and

surrounded by bulky hydrophobic residues.

14
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His120 Cys116

Loop B-C

Haem group Loop A-B

Loop C-D

HelixD

Helix B

Figure 1.7: The overall structure of the AXCP monomer (PDB code 1CGQ). Loops and helices
are shown. Two cysteine residues, Cys116 and Cys119, and the histidine residue His120 are

shown which illustrate the CXXCH motif. Leul6 is shown, located in the haem’s distal pocket.

Both distal and proximal haem sites of AXCP have very different structural features.
The distal haem pocket is deeply buried within the protein with no direct access to
solvent. By contrast, the proximal haem face is much closer to the protein surface,

with the proximal His120 ligand being solvent-exposed.

1.5.3 Oxidised and reduced AXCP structure:

The least squares superposition of the oxidised (PDB code 1E83) and reduced (PDB
code 1E84) ™ structures at 2.05 and 1.9 A resolution respectively, revealed very little
difference in the overall structure of both structure with an (r.m.s.) deviation of 0.12
A overall main chain atoms. The major observable change is in the position of the
side chain of Argl24 (Figure 1.8). In the oxidised structure, the guanidinium group
of Argl24 is parallel to the A pyrrole ring of the haem and perpendicular to the
imidazole ring of His120. In contrast, in the reduced structure this group is parallel to

the imidazole ring of His120 and perpendicular to the haem plane. It is appears that

15
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the side chain of this Argl24 senses the oxidation state of the iron haem, but the
mechanism is still obscure. However, it has been proposed that the positive charge of

the Argl124 overlaps with the negative electron density of the haem 7 system.*

Figure 1.8: (A) Oxidised (PDB code 1E83) and (B) reduced (PDB code 1E84) structures of
AXCP showing the guanidinium group of Argli24. The guanidinium group of this residue is
parallel and perpendicular to the haem plane in the case of oxidised and reduced forms

respectively

1.6 Spectroscopic properties of AXCP:

When compared to all other haemoproteins, cytochromes ¢’ have novel spectroscopic
and magnetic properties™ making AXCP of particular interest to be further

characterised.

The iron in haemoproteins exist in two oxidation states, either ferric Fe(IIl) or
fen‘ousr Fe(IT). The electronic structure of Fe(Il) is 4s® 3d’. In hexa-coordinate
octahedral systems, iron is coordinated to six ligands. The crystal field of the six
ligands splits the degeneracy of the five 3d orbitals on the metal ion. Two of the 3d
orbitals (3d,”,” and 3d,” — also the called e, orbital set) point directly toward the
ligands as shown in (Figure 1.9), while the other three orbitals (3d,y. 3d,,, and 3d,, -
also known as t,) lie between ligands. Upon the ligand binding, the energy Fe(III)

metal ion’s e, orbitals increases much more than the energy of t», orbitals.

16
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Figure 1.9: The spatial arrangement of 3d-orbitals. Axis x and y lie in the haem plane, while z

axis is equivalent to the axial ligand. Orbitals df—_‘.z and dxy are in haem plane whereas the other

three orbitals lie above and below the plane.

1.6.1 Electronic spin states of AXCP:

In porphyrin systems, since the lobes of the dy, and dxz—y2 orbitals lie in the porphyrin
plane, and the dy,, dy,, and d,” orbitals are above and below the plane, the spin-state
is sensitive to the ligand field strength of the iron axial ligand. Accordingly, the
electronic ground state of ferric haemoproteins could either be low-spin (S=1/2),
mid-spin (S=3/2), high-spin (S=5/2), or quantum mechanically admixed high- and
mid-spin (S=3/2, S=5/2) state. These are schematically shown in (Figure 1.10).

The low electronic spin state is commonly found in six-coordinate haem compounds
where two axial ligands complete the coordination environment of the haem ferric
ion. They are characterised by an energy separation between d,y.,) and d,” orbitals
(4,) larger than the spin pairing energy (P) (Figure 1.10). A large number of six-
coordinate, low-spin ferric haem complexes have been synthesized, and many six-
coordinate, low-spin ferric haemoproteins have been isolated, whereas, no low-spin

. s . . 3
five-coordinate ferric haem protein has been characterised.™

A mid-spin state occurs when 4, is smaller than P while the energy gap between d,’

and df‘-yz (45) 1s larger than P (Figure 1.11). While several cases of mid-spin model

17
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complexes are known, no example of pure, or nearly pure, haemoproteins is currently

available.*

High-spin states arise when both 4, and the energy separation between d,gz—y2 and d,’
(42) are smaller than P (Figure 1.11). This spin state has been found in a large
number of five-coordinate complexes having a moderately strong anionic ligand. A
small number of six-coordinate complexes having two neutral, weakly basic axial
ligands are known. Many five-coordinate, high-spin ferric haemoproteins are also

83
known.
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Figure 1.10: Schematic distribution of d-orbitals giving rise to different electronic spin ground
states in five coordinate Fe(I1l) hacmoproteins. The caption is taken from reference 84 and the

figure is re-drawn from the same reference. P is spin pairing energy, A, refers to the energy

separation between d,y,dy, and d,%, and A, is the energy gap between the -\ and d,%. ™

The spin state of the ferric cytochromes ¢’ has been the subject of controversy.
Initially, magnetic susceptibility measurements suggested a thermal equilibrium
between the low-spin (S=1/2) and the high-spin (S=5/2) states.”” Afterwards, near
infrared, near infrared magnetic circular dichroism (MCD), Méssbauer, and NMR
87.88

data were interpreted as a significantly high-spin (S=5/2) state at neutral pH.™

On the other hand, based on the anomalous EPR spectra, Maltempo™ explained the

18
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unusual magnetic properties of ferric cytochromes ¢’ as arising from a quantum

mechanical admixture of a high-spin (S=5/2) and a mid-spin (S=3/2) states.

The quantum mechanically admixed med-spin (S=3/2) and high-spin (S=5/2) state,
which is very unusual in biological systems,” has been found to be common in
cytochrome ¢’ from various bacterial sources at neutral pH.”"* ** This mechanical
admixed spin-state arises from the contribution from two or more different spin
states. When the energy separation of mid- and high-spin states approaches the
magnitude of spin pairing energy, the electronic ground state is best described as a
quantum mechanical admixture of two spin states.” Unlike thermal admixtures of
spin states in which protein molecules can be monitored in two magnetically
distinguishable pure spin states, mechanically admixed spin state protein would
correspond to a single magnetic species with magnetic properties distinct from high-
mid spin states.” The presence of this spin-state has revealed the weak axial ligand
and saddle-shaped haem. Scheidt and Reed” proposed that any effect which weakens
the axial ligand field of a high-spin ferric haemoprotein may bring the spin state into
the admixed-spin state. Cheng er al” attributed the existence of quantum
mechanically admixed spin states to the saddle-shaped haem deformation. But both

. ~ 90
suggestions seem not to be sufficient to cause the QS state.

The contribution of the mid-spin state to the QS vary from 10% to 60% depending on
the bacterial source from which the cytochrome ¢’ is derived and also depends on the
pH of the solution, decreasing as the pH increases. Cytochrome ¢’ isolated from
Rhodobacter capsulatus and Chromatium venosum exhibits a large mid-spin
contribution to an admixed ground state ranging from 40 to 57%, while cytochromes
¢’ from Alcaligenes xylosoxidans, Rhodospirillum rubrum, and Rhodospirillum
molischiatum appears to have a smaller mid-spin contribution of around (10-

15%).**Error! Bookmark not defined.

The mid-spin contribution to the QS decreases as the pH of the solution increases,
resulting in high-spin ferric ion at pH 11.0. Therefore the haem centre exhibits a pH-
dependent spin state equilibrium between high-spin and QS-state. Deprotonation of
the axial His ligand at moderate alkaline pH values (7-9) may cause the formation of
a strong anionic ligand, and the consequent Fe(IlI) displacement from the haem plane

pe eqa . 2 Py i 22 P &
which cause a destabilization of d,” and a stabilization of d,”,” which in turn causes a
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transition from mid-spin (S=3/2) to quantum admixed-spin state, and then to high-
spin state (S=5/2). It has also been suggested that the negative charge on the
proximal ligand in cytochrome ¢’ could be stabilised ionically by a nearby positively

charged residue, as with AXCP, where His120 is closely associated with Argl24.

1.7 Ligand binding and discrimination:

Sensing and discriminating between diatomic molecules such as nitric oxide (NO),
carbon monoxide (CO), and oxygen is a key biochemical feature present in all life
forms, and this binding is predominantly mediated by haem-based sensors.” The
common feature shared by all haem-based sensors is the need not only to recognise
its target ligand, but also to discriminate against other ligands of the same size and

shape.

In animals discrimination between diatomic molecules is essential for a wide range

96,97

of physiological processes such as vascular homeostasis, " 'platelet aggregation,

3 s 08 99 ( > 5 y .
neuronal signaling,” host defense,” and stress responses.'”™ While in Bacteria, this

gas sensing is crucial for aerotaxis, combating the host immune response,'”’

using
2 . . i . .
CO as the energy source,'” protecting bacteria from nitrosative’* stress and in NO-

.75 3 : . ; . 5 103
shuttling™ and inducing certain genes under unaerobic conditions.

Diatomic molecules interact with the haem iron forming either five co-ordinate (5c-)
or six co-ordinate (6¢c-) adducts. Interaction of these adducts with the surrounding
protein residues are critical determinants of ligand discrimination.'™ For instance in
other types of haemoproteins, mutagenesis studies have shown that the H-bonding
between the polar Fe-O bond and distal residue His64 of the haem in myoglobin (the
oxygen storage protein in muscle tissue) is a key factor promoting binding of O, over
NO and CO."™ Some members of H-NOX (Haem-Nitric oxide and/or oxygen-

binding domain) family'*

which include bacterial proteins from aerobic and
anaerobic organisms form a tight complex with O, while others, like soluble
guanylate cyclase (sGC) do not bind O, but do form a 5c¢ Fe-NO adduct by
selectively excluding O,. sGC catalyses the cyclisation of a guanosine 5’-
triphosphate (GTP) to guanosine 3°,5’-cyclic monophosphate (¢cGMP). The presence

of a hydrogen bonding network in the distal pocket of O,-binding H-NOX proteins
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provided by distal pocket residue tyrosine or other residue capable of forming a
strong hydrogen bond to bound O; is critical, while the lack of such a distal pocket
hydrogen bond in sGC eliminates O, as a ligand, making the sGC H-NOX domain
selective for NO instead.’” The origin of this selectivity has been shown to be
kinetic: a distal pocket tyrosine in O, binding H-NOX proteins markedly slows down
its dissociation rate, whereas the dissociation rate is very fast in the case of sGC due

to absence of tyrosine or an alternative H-bond donor in the distal pocket.'”’

There is a strong similarity in the distinctive reactivity and spectroscopic properties
of the haem centre in AXCP and sGC.'” Ferrous AXCP has been reported to bind
NO and CO but not O, just like sGC."" NO forms five-coordinate (5¢) ferrous-NO
complex with sGC'"" and AXCP.* In addition both proteins exhibit a much reduced
affinity to cyanide, and in the ferric state both AXCP and sGC show Soret maxima in
390-400 nm region.

The crystallographic characterisation of AXCP showed the exciting discovery that
exogenous ligands can bind to the iron from both sides of the haem face. While CO
binds to iron at the distal face of haem, producing a six-coordinate carbonyl (6¢-CO)
complex, NO exhibited a novel and unexpected proximal five-coordinate nitrosyl

(5¢-NO) complex with iron by displacement of the proximal His120 ligand. ¥

1.7.1 NO bound structure:

NO is a free radical, small, short lived, and highly reactive gaseous molecule, that
readily and quickly diffuses through the plasma membrane and reacts with haem
iron. However, spectroscopic studies have shown that, depending on its

concentration, NO can form both 6¢- and 5c- complexes with AXCP haem iron.'"

At physiological pH values the His-Fe bond of the reduced AXCP is cleaved on NO
binding to form a novel five-coordinate haem-nitrosyl (5¢-NO) adduct.'’* This
finding has been confirmed by the x-ray crystal structure of reduced AXCP NO-
bound adduct at 1.35 A resolution (PDB code 1E85).* The crystal structure of this

complex showed the unexpected presence of NO at the proximal haem pocket in
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place of the His120 residue. The mechanism by which the 5¢-NO complex is formed

will be discussed in detail in section 1.7.2.

Least square superposition of oxidised and NO-bound AXCP has shown a small
change in the overall structure with an (r.m.s) deviation of 0.14 A. The main chan ge
is the displacement of His120 to one side by 111° around C,-Cp bond. In its new
position, His120 is stabilised by hydrogen bonding to a water molecule (Figure 1.11).
The NO molecule 1s bound to iron at proximal side and has been modeled in two
configurations. The first molecule forms hydrogen bonding with NH1 of Argl24,
which in ‘rur1'1 changes its configuration back to the conformation similar to that
observed for the oxidised structure. No significant changes occur to distal pocket

residues.

4 Displaced His120

Argl2d ey
S~ NO molecule

Figure 1.11: Five-coordinate-NO adduct of AXCP (PDB code 1E85). The NO molecule has
displaced His120 (coloured in red, PDB code 1E83) to form an NO-adduct at the proximal haem
site. Two configurations of NO molecule has been modeled, one of them is hydrogen bonded to
guanidinium group of Argl24. His120 has been stabilised by the hydrogen bonding to a water

molecule. Figure created using PyMOL.
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1.7.2 Mechanism of 5¢-NO adduct formation:

Based on x-ray crystallographic analysis and spectroscopic results of AXCP, it was
proposed'"” that the formation of the 5¢-NO complex occurs via a distal 6¢-NO
intermediate in two NO-dependent reactions as follows: the first NO molecule binds
to the sterically crowded distal face of the ferrous haem to give the 6¢-NO complex,
and the repulsive trans-effect of NO''* weakens the proximal Fe-His bond. In this
reaction the rate determining step which, in principle, involves Fe-NO bond
formation, together with the high- to low-spin transition of the haem iron and its
motion from out-of-plane to in-plane. A second NO molecule displaces the proximal
His and binds to the proximal face of the haem forming a transient 6¢-dinitrosyl
complex. Release of the His ligand prior to attack of the second NO molecule has
recently been proposed.”’ The second NO molecule repels the distally bound one to
leave the iron’s sixth coordinate position, producing a 5¢c-NO complex. It has been
shown that the distal side of the haem controls the initial NO binding, while the
proximal side controls the release of NO, with the ability of trapping and gating NO,

with virtually unidirectional release of NO. i

In order to understand how the protein structure of AXCP controls NO dynamics,
Resonance Raman and time resolved spectroscopy at the haem level together with
molecular computational dynamics study at the entire protein structure level have

recently been performed.''™'"

The study revealed that NO dissociation from the 5c-
NO adduct yields the 4c-heam adduct. The side chain of displaced His120 and
Argl24 in the proximal haem pocket confines NO close to the iron so that an
ultrafast (7 picoseconds) and complete (~99%) geminate rebinding occurs. Whereas
the proximal His120 does not rebind to the haem iron because His120 does not bind
on the timescale of NO geminate rebinding. His120 rebinding to haem calculated to

be (~100 ps).

On the bases of recent picoseconds kinetic data and on the previous kinetics and X-
ray studies, the following mechanism of 5¢-NO complex formation and dissociation

has been proposed (Figure 1.12):''°
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Figure 1.12: The proposed mechanism of 5c-NO adduct formation based on the recent
picoseconds kinetic data and on the previous kinetics and X-ray studies. cited from Kruglik
2007."°

Photodissociation of the 5¢-NO adduct (achieved with an excitation pulse at 564 nm
whose duration was ~40 fs with a repetition rate of 30 Hz) releases the NO molecule
and produces a 4c-haem adduct (k;). Geminate rebinding of ~99 % of the released
NO molecule rebinds to the 4c-haem adduct on picoseconds (~7 ps) time scale (k.;).
The remaining (~1%) population of NO which escape from the haem pocket cannot
rebind directly to the proximal side of the haem but releases to the solution (k;). The
presence of a high energy barrier for NO access to the haem proximal pocket makes
NO rebinding to the haem unfavorable (k.;). The kinetic data and structural dynamics
calculation showed that His120 rebinding to 4c-haem (Ky;s) cannot occur when NO
is still located within the proximal haem pocket, but may occur after the release of
NO to the solvent in ~100 ps, which is far from the time scale of NO geminate
binding (~7 ps). Due to the reactivity of the 4c-haem, the back process (short arrow)

has a low possibility to occur. On the basis of the previous kinetics study (which has
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been discussed earlier in detail), NO binds to the haem’s distal face of the 5c-His,
which represents the resting state of AXCP, to form a transient 6¢-NO-His adduct
(64n): this binding weakens the Fe-His bond, and the attack of the second NO
molecule displaces His120 to form a transient 6c¢c-dinitrosyle adduct (ke.s). The
binding of the second NO causes the first NO molecule to leave the distal pocket of

the haem, thereby forming the 5¢-NO adduct.

1.7.3 CO bound structure:

Both spectroscopic and crystallographic studies showed that CO binds to the
crowded distal face of the haem in AXCP. The crystal structure of AXCP CO-bound
complex has been solved (PDB code 1E86).* The structure showed that CO binds to
the distal face of the reduced haem, producing a six-coordinate CO-bound complex
with an almost linear configuration with an Fe-C-O angle of 167°. Upon CO binding,
Leul6, which occupies the distal haem face, is displaced to one side by a 134°
rotation around C,-Cp bond. This rotation displaces the pyrrole ring A of the haem
group by 0.86 A towards the proximal pocket, which in turn flattens the haem group.
The Argl24 configuration remains perpendicular to the haem plane, which is similar

to that found in the reduced structure.

Least square superposition of the CO bound structure (PDB 1E86) to the reduced
structure (PDB 1E84) revealed an r.m.s deviation of 0.6 A, indicating a significant

change in the overall AXCP structure upon the CO binding.
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€ COmolecule
€ Displaced Leul6

Figure 1.13: Six-coordinate-CO adduct of AXCP (PDB code 1E86). CO group binds to sixth
coordinate of the iron haem in a linear manner. This attachment has rotated Leul6 to a side and
flattened the haem group while Argl24 has conserved its configuration compared to the reduced

structure (coloured in red PDB code 1E84). Figure created using PyMOL.

1.8 Electronic absorption spectroscopy of AXCP:

The porphyrin macrocycle is an extensively conjugated system that gives rise to
intense electronic absorption bands. This property makes it possible that
haemoproteins are easily identified and that a great deal of information may be
extracted using a relatively simple technique such as UV-Vis spectroscopy, which

has been a powerful analytical tool in haem protein research.

Ferric and ferrous AXCP exhibits four distinct absorption bands; these are, an intense
band called Soret band, a weaker band named o/f band and very weak band known
as charge transfer band (CT); finally, an additional useful band appears at 280 nm
due to aromatic residues. The ratio of absorbance at 280 nm to the absorbance at the
Soret maximum can be used as a purity index of the protein. The electron transitions
responsible for the optical absorbance of ferricytochromes are illustrated in Figure

(1.14) and discussed below:

26



Introduction Chapter 1

-
— 22
*
I ,. 10
. Y e
P o 4
] i DA P ' K
b £ j.
Pt L 7! .
P g’ '
v ! ;
Lo . 3 {
1) 2 3.
Lo i Ay, dy,
[ -
b I ' L
[ R P d i e
agl W T
1 "5 R
i8] . 8,
LA { "
e : 1
‘.+|- (4]
Porphyrin Iron Axial ligand

Figure 1.14: A schematic diagram of the clectron transitions responsible for the electronic
absorption spectra in ferricytochromes. Numbers indicate the orbital transitions. Adapted from

Moor and Pettigrew (1990).""

The intense Soret band arises from (m—n*) transition of the porphyrin ring
(transitions 1 and 2). This transition is also accompanied by a weaker one, the o/p
band. The intensity of both bands is correlated. The bands are highly dependent on
the iron’s oxidation state and the coordination of the haem group at the peptide. The
charge-transfer band at ~640 nm arises from transitions 3, 4, and 5. This transition is
only observed in the high-spin ferric and 5c- cytochromes indicating that it is
sensitive to the spin state'"™ and also to the coordination number.® 1t is believed to
be due to d-d transition which comes from transitions 6 and 7 which are weak and
usually not observed in the UV-Vis region. Transition 11 is forbidden in this region

and other transitions (8, 9, and 10) are uncertain.

A typical spectrum of ferric AXCP is shown in (Figure 1.15) to illustrate the bands

explained above.
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Figure 1.15: A typical electronic absorption spectra of cytochrome ¢’ from Alcaligenes
xylosoxidans. Four distinct bands can be noticed; the Soret which arises from (a—m*) of the
porphyrin ring accompanied by a weaker band «/p region band, Charge Transfer (CT) band
which is related to the spin state and the coordination number of iron, and finally a band at

around 280 nm arises from the absorption of the aromatic residues.

At pH 7.2 the ferric-AXCP exhibits a Soret band at 401 nm with a shoulder at a
lower wavelength at 380 nm and two band at 535 and 498 nm related to o and f
bands, respectively. A shift to the longer wavelength is observed in the ferrous form
at 425 nm with a shoulder at 435 nm accompanied by a band at 553 nm at p region
and 565 nm at o region. '’ The NO-bound AXCP showed the Soret band at 414 and
395 nm with bands at 484 and 566 nm, corresponding to § and o bands respectively.
A sharp and intense Soret at 418 nm is observed in the case of CO-bound AXCP, the
o/B region showing bands at 535 and 566 nm. These absorption bands are

summarised in (Table 1.3):

Table 1.3: Electronic spectral data for ferric, ferrous, NO- and CO-bound ferrocytochrome ¢’

from Alcaligenes xylosoxidans.
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1.9 Scope and Aims of this work:

The distal pocket of AXCP is deeply buried within the protein with no direct access
to solvent. The aim of this project was to probe the effect of the distal pocket
residues in ligand binding and discrimination especially L16 and W56. L16 which is
located in the distal face of haem, sterically hinders the access to the distal pocket.
W56 apparently blocks the solvent channel that leads to the distal pocket. In order to
understand the effect of these residues on the spectral properties and ligand binding
and discrimination, a program of site-directed mutagenesis was used to mutate these
two residues. Initially, L16 was mutated to glycine (L16G), phenylanalnine (L16F)
and tyrosine (L16Y). In order to unblock the solvent channel W56 was mutated to
glycine (W56G). With the purpose of investigating the effect of H-bonding on ligand
binding and discrimination, W56 was mutated to tyrosine (W56Y). A double mutant
was also studied in this work; L16 and W56 were mutated at the same time to

(L16F/W56G).

To produce the native AXCP and all the above mutants in a reasonable amount, a

reliable overexpression system and purification method has to be established.
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Chapter 2: Protein Crystallography

2.1 Introduction:

The primary tool for determining the atomic structure of macromolecules is the
diffraction of x-ray radiation by crystals. The crystalline protein which can be
considered as regular arrays of molecules interact with short wavelength
electromagnetic radiation causing diffraction. The diffraction pattern of a substance
then can be used for the reconstruction of the electron density. If the resolution of the
diffraction pattern is sufficient, the atomic coordinates of the molecule can be
obtained. The diffraction of x-ray radiation with a crystalline matter has been

mathematically described Bragg in 1918. "

At the end of most imaging methods, an image of the sample will be elucidated. In
crystallography what will be obtained at the end of the experiment is the diffraction
pattern of the image which is related to the Fourier Transform (FT) of the object. In
the real life, when light is scattered from an object, it scatters as what can be
described mathematically as a FT. Then the lens of the eyes cornea takes the
scattered light effectively does an inverse FT to turn it back into the image of the
object on the retina. To probe atomic positions in a protein a very short wavelength
radiation should be used which can resolve the distances between atoms, ca 1 A
which is comparable to the wavelength of x-rays. The need to use x-ray introduces a
fundamental problem arising from the failure of getting the phase information of the
data. During the course of collecting the information from the FT on a detector as
the diffraction pattern, half of the information, the “phase™ information, from the FT
is lost, while the other half of the information which is not lost is the “amplitude”
information. The loss of phase information is a famous problem in crystallography
named a (phase problem). The phase problem must be solved before the electron
density of the protein can be calculated. In later sections of this chapter we will

discuss briefly why the phase information lost and how to solve this problem.”

Since the principles of protein x-ray crystallography have been extensively discussed
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and explained in many textbooks, ™ only the basic principles will be discussed

herein:
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2.1 Basic Theory of Protein Crystallography:

W.L Bragg' showed that the diffraction of an x-ray from a crystal can be described
as the scattering from parallel planes of molecules, and can be mathematically
described as a reflection from sets of equivalent parallel planes of atoms in the
crystal. Constructive interference between the scattered x-ray from successive planes
will take place only if the path difference between these rays is equivalent to an

integral number of wavelengths:

A set of equivalent, parallel planes with index (hkl) and interplanar distance (dp)
produces a diffracted beam when x-ray of wavelength A incide on the planes at an
angle 0 and are reflected out at the same angle only when it meets the Bragg’s

condition (Figure 2.1):  ni = 2 dsin0

(a)
~ g 5
] e -
A B
(b)

Figure 2.1: (a) Description of Bragg’s law using the reflection geometry. The lower beam must
travel the extra distance (AB + BC) to continue travelling parallel and adjacent to the upper
beam. This extra distance must be an integral (n) multiple of the wavelength () (nk. = AB + BC)
for the phase of the two beams to be the same. In (b) we can see that (AB = 2d sin8), and because
(AB = BC), the first equation can be written as (n) = 2AB), by substitution of this one into the

second equation produces Bragg’s equation (ni = 2d sin8).
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The goal of protein x-ray crystallography is to calculate the electron density (p) at
every position (x, y, z) in the unit cell of a crystal. The electron density map can be
derived from the structure factors F(hkl) and their phase angles (o¢uy;) of each

reflection.

N
F(hk 1) = ij exp (2711 () + KV} + 12))) oo oo e (221)
=

Ji is the scattering factor of j"’ atom,

h, k, I defining the coordinates in reciprocal space (reflections) x;, y;, and z; is the

th

coordinated for the j© atom.

The electron density p(x y z) in the unit cell volume (V) is the FT of the structure

factor and the reverse is also true:
1 .
playz)= VZ Z Z F(hkl) exp [-2mi(hx + ky + 12)] .. o v ver oo (2.2)
h k 1

Since the structure factor can be written as:

F(hki) = |Fhkl| exp[i “hkt] $iE se SERRRIREIN 953 Von USRI Hie RN SORIRREITEG PaveiG (23)

Fw 1s the amplitude that is related to the intensity of a diffracted beam and directly
measured on the detector. The intensity of a reflection with Miller indices hkl (Ipg;)

is proportional to | F >
oy 18 the phase of the structure factor for each reflection.
i is the imaginary number (—1)/2.

Substitution of equation 2.3 in 2.2 gives:
1 . .
plxyz) = VZ Z Zthkll exp[—2miChx + ky + 12) + i ] .. .. (2.4)
h k 1

In principle calculating the electron density p(x y z) at every position (x y z) in the
unit cell appears straightforward. However, there is a problem; although |Fp,|s can

be calculated from the intensities Ipy;, the phase of the structure factor cannot be
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derived straightforwardly from the diffraction pattern. A famed problem arises
which is called, the “phase problem”. Fortunately, several methods have been

developed to solve this problem; they have been discussed in (section 2.7)

2.3 Methodology:

There are some prerequisites before a macromolecular crystal structure
determination can be performed; such as the availability of sufficient amounts of
highly purified protein and crystals of sufficient diffraction quality for a high
resolution structure determination.” Protein overproduction and purification has been
discussed in (chapter 4) and principles of growing x-ray quality crystals and the data

collection and processing will be discussed in the following sections.

2.4 Data collection and processing:

As soon as a suitable protein crystal has grown, the next step is to check whether it
diffracts well enough to be used for the three-dimensional structure solution. This
test involves fishing the crystal from its mother liquor, immersing it into a proper
cryoprotectant and mounting the crystal in a cryogenic nitrogen stream on an x-ray
source. Finding a suitable cryoprotectant is an important part of the experiment.
Once a diffracting crystal is found, the actual process of data collection can be

commenced.

2.4.1 X-ray radiation sources:

X-ray radiation sources are usually either a rotating anode generator in the home
laboratory or an electron storage ring producing synchrotron radiation at a national

laboratory.

X-rays from a rotating anode are generated by bombarding an anode made up of a
pure elemental metal, usually copper or molybdenum, with a beam of electrons
generated from a hot filament by a high voltage electric field. This bombardment
results in driving an electron from an atomic orbital of the metal resulting in a
vacancy in the orbital, which is then filled by the relaxation of an electron from a

higher energy shell and emission of an x-ray photon. The energy of the emitted
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radiation depends on the electronic structure of the emitting element. Thus, a Cu

anode produces 1.54 A x-rays, while Mo produces 0.709 A x-rays.

An important x-ray source, which is especially useful for crystallographic
measurements, is provided by synchrotron radiation. In general they consist of a
linear accelerator (LINAC), a booster synchrotron and a doughnut shaped storage
ring. Electrons generated in the electron gun are directed into the LINAC where they
are energised, and then into the second part; the booster, where electrons are further
energised to nearly the speed of light. Finally, they are injected as ‘bunches’ of
electrons into the storage ring. The stored electrons are guided in a ‘race track’
shaped path using strong magnetic fields provided by dipole magnets. Each time the
electron bunches change their direction (accelerate) they emit electromagnetic rays,
called synchrotron light. Third generation synchrotron radiation sources are capable
of producing high brilliance x-rays (e.g. the DIAMOND Light Source emits 3.8 x

10" photons. 5™

mm™) using insertion devices. These devices consist of arrays of
dipole magnets with alternating polarities placed in straight section of the storage
ring. They can be designed to improve specific characteristics of the synchrotron
radiation; for example, a wavelength shifter can extend the spectral range to shorter
wavelengths, wigglers increase the intensity, and undulators increase the brilliance
and produce a quasi-monochromatic beam.” The synchrotron light is directed along
beamlines into experimental hutches, where the experiments take place.

Synchrotrons are capable of producing electromagnetic radiation from infra-red

energies to hard x-rays.

There are three reasons that make synchrotron radiation especially useful for
crystallographic measurements. First, synchrotrons are 6-8 orders of magnitude more
intense than home Sources,7 which means diffraction experiments can be done more
rapidly (e.g. exposure times of less than one second are possible). However, it should
be noted that home sources can now achieve x-ray fluxes that are comparable to
bending magnets on M generation SR sources, for example the Rigaku FRE+.
Second, 1t produces well collimated rays, which, in principle, means complex
diffraction patterns (featuring many reflections) from dramatically large complexes
can be well resolved.™ The third advantage is the range of x-ray photon energies or
wavelengths produced allow selection of suitable wavelengths for anomalous
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diffraction from heavy atoms in the macromolecule which can be used to solve the

phase problem."

2.4.2 Growing the x-ray quality crystals:

2.4.2.1 Principles:

The first requirement for protein structure determination is to grow suitable crystals
of highly purified sample. Crystals are a periodic array of protein molecules, where
each element of the smallest repeating unit (asymmetric unit) (Figure 2.2a, an
example with one protein molecule in the asymmetric unit), assemble neighbouring
molecule in a geometrical way related by symmetry operations of the space group
(Figure 2.2b) forming a unit cell (Figure 2.2¢), which in turn assembled by repeated

deposition in a periodic manner to form a lattice (Figure 2.2d) and hence the crystal.

K

Asymmetric unit Assembled units

(@) (b)

e el Crystal lattice

: I.n.‘. ..I.- (¢ ggg @ (d)
.IJ By L) . ."- ; ;
X i o

Figure 2.1: The smallest repeating unit of the crystal, named the asymmetric unit (a), assembles

itself with its neighbouring molecule in a geometrical way related by symmetry operation (b)
forms a unit cell (¢) which is assembled by repeated deposition in a periodic manner to for a

lattice (d) and hence the crystal.
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Crystallisation is usually achieved by changing physical parameters affecting the
solubility of the protein in order to reach a state of supersaturation. Factors include
changing the protein concentration, temperature, pH, ionic strength and the presence

of precipitating agents, such as ammonium sulphate or polyethyleneglycol (PEG).

To obtain good structural data, crystals need to be single and have dimensions of at
least 10 um”, preferably much larger. However, smaller crystals are becoming more
viable with technology advances at latest generation SR sources. Crystal formation
occurs in two steps; nucleation and growth. Nucleation sites for crystal growth are
formed by chance collisions of molecules in solution, forming molecular aggregates.
This happens when protein and/or the precipitant concentrations are higher than the
concentrations required for slow precipitation, as shown in the blue region of phase
diagram (Figure 2.3). Once nuclei have been formed, the next step starts; the actual
crystal growth. The step-wise attachment of new molecules to the surface of a
growing crystal happens because the binding energy of molecules to the growing
crystal surface is larger than if they attached to a flat surface.'' The formation of too
many nuclei results in the formation of too many small crystals. To prevent this, the
supersaturation point must be reduced to a lower level. Also, crystals should grow
slowly to allow the molecules to order themselves into a crystalline lattice and to
reach a maximum degree of order in their structure. In a highly supersaturated

solution the molecules may aggregate to form an amorphous precipitate.

supersaturated

[protein]

[ precipitant]
Figure 2.3: Phase diagram for crystallisation mediated by a precipitant. The red region
represents concentrations of protein and precipitant at which the solution is not saturated with
protein, so neither nucleation nor growth occurs, The green and blue regions represent unstable
solutions that are supersaturated with protein. Conditions in the blue region support both
nucleation and growth, while conditions in the green region support growth only. Picture and
caption taken from Rhodes.’
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The ideal crystallisation strategy has been illustrated in (Figure 2.4). It starts with a
condition that corresponds to the blue region of the phase diagram (Figure 2.3). Once
nuclei are formed, they move into the green region, where crystals start to grow but

the nucleation process stops.

/

-

Q.

[precipitant]

[protein]

Figure 2.4: An ideal strategy for growing large crystals is to allow nucleation to occur under
conditions in the blue region, then to move to conditions in the green region until crystal growth

ceases. Picture and caption taken from Rhodes.

Not all crystals can diffract x-rays to give good structural data. That is why the
production of x-ray quality crystal is the rate limiting step in the structure
determination even once protein have been solubilised and purified.'” A statistical
survey of 29 structural genomics projects from the beginning of 1998 to the 25"
September 2009 when this thesis was submitted (Table 2.1). The table shows that
from about 154,870 cloned proteins 24% of them were successfully expressed and

purified, 8.8% crystallised, and only 4.6% of them diffracted in the x-ray beam.
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Status Records % of Cloned

ProteinTargets

' Cloned : ; - 154870 - 100
Expresséd 110799 715
BOlODIe- T e = e SR 28.1
Purified 38444 248
Crystallised I e B KX T S T

”l)iifi'racrting cr&stais 7 ' 7196 4.6

Table 2.1: Statistical survey on the structural genomics from the January 1% 1998 to December
25™ 2009. Numbers taken from http://targetdb.pdb.org, shows the sum of results from 29
structural genomics/proteomic projects worldwide as of 25th September 2009. (The numbers for

each individual project vary as they are dealing with different genomes at different times).

2.4.2.2 Crystallisation techniques:

Many techniques have been developed to grow diffraction quality crystals. These
techniques have been described extensively by Giegé and McPherson'® and other
authors.'* Here the vapour diffusion technique will be discussed as it is a widely used

technique and has been used to grow crystals in this work.

In the vapour diffusion crystallisation method, a volume of 1 pL — 10 pL of the
macromolecule to be crystallised is mixed with an equal volume of the precipitant
solution (precipitant, buffer and additives) in a drop, giving a precipitant
concentration about 50% of that required for the protein crystallisation. The drop is
then either suspended underneath a siliconised microscope glass cover slip, which is
sealed with grease (this is called hanging drop method; Figure 2.5a), or sat on a
support above the reservoir if the solution has a low surface tension; this is called
the sitting drop method (Figure 2.5b). Because the precipitant is the major solute
present, vapour diffusion results in net transfer of water from the drop to the
reservoir until the precipitant concentration in the drop is the same as its
concentration in the reservoir. This leads to the volume decrease of the drop, so that
the concentration of all components in the drop increases, moving the conditions
diagonally into the nucleation region. As the nuclei form, the protein concentration

drops, moving the condition vertically into the growth region (Figure 2.3).
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Protein Protein

solution solution

— 4—— Siliconised cover slip =% —

high-vacuum grease —/

reservoir containing precipitant me—pe

(a) (b)

Figure 2.5: Vapour diffusion crystallisation method. An equal amount of the reservoir (blue)
solution which contains the precipitant, buffer and additives, and a highly purified protein
solution are mixed in a drop on a siliconised cover slip and the cover slip inverted and placed
above the well (a), the method hence called hanging drop, or it is sat on a support (b), which is

called the sitting drop method.

2.5 Data collection:

Water molecules comprise between 30 - 75% of the total crystal content. Therefore,
protein crystals are often very fragile and should be handled with caution. Crystals
are often harvested, examined, and mounted for crystallography within their mother

liquor. This will prevent the crystal from dehydration and hence cracking.

Data collection starts by fishing and transferring a single crystal from its mother
liquor with a minimum amount of mother liquor, using thin-walled capillaries of
glass or quartz, or more often, as in this work, by using fiber loops. The loop is then
mounted onto a goniometer, and the crystal centred where it will be exposed to the x-

ray beam.
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2.5.1 X-ray radiation damage:

When an x-ray beam is incident on a typical crystal, approximately 98% of the beam
passes straight through without interacting, and then is absorbed by the beamstop
which is located downstream of the crystal. The remaining 2% interacts in one of
three ways: firstly, by the photoelectric effect (84%), in which a synchrotron photon
ejects a lower shell electron from an atom causing ionisation and other processes;
secondly, by Compton scattering (8%), which is inelastic and incoherent and adds
background to the diffraction images; thirdly by Thomson scattering (8%), which is
elastic and coherent and results in the observed diffraction pattern.”® The ionisation
process results in the formation of radicals,'® which may then cause damage to the
protein; this kind of damage is called “radiation damage”. For example, radicals
interact with the protein backbone, producing a stable carbonyl radical. The stability
of the carbonyl radical makes carbonyl groups of the peptide bond act as a major
trapping centre for electrons produced by the x-rays. Electrons then migrate along
the peptide chain through the hydrogen bonds between peptide units. Affected side
chains then become the place for structural damage, for example, cleavage of
disulphide bridges, decarboxylation of glutamates and aspartates, loss of the tyrosine
residue’s hydroxyl group and the cleavage of the C-S bond of methionine.'™'® Online

spectroscopy (UV-Vis and Raman) can be used for monitoring the radiation

9, 20 20

damage’' at the time of data collection.”™ Radiation damage affects a number of
generally observable parameters; increase in the unit cell size, decreasing diffraction
intensities especially at high resolution, increase in Wilson B values, increase in

R neas> and increase in the mosaicity.

2.5.2 Cryocrystallography:

To reduce the effect of the radiation damage, cryo-techniques were developed. That
is, data collection is performed at low temperatures, most often at 100K. The
advantage of collecting data at cryotemperature is to significantly reduce the
mobility of most radicals formed as a result of the photoelectric effect. This extends
crystal lifetime in the beam, and hence enables a complete dataset to be collected

from a single crystal.
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A gradual decrease in the temperature to the cryo-level causes crystalline ice
formation within or around the protein crystal. Crystalline ice affects the diffraction
in two ways, first, it disrupts internal order due to expansion, and second, it interferes
with the diffraction pattern from the protein. Hence, the crystal must be cooled so
fast that the water molecules in the solvent channels are in glassy or vitreous rather
than the crystalline state at the end of the process.'5 Here, crystallographers faced
another problem - the water vitrification time. Micrometer sized drops of pure water
can vitrify with cooling on a time scale of the order of 10 s, *' which is an
impossible requirement for solvent in crystal channels. The most common method
for overcoming this problem is to equilibrate the crystal to replace some waters with
a solution containing a cryoprotective agent. Using the correct cryoprotectant, which
is determined experimentally, extends the vitrification time to 1-2 s, and this can be

achieved by flash-cooling the crystal to 100 K.

There are two types of cryoprotectant; those that penetrate into solvent channels such
as glycerol, and those that coat the crystal surface and do not penetrate into the
solvent channels, such as oils which are especially useful for crystals with narrow
solvent channels. The most commonly used cryoprotectant is glycerol in the ratio of
20-30% (v/v). Cryoprotectant should not degrade the crystal, therefore, the
components of the mother liquor should be considered. In order to introduce the
cryoprotectant needed for flash cooling, several methods can be followed. These are
serial transfer into increasing strength of cryoprotectant, brief transfer before flash
cooling, dialysis and growth in cryoprotectant. Soaking time can be from 1 s to days.
The best proof that a suitable cryoprotectant has been found for a particular crystal is

the diffraction quality that is obtained.

2.5.3 Mounting the crystal:

After fishing the crystal from its mother liquor using a suitable sized fiber loop, and
soaking in the correct cryoprotectant, the crystal is mounted onto the goniometer and
flash cooled to 100 °K by a liquid nitrogen gas stream. The process must be rapid in
order to prevent crystalline ice formation, and to ensure that water in the solvent

channels cools as a vitreous liquid.
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2.5.4 X-ray diffraction data collection:

The x-ray data quality plays the most important role in making all subsequent steps
easier, and leads to more precise atomic models. Therefore, prior to the full data
collection from a crystal, the diffraction quality should be checked. The check is
normally achieved by collecting two diffraction images at 90° degree (¢) apart. The
advantages of performing this check are first, to check problems like, splitting of
spots due to the presence of more than one lattice, disorders, the diffraction intensity
and resolution limits, or even there may be no diffraction at all. Twinning may not be
noticeable until the end of image processing or even until there are difficulties during
refinement of the structure. Split crystals give two superimposed diffraction patterns.
A high mosaicity or statistical disorders can be noticed in disordered crystals, in
which spots appear to be sharp in parts of the image and smeared in others in a
regular pattern. If the crystal did not diffract at all, the crystal-to-detector distance
should be reassessed, or it may worthwhile to do the check at ambient temperature. A
further advantage of the test is to determine the unit cell parameters and space group
and to plan a strategy for collecting a complete data set. The strategy option in
HKL2000 software™ has been used in this work to optimise the total number of
images and the oscillation degree of rotation between successive images to ensure a
complete data set is recorded. In this work, crystals were cryocooled and data were
collected at three different synchrotron light sources; beamline 10.1 at Synchrotron
Radiation Source at Daresbury (SRS) in the United Kingdom, beamline XO6SA at
Swiss Light Source (SLS) in Switzerland, and at beamline 081D-1 at Canadian Light
Source in Canada. Detectors used were; Mar 225 CCD at SRS and Canadian light
source, and Pilatus at SLS. The data collection procedure will be discussed in more

detail in Chapter 6.

2.6 Data processing:

The raw data from a set of diffraction images need to be processed or reduced to give
data that can be used to calculate the structure factors. At the end of the data
reduction a list of indices (Ak/) with their associated amplitudes (the square root of

the intensities) and estimate of their errors will be obtained. Many data processing
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packages are available, such as HKL2000, Mosflm,” d*TREK,* and an automated
program XDS.*

The Mosflm program has been used to process the diffraction data in this work and it
will be described here. The procedure can be divided into three steps”*, autoindexing,

refining and integrating images.

First step - autoindexing: in this stage the unit cell parameters, the orientation of
crystal and the mosaicity are estimated. The program suggests a list of possible space
groups based on a penalty function. Subsequent steps will show whether the chosen
space group was correct or not. The success of autoindexing depends on
experimental parameters such as the x-ray wavelength, crystal-to-detector distance
and most importantly an accurate direct beam position. For autoindexing Mosflm
uses two images from the data set, separated by 90°, as mentioned previously when

discussing data collection strategy with HKL2000.

Second step — refining: In this stage some parameters will be refined, such as the
direct beam position, crystal to detector distance, unit cell parameters, small rotations
of the detector about a vertical and horizontal axis, the relative scale factor applied to

the detector Y coordinate and also the crystal mosaicity.

Third step - integration: the objective of this step is to measure the total intensity of
cach reflection on each image. This can be achieved by predicting the position in the
digitised image of each Bragg reflection present on that image and then estimating its
intensity after subtraction of the background and an error estimate of the intensity.
The position of each reflection on the detector will be predicted by using the refined
unit cell parameters and the crystal orientation. Then the program will compare the
predicted to the observed position. If the fit is not good it will refine again. Usually,
the detector parameters, crystal orientation and the mosaic spread will be refined

during the integration, while the unit cell parameters will be fixed.

2.7 Scaling and merging:

The experimental differences in intensities during the data collection make the

scaling process necessary in order to put the data on a consistent scale. These
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differences are due to factors related to the incident and the diffracted beam and also
factor related to the detector. The incident beam-intensity varies over time in both
home and synchrotron x-ray sources, but this variation is more serious in home
sources. When a crystal rotates, more or less of the crystal may be in the beam
resulting in the variation in the diffracted beam. If the x-ray beam hits a long thin
crystal along the long axis this will give much stronger diffraction pattern than
shooting it width-ways, where the crystal has fewer unit cells in the beam. Another
factor which needs to be scaled is the radiation damage, because it causes the
structural change over the time and hence the changes the diffracted intensities.
Different regions of the detector may have different sensitivity of response and also

may have defective regions.

These factors are accounted for in the scaling part of the data processing, where
symmetry related copies of a given reflection on different images and the intensities
of partially recorded reflections are compared, and scale factors optimised to make
them the same. Scaled intensities are then merged together and reduced to a set of

unique intensity values for each reflection.

The SCALA program,”’ part of the CCP4 program suit®  (Collaboration
Computational Project, Number 4) was used in this thesis for scaling and merging of

reflections. SCALA implements various scaling models:”

Gn = (Scale factor ) x (Temperature factor) x (Absorption corrections) x

(TailseorTeTLION. ) e wsvsmsimons wmswaswiis s we (B 0)

gn 1s the inverse scale factor for an observation Iy;; that is, /th observation of

reflection A.

To accomplish data scaling and merging, SCALA does three passes through the data.
First, scales are estimated initially, and then the scale parameters are refined. Second,
discrepancies are analysed and the estimated standard deviations are adjusted. In the

last pass the scales are applied, agreements are analysed and the output file is written.
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The TRUNCATE program® part of the CCP4 program suit was used to estimate the
structure factors from the scaled intensities. The overall temperature factor was

estimated by the Wilson method.”'

2.8 Obtaining phases of the diffraction data:

As described in section 2.1, the goal of protein crystallography is to solve the three
dimensional structure of the protein, by calculating the electron density map of the
molecule in the unit cell of the crystal lattice. The electron density as described
mathematically in the same section is derived from the measurable amplitudes of the
structure factors (measurable because it can be computed from the reflection
intensity) and the initially unknown phase. The diffraction intensities, which are
relatively easy to measure, contain far less information than do the phases,3 * which
are more difficult to obtain. Obtaining the phase angles of each reflection is the

major problem in protein crystallography, the so called phase problem.

2.9 Phasing methods:

There are some common methods used for overcoming this problem. These include
the heavy-atom method, also called (multiple) isomorphous replacement (MIR),
exploiting the anomalous scattering (anomalous dispersion) of x-rays, and molecular
replacement. The initial solution of the phase problem given by these methods is
only an estimate of phases. These initial phases may be improved by density
modification methods until they good enough to start model building. Then the

process of refining the model begins.

The molecular replacement method has been used to solve the phase problem in this
thesis; therefore it will be discussed in more detail. However, the other two methods

will be explained briefly.

In isomorphous replacement, crystals of the protein are soaked in solutions of heavy
ions, producing heavy atom derivative crystals. Data are collected from both the
native and the derivative crystal. The derivative data will show differences in their
diffraction patterns compared to native due to the presence of the heavy atoms. By

mathematical comparison of the Patterson maps of native and its derivatives, it is
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possible to determine the location of the heavy atoms in the unit cell, allowing by the
mean of the Harker construction, an approximate determination of the phase of each
reflection. Most commonly used heavy ions are Hg, Pt, or Au. Such ions bind to one
or a few specific sites on the protein. The heavy atom must not disturb crystal
packing or the conformation of the protein; i.e derivative crystals must be
isomorphous with the native crystals. Also, there must be measurable changes in at
least a modest number of reflection intensities. The resolution of derivative data

needs not to be as high as that of native data.

Multi- and single-wavelength anomalous dispersion (MAD/SAD) are widely used
methods for solving the phase problem. In this method, instead of collecting data
from multiple derivative crystals to obtain an estimate of phases as in MIR, data are
collected at different x-ray wavelengths using the native crystal only. The
wavelengths are selected close to an absorption edge of e.g. intrinsic metal atoms or
Se substituted for S atoms in Cys residues. By this means the anomalous diffraction
that occurs above the metal or Se absorption edge can be optimised and exploited to
solve the phase problem. In some cases the weak anomalous signal from intrinsic S

atoms can be used for this purpose.

2.9.1 Molecular replacement:

Molecular replacement (MR)* is a method to obtain initial phases of an unknown
structure (target model) using a homologous protein with known structure (search
model). The principle of MR is that the phases for the reflections of the target model
are borrowed from known phases of the search model, and an initial map is then
calculated from these borrowed phases using the experimentally observed amplitudes
from the target. This can be achieved by performing three rotational transformation
(a, B, y) and three translational transformations (t,, ty, tz) searches, which
superimpose the search model in the target unit cell. The search is usually performed
in two separate steps. In the rotational step, the spatial orientation of the search and
target models with respect to each other is determined, while in the translational step
both molecules are superimposed in the unit cell. Performing the search in two steps,
rather than trying to search for the orientation and position at the same time,

dramatically reduced the time taken to find the solution®*. The basic principle of the
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molecular replacement method can be understood by regarding the Patterson

function of a protein crystal structure.

The most powerful tool in determining the coordinates is a Fourier sum called
Patterson function P(u,v,w) . The coordinates (u, v, w) locate a point in Patterson

map, in the same way coordinates (x, y, z) locate a point in an electron density map.

P(u,v,w) = fv p,y,2) plx+ Uy + 1,2+ WAV e i e e e e e e 2.6

This can be expressed as:

P(u,v,w)=%§],1 Y TilFul?cos2m (hu+ kv 4 Iw) e e 2.7

The Patterson map is a vector map between atoms. Vectors in the real structure
shows up as vectors from the origin to the maxima in Patterson map. If the pairs of
atoms are belong to the same molecule, then the corresponding vectors are relatively
short and their end points are found not too far from the origin in the Patterson map;
in this case they called self-Patterson vectors. If there were no intermolecular vectors
cross-Patterson vectors, this inner region of the Patterson map would be equal for the
same molecule in different crystal structures, apart from a rotation difference. For
homologous molecules, it is not exactly equal but very similar. Therefore, the self-
Patterson vector can supply us with the rotational relationship between the known
and unknown molecule structure. From the cross-Patterson vectors, the translation
required for moving the molecule to their correct position in the unit cell can be

derived.

2.9.1.1 The Rotation function:

The comparison of orientations between target and the search model can be done by
various functions in Patterson space, such as a product rotation function or
correlation coefficient. The Patterson product rotation function (RF) can be

expressed as:
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RF(R) = J Prarger (U, v, W) Psegren [(w,v,w) X R)]dudvdw ... ... 2.8

[TRTATY

Piarget(w,v,w) is the product of the target model crystal Patterson at points

(u,v,w)
Peoaren (1, v, W) is the rotated search model Patterson at points (u, v, w)
R is the rotation angle.

The Patterson product rotation function evaluates the correlation between Patterson
maps for the target model and for the search model in various orientations. For this
orientation search, which is often called rotation search, the computer is looking for
large values of the search model Patterson function Pgeq.cp(u, v,w) at locations
corresponding to peaks in Patterson map of the target protein Prgyger (4, v, w). The
rotation function is zero where one of Pattersons has a peak and the other does not.
In contrast the rotation function value is large when two Pattersons have coinciding
peaks. So the integral product will be very large (maximum) if there are many
coincident peaks in the two maps. These maxima should tell us the best orientation
for placing the search model in the unit cell of the desired protein, the target model.
Near the maxima, the rotation search can be repeated as smaller angular intervals to

refine the orientation.

2.9.1.2 Translation function:

After the search model has been oriented in the correct way with the rotation
function, the translation is required to overlap one molecule or subunit onto the other
in real space with the translation function. In this search, only the cross-Patterson
vectors are necessary. Most translation functions involve a comparison between the
observed structure factor amplitudes and those calculated based on the search model.
These methods have been discussed by Tong L.** Since the automated program for

oy
t,“8 has been used

molecular replacement, MoIlRep"‘6 a part of the CCP4 program sui
in this thesis, the Patterson-correlation translation function used in MolRep will be
discussed briefly. This method is the most commonly used translation search
indicator. It is based on the correlation between the observed (from the target model)
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and the calculated (from the search model) Patterson maps, which has been derived

by Crowther and Blow (1967).%’

TF(S) = f Prarger (U, v, W) Pogaren [(w, v, w) X 8)]dudv dw .. o ciovivon 2.9

uw,v,.w
Where (S) is a translation vector

Pigrget(u,v,w) is the product of the target model crystal Patterson at points

(u,v,w)
Psoaren (U, v, W) is the rotated search model Patterson at points (u, v, w)

Once the search model is correctly oriented and positioned in the unit cell, an initial
phase can be calculated (borrowed). These phases together with the observed

structure factors can be used to calculate an electron density map.

More recently, new methods for rotation and translation functions have been
developed that are not based on Patterson methods, but on maximum likelihood
methods.”™ These take account of errors in the data and model using sophisticated
statistical methods and improve the success rate of molecular replacement when data

and/or the model are poor.

Since molecular replacement depends on the presence of homologous proteins and
the number of macromolecular structures solved and deposited in the Protein Data
Bank (PDB)* is about 50,000,% the molecular replacement method is probably the

most widely used method in solving phase problem of the new macromolecules.

Recently, many automatic molecular replacement pipelines have been developed.
They can solve structures automatically with a minimum user intervention, such as

MrBUMP,*' JCSG MR pipeline,” and BALBES.*
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2.9.2 Model building and refinement:

Model building is an interpretation of the currently available electron density, while,
refinement is the adjustment of the built model to fit better to the experimental data.
A crucial point here is that a density map computed from the refined model is
generally better than the map obtained from the same model before the refinement.
This then allows for an even better model to be built, provided the initial model is
not faulty. Thus, refinement is needed to improve the outcome of model building by
generating a better electron density map and model building is needed to provide a
model in the first place and to provide stereochemical restraints for the subsequent

refinement to proceed smoothly.

Model refinement consists of two different stages. Bias generated by incomplete
models and radius of convergence are important considerations at early stages of
refinement, because the models are usually incomplete, contain significant errors in
atom parameters and may carry errors from misinterpretation of poorly phased
electron density maps. During this stage of the process, the primary concern is to
determine how the model of the chain tracing and conformation of the residues
should be described. In later stages, after the description of the model has been
determined, the objective is to determine accurate estimates of the values of the

parameters which best explain the observed data.

In order to avoid distorted geometries, stereochemical restraints and constraints must
be taken into account and appropriately weighted through iterative cycles. The
agreement between the amplitudes of two sets of the structure factors can be given

by the R-Factor:

— thlllFObs(h—kD _llecalc(hkl)”

R
Yhktl Fops (hkD)|

..2.10

|F,ps(hkl)| is the absolute value of the observed structure factors.
|Feqic(hklD)| is the absolute value of the calculated structure factors.

While k is the scale factor between observed and calculated structure factors.
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If the observed and calculated intensities agree with each other, the differences in the
numerator are small, and the sum of the differences is small compared to the sum of

the intensities themselves, so R is small.

Despite the use of stereochemical restraints, it is possible to over-fit or misfit the
diffraction data. An incorrect model can be refined to very good R values*. Thus, a
reliable and unbiased indicator of the accuracy has been proposed,” the Free-R
factor, which is a statistical quantity that measures the agreement between observed
and computed structure factor amplitudes for a set of reflections that is omitted in the

modelling and refinement processes.

Rfree _ thlET“Fobs(hkl)l - lecaIC(h’kl)ll

211
Ynkie 71 Fops (hkD)|

Rfeerefers to the “test set T, a set of reflections (usually 5-10% of the observed
data) which is omitted from refinement. The Free-R factor is calculated alongside the
R-factor, and should remain within a few percent of each other (typically 2-5% for
high to medium resolution data) of each other during the refinement process. A
decrease in R factor and increase or no change in Free-R factor indicates over-fitting

or mis-fitting the diffraction data.

Several programs have been developed for refinement, such as REFMACS,'
PHENIX,*” SHELX,*” TNT,” and CNS.”® REFMACS a part of the CCP4 program
suit has been used in refining all structures shown in this thesis. Refmac5 uses a
maximum likelihood method, which states that the best hypothesis (i.e set of
parameters, which includes estimates of the errors) on the evidence of the data is the
one that explains what has in fact been observed with the highest probability”". If the
model is changed to make these observations more probable, the likelihood
increases, indicating that the model is in agreement with data. Estimates of errors
included in the probabilities are from the observed data and the model itself. As the
model gets better during the refinement process, its errors gets smaller, so the
probabilities become sharper. The sharpening of probabilities increases the
likelihood, and the model fits better to the observed data, followed by a decrease in
the values of R-factor and hence by a decrease in R-free value. In order to add free
atoms in the current likelihood-gradient map and to remove atoms that lie in low
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density map, the ARP/WARP™ program has been used alongside REFMACS. The

refinement process is described in more detail in chapter 6.

2.9.3 Structure validation:

Riee and Rpeor as important validation parameters are monitored during the
refinement process. Root-mean-square deviation (rmsd) from stereochemical
standards (ideal bond distances, bond angles, dihedral angles, and van de Waals
contact distances) are also monitored during the refinement. Rmsd from standard
stereochemistry indicates how much the model departs from geometrical parameters
that are considered typical, or represent chemical common sense based on previous
experience. Good quality medium to high resolution structures are expected to have a
rmsd(bond) of about 0.02 A, when this number becomes too high, it means that
something might be wrong with the model. These parameters might raise questions
about the quality of the structure but would not identify the source of possible errors.
To trace them, PROCHECK™ a part of CCP4 program suit and MOLPROBITY™

have been used to look for these features.

The Ramachandran plot’® provides good indicators of the accuracy of the protein
model. The values of the main chain dihedral angles in a protein can only take on a
limited range of values. As glycine residues lack any side chains, these can adopt a
wider range of ¢ and W angles. The ¢-¥ values of other residues should fall within
the allowed values. If there were a considerable number of outliers, then the structure

is probably in need of improvement.

MolProbity™ runs on a java-enabled browser from the well-documented homepage.
The notable feature is web-based identification and viewing of potential problems in
the model. Hydrogen atoms are added to assist in the contact analysis. Poor ¢-'¥
angles are flagged. Poor rotatamers are flagged but cannot be fixed interactively on
line. Potential Asn, Gln, and His flips are visualized. Bad contacts are visualized

with colour-coded dots, plus a prioritised list.
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Chapter 3: Materials and Methods

3.1 Introduction to gene cloning:

To investigate and study any protein in any organism it has to be mass-produced, in
order to do that its gene or part of its gene needs to be identified. Once the gene has been
identified it can be isolated from the genomic DNA and inserted into a self-replicating
genetic element called vector producing recombinant DNA. The vector can be a
bacterial plasmid or a viral phage. This process is called recombinant DNA technology
or gene cloning. Recombinant DNA is then introduced to an appropriate host cell to
produce a desired protein. In the following sections an outline of the theory behind gene
cloning is described, followed by a description of the specific cloning and expression
system used for the production of recombinant cytochrome ¢’ from Alcaligenes

xyvlosoxidans.
3.1.1 DNA structure:

DNA is a double stranded molecule of polydeoxyribonucleotide, each strand
contains many monodeoxyribonucleotides which composed of one molecule of nitrogen
bases: adenine (A), thymine (T), cytosine (C) or guanine (G), and a molecule of pentose
sugar of 2'-deoxyribose and a phosphate group. Monomers are linked together by
phosphodiester bonds between the 3'-hydroxyl of one pentose to the 5'-hydroxyl of the
next.' Two strands are linked by hydrogen bonds between complimentary nitrogen base
pairs; A-T base pair held together by two H- bonds whereas C-G base pair by a three H-
bonds. Unlike most polymers, DNA chains are paired in antiparallel manner in which
the 5'-end of one strand is paired with the 3'-end of the other strand. The hydrophilic
deoxyribo-phosphate of each strand is on the outside of the molecule while the
hydrophobic nitrogen bases located inside perpendicular to the axis of the helix. This

double helical structure prevents the relaxation of torsional stress by rotation about a
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single covalent bond, and the stacking of the bases on top of each other gives the DNA

an unusual large flectional rigidity (Figure 3.1).>*

32.7 A

21.7A

Deoxyribose

/\ Deoxyribose

Deoxyribose

Phosphate Phosphate
group Phosphate aroup
; | group | |
I 1 I 1
21.7A 21.7A
(b)

Figure 3.1: A representation of (a) DNA double helix modelled from pdb 1D65" above showing the
3" and 5 terminals with nitrogen bases and their corresponded hydrogen bonds (b) base pairing
showing the triple hydrogen bond between nitrogen bases Guanine (G) and Cytosine (C) and a
double hydrogen bond between Thymine (T) and Adenine (A). Sugar molecule of deoxyribonucleic
acid and the phosphate group has been shown. The molecular graphics created by UCSF Chimera®

all distances shown is for the same pdb file.

66



Materials and methods Chapter 3

3.1.2 The Gene:

In prokaryotes the complete sequence of the DNA makes a circular chromosome which
carries the total genetic information needed by that organism; this is referred to as the
genome. Genomic DNA varies enormously in size from 5224 base pairs in Simian virus
(SV40) ® to about 2.91 billion base pairs in human.” A region within the genomic DNA
which encodes the production of a particular protein or responsible for a particular
organism’s characteristic is called gene. The gene encodes the synthesis of protein in
two main steps; first the transcription of the gene into complementary RNA molecules
(mRNA, tRNA, rRNA) each of which has a specific function. The second step, called
translation, starts when the mRNA is read from the 5'-end to the 3-end in blocks of three
nucleotide bases (codons). The codons are decoded by tRNA, which interacts with

mRNA and translated to protein on rRNA.

The correspondence between a particular codon and the amino acid is specified by
genetic codes. As there are four different nucleotides and each codon is comprises of
three nucleotides; there will be sixty four different codons (i.e sixty four different tRNAs)
each of which have an anticodon to recognise codons in the mRNA (Table 1).” Thus
there are frequently different codons available to specify one of the twenty different
amino acid monomers utilised to make up proteins. The in vivo protein synthesis is much
more complicated than what we have described here, and it has been covered by many

1.8,10

text books and will not be discussed in detail here.
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U C A G
U | UUU Phe UCU Ser UAU Tyr UGU Cys u
UUC Phe UCC Ser UAC Tyr UGC Cys C
UUA Leu UCA Ser UAA Term | UGA Term A
UUG Leu UCG Ser UAG Term | UGG Trp G
C | CUU Leu CCU Pro CAU His CGU Arg U
CUC Leu CCC Pro CAC His CGC Arg C
CUA Leu CCA Pro CAA Gin CGA Arg A
CUG Leu CCG Pro CAG Gln CGG Arg G
A | AUU lle ACU Thr AAU Asn AGU Ser U
AUC lle ACC Thr AAC Asn AGC Ser C
AUA Ile ACA Thr AAA Lys AGA Arg A
AUG Met ACG Thr AAG Lys AGG Arg G
G | GUU Vval GCU Ala GAU Asp GGU Gly U
GUC Val GCC Ala GAC Asp GGC Gly C
GUA Val GCA Ala GAA Glu GGA Gly A
GUG Val GCG Ala GAG Glu GGG Gly G

Table 3.1: The genetic code, the orange AUG correspond to Methionine an initiator of protein
synthesis, UAA, UAG and UGA specify termination of protein synthesis which known as stop
codons. ( RNA codons )

3.1.3 Cloning Vectors:

A DNA molecule that carries a foreign segment of DNA is called a cloning vector.
These vectors can be plasmids (as in this work), bacteriophages, viruses, or even small
artificial chromosomes.'” Vectors all contain a sequence enabling them to replicate
autonomously called the origin of replication, an antibiotic resistance gene as well as at
least two regions (restriction sites) that can be cut by restriction endonucleases to permit
the insertion of exogenous DNA fragment.'' The vector and the exogenous DNA should
be cut by the same restriction enzymes: this allow the exogenous DNA fragment to be
ligated to the correct restriction site. Of course the number of copies of the exogenous
genomic DNA fragments may not be sufficient to be cloned to a vector; therefore,
polymerase chain reaction technique can be used to amplify the number of the specific

gene copies.
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3.2 Molecular biology methods:

3.2.1 The plasmid vector:

pET 26b(+) (Novagen) was used as a plasmid vector to clone the Alcaligenes
xylosoxidans cytochrome ¢’ gene (AXCP). Reasons behind choosing this vector were;
first it carries an N-terminal pelB signal sequence (Figure 3.2) for potential periplasmic
localization, plus optional C-terminal His*Tag® sequence which gives another option of
the purification. Another reason for choosing pET 26(+) was the kanamycin (Kan)
resistance as ampicillin (Amp) combined with cytochrome ¢’ could be toxic for the host

system.
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Figure 3.2: The pET 26b(+)expression vector (Novagen), (a) the vector map and (b) the cloning and
expression regions. The vector has pelB leader for the periplasmic localization and the C-terminal

His-tag that provide another protein purification option.
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Since the cytochrome ¢’ needs to be matured, "2 an additional plasmid (pEC86) which
carries cytochrome ¢ maturation gene (Cem ABCDEFGH) was also co-transformed into
E. coli. This plasmid was previously constructed from pACYCI184 2" (Figure 3.3) and
was a kind gift from Dr. Thény Meyer through Dr Julie Stevens from Oxford University.
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Figure 3.3: pEC86 plasmid carries cytochromes ¢ maturation genes (Cem ABCDEFGH) which are

necessary for the cytochrome ¢’ maturation and mass-production.
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3.2.2 Construction of the expression plasmid:

To PCR amplify the cytochrome ¢’ from Alcaligenes xylosoxidans strain NCIMB11015
(NCBI accession number EF472535.1) (Figure 3.4), several pairs of primers were
designed (Table 3.2). The KOD hot start DNA polymerase kit (Novagen) was used for
the PCR polymerisation. The cloning strategies were: to clone AXCP into the plasmid
vector with and without AXCP signal peptide, and with and without the His-tag in each
case. The first pair of primers (Table 3.2) were used to amplify AXCP without its signal
peptide but with the His-tag in its C-terminal, (DNA fragment labelled- pETC-HS). In
order to include the His-tag in the protein, the stop codon (TAA) was removed. The
second pair of primers designed to generate the DNA fragment labelled pETC-NHS,
which is AXCP without a signal peptide and without the His-tag, in this case its stop
codon was included. The restriction sites have been engineered as appropriate to
facilitate the cloning process (as shown in different colours in table 3.2). The amplified
fragments were cloned into the pET 26b(+)using the Ncol, Hindlll, and BamHI
restriction enzymes as appropriate (Table 3.2). In both plasmids the protein was directed
to the periplasm by the pelB signal sequence. Since no successful results were obtained
from theses two strategies, we chose to carry into the next strategy which was to include
its signal peptide with and without the His-tag, so the third and fourth pairs were
designed to amplify AXCP with its signalling peptide either with or without the His-tag,
generating the DNA fragments pETC-SIG-HS and pETC-SIG-NHS respectively.
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Primer Nucleotide sequence (5°— 37) Bestrietion T, °C | Note
enzyme
BECELA Beb Il Ly Designed to clone
Cyc_H_For TTC GCC AAG C Ncol 64 AXCP gene
ACC GGC CTT without its signal
Cyc-H-rev | CTT GCG ATA GGC HnAll | |63 | Beiide DLW
the His-tag.
GCC CCATGG ATG CAG Designed to clone
Cyc-NH-for TTC GCC AAGC Ncol 64 AXCP gene
without its signal
tide and
CGC GGT ACC GGC GGA PeE :
Cyc-NH-rev TCC TTA CTT CTT CTT BamHI 66 :Zghout the His-
AGA TAT ACA CCC CAT
Cyc-sig-H-for ;ég é{}g AADTTG TCL Ndel 64 Designed to clone
AXCP with its
ACC GGC CTT sighial pepuide
feyv"'s'g'H' CTT GCG ATA GGC Hindll | 63 Ll iR i
AGA TAT ACA CCC CAT
Cyc-sig-NH- | ATG AAGAAGTTG TCC Ndel Designed to clone
for ACG CTC 64 AXCP with its
signal peptide but
Cyc-sig-NH- | CGC GGT ACC GGC GGA BamHI 66 without His-tag,
rev TCCTTACTT CTT CTT

Table 3.2 : Oligonucleotide primers used for the amplification and cloning the AXCP gene into the

expression vector. Tm is the melting temperature of the primers. Restriction sites have been

engineered to facilitate the cloning process, Red: Ncol, Orange: HindlIl, Blue: BamHI, Grey: Ndel
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»
>
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K Y R Q § A L T L M A S H F G R M
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T P vV V K G Q A P Y D A A Q | K A
ACG CCG GTG GTC AAG GGC CAG GCG CCC TAC GAC GCG GCC CAG ATC AAG GCC

N V E vV L K T L § A L P W A A F G
AAC GTC GAA GTG CTC AAG ACG CTG TCG GCG CTG CCC TGG GCG GCT TTC GGT

P G T E G G D A R P E | W 8 D A A
CCC GGC ACG GAA GGC GGC GAC GCC CGT CCC GAG ATC TGG AGC GAC GCG GCC

S F K Q K Q Q A F Q D N Y K L 8
AGCTTC AAG CAG AAG CAG CAG GCG TTC CAG GAC AAC ATC GTC AAG CTG TCG

A A A D A G D L D K L R A A F G D
GCG GCT GCC GAC GCC GGC GAC CTG GAC AAG CTG CGC GCC GCATTC GGC GAC

vV G A S C K A C H D A Y R K K K ~*
GTG GGC GCG AGC TGC AAG GCC TGC CAC GAC GCC TAT CGC AAG AAG AAG TAA

w

cyc_H_rev
cyc_sig H_rev
cyc_NH_rev
cyc_sig NH_rev

Figure 3.4: DNA and amino acid sequence of AXCP (NCBI accession number EF472535.1) with
primers annealing  positions. The blue arrow represents cyc_sig_ H_forward and
cyc_sig. NH_forward, black arrow represents ¢yc_H_forward and cyc_NH_forward primers, red
arrow represents cye_H_reverse and cyc_sig_H_reverse while the green arrow represents

eye_NH_reverse and cyc_sig. NH_reverse primer annealing position.
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3.2.3 Polymerase chain reaction:

The KOD hot start DNA polymerase enzyme (Novagen) was chosen to PCR amplify the
cytochrome ¢ gene from Alcaligenes xylosoxidans genomic DNA. The KOD hot start
combines high fidelity and fast extension speed and effectively inhibits primer
degradation during setup at ambient temperature due to exonuclease activity. This
enzyme quickly and accurately amplifies genomic and phage/plasmid DNA targets, GC-
rich targets are also efficiently amplified.'” The PCR reaction mixture contains 1.5 mM
MgCl,, 0.2 mM each of dATP, dCTP, dGTP, dTTP (dNTPs) with 0.02U/uL KOD hot
start DNA polymerase enzyme. 0.3uM of the forward and the reverse primers were used

with 10 ng DNA template.

In general PCR compose of five temperature change steps; the first step is called the
initialisation step, in this step the reaction mixture will be heated to 95 °C for 2 minutes
to activate the thermostable polymerase enzyme. Next is the denaturation step, which is
the first regular cycling step, in which the reaction mixture was heated to 95 °C for 20
seconds. This step causes the separation of the double stranded DNA template and
primers by heat-disruption of H-bonds between complementary bases. The third step is
annealing the primers to the single stranded DNA by lowering the reaction temperature
to the Ty, of the primers used in the reaction (Table 3.2) for 10 seconds. The last step of
the PCR cycling events is the extension step; in this step the reaction temperature
changed to 70 °C which is the optimum temperature of the polymerase enzyme used for
90 seconds. At this step new DNA strands complimentary to the DNA template strand
synthesised by adding complimentary dNTPs to the template in 5* to 3” direction. To
ensure that any remaining single stranded DNA is fully extended, a single step was

performed at 70 °C for 10 minutes, this step is called final elongation step.
The PCR machine (Techgene) was programmed as the following:
Step 1- Initialisation step: 95 °C for 2 minutes to activate the polymerase enzyme.

Step 2- Denaturation step: 95 °C for 20 seconds to separate the DNA strands.
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Step 3- Annealing step: Lowest primer Ty, °C for 10 seconds (see Table 3.2).

Step 4- Extension step: 70 °C for 90 second to add-up complimentary dNTPs to the

template.

Step 5- Final Elongation step: 70 °C for 10 minutes to enable any uncompleted double

strand to be completed.

The thermal cycler machine was then programmed to repeat step 2-4 for 25 times.

3.2.4 PCR product purification:

PCR product has been purified from primers, nucleotides, polymerase, salts and other
enzymatic reactions by using QIAquick PCR purification kit (Qiagen, UK). The PCR
product was diluted five-fold with PB buffer, then centrifuged in QIAquick column at
13000 rpm for 1 min. for 1 minute at room temperature. Apart from single and double
stranded PCR products all other components will be eluted through the column, and then
the column was further washed with 0.75 ml buffer PE (o remove any remaining
impurities leaving only the double stranded DNA fragments. Then the double stranded

DNA was eluted with 50pL of nuclease-free water.

3.2.5 Agarose gel electrophoresis:

To visualize and assess the PCR product, agarose gel electrophoresis was used. 1% (w/v)
agarose was prepared by melting lg of agarose in 100mL of 1x Tris-borate-
ethylenediaminetetra-acetic acid (TBE) buffer pH 8.2 in the microwave oven for 5
minutes. The melted agarose was stirred and SpL of ethidium bromide stock solution
(10mg/mL) was added to the gel. Ethidium bromide can insert into the DNA strand and
forms fluorescent complexes and these can be viewed under UV light. The solution
mixture then poured into a gel rack, a comb inserted at one side of the gel and allowed to

cool down at room temperature. The gel, together with rack was placed into a tank and
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enough 1x TBE buffer was added to the tank to cover the gel. To 10 pL PCR product, 2
uL of loading buffer (0.25% (w/v) bromophenol blue in 40% (w/v) sucrose dissolved in
nuclease-free water) was added and then loaded into the well. Bromophenol blue enables
tracking the progress of the electrophoresis while the high density of sucrose prevents
the sample being lost from the sample well. A 1 kbp DNA ladder (Promega) was
routinely run in another lane in the gel to calibrate the size of the base pairs in the PCR
products (Figure 3.5). A current of (80 mA) was applied for 45 minutes. Agarose gels
were visualized under UV light in a dark room. Once band(s) on the correct molecular
weight were detected on the gel, the resultant solutions from the PCR were purified
(section 3.2.4) or the fragments extracted from the agarose gel and purified (section

3.2.6).

250,

raOuTASD &A

0.7% agarose
Figure 3.5: The DNA ladder from (Promega) with fragment sizes ranging from 250 to 10,000 base

pairs used to indicate the corresponding sizes of the DNA fragments from the PCR product.
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3.2.6 Gel extraction and purification of DNA fragments:

In some cases the desired gene was extracted from the gel using QIAquick gel extraction
kit (Qiagen, UK). After the identification of the fragment on the agarose gel under the
UV light, the corresponding band was isolated, and the DNA was extracted from the gel

and purified from salts and stain by following the manufacturer’s protocol. e

3.2.7 Nucleic acid digestion:

To yield complementary ends, both purified PCR product and the plasmid vector were
double digested with the proper restriction enzymes separately. Ncol and Hindlll
restriction enzymes were used to generate pETC-HS, while to generate pETC-NHS Ncol
and BamHI (both from Promega) were used, for pETC-SIG-HS both Ndel and HindlIII
were used and finally Ndel and BamHI were used to construct pETC-SIG-NHS. Each
recombinant DNA construction reaction was performed in the final volume of 10 pL. To
double digest the plasmid; 2 uL of pET 26b(+), 1 uL of each enzyme, 1 pL of 10x
appropriate supplied buffer and 5 pL nuclease-free water were mixed and incubated at
37 °C for 1 hour. The purified PCR product was vacuum dried and resuspended in 7 uL.
nuclease-free water and 1pL of each enzyme and 1 pL of 10x appropriate supplied
buffer mixed and incubated at 37 °C for 1 hour. The restriction digested plasmid and the
PCR product were mixed and purified together using QIAquick PCR purification kit
(Qiagen, UK) (see section 3.2.4).

3.2.8 DNA ligation reaction:

In order to join complementary ends of the gene and the plasmid to produce the
recombinant DNA, purified product from the above (section 3.2.7) was dried under
vacuum for 45 minutes, and resuspended in 8uL of nuclease-free water. 1pL of 10x

supplied buffer (300 mM Tric-HCI pH 7.8, 100 mM MgClz, 100 mM DTT and 10 mM
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ATP) and 1puL T4 ligase (Promega) were added to the resuspended DNA and incubated
at 15 °C overnight. T4 ligase catalyses the ligation between the 5'-phosphate and 3°-
hydroxyl group of adjacent nucleotides to form phosphodiester bond in the presence of

Mg”" and adenosine triphosphate (ATP) as the energy yielding cofactor. \a
3.2.9 Checking the cloned gene size and sequencing:

In order to check whether the AXCP gene was inserted into the pET26 (+) plasmid and
the recombinant plasmid DNA has been successfully constructed, 7 pL of the eluted
solution from section (3.3.5) was double digested with 1 pL of each appropriate
restriction enzyme and 1 puL of suitable supplied buffer at 37 °C for | hour and then 2 uL.
of loading buffer was added to the digested mixture and run on 1% (w/v) agarose gel
electrophoresis alongside with the DNA molecular weight marker (section 3.2.5). This
allows the size (length) of the cloned gene and the original plasmid to be determined.
Once the correct length was observed on the gel, 15 pL of the same sample from

(section 3.3.5) was sent to (Eurofins MWG Operon, Germany) for sequencing.
3.2.10 Site-directed mutagenesis:

Site directed mutagenesis is a powerful tool for the study of structure-function
relationship, in which a mutation can be created at a defined site of plasmid DNA. Site
directed mutagenesis is performed by, firstly designing two synthetic oligonucleotide
primers where a change at least one codon from that observed in the native DNA is
made. Thus the DNA polymerase extends the primers on the template plasmid during
temperature cycling (PCR). This results in the production of mutated plasmid DNA. As
DNA from almost all common E. coli strains is Dam methylated; parental DNA was
then subject to digestion by Dpnl, which targets sequence 5°-Gm°ATC that is specific
for methylated and hemimethylated DNA '% leaving the mutated plasmid DNA

undigested (as it is not methylated).

To perform site-directed mutagenesis QuickChange® Site-Directed mutagenesis kit

(Stratagene) kit was used. Wild-type recombinant DNA plasmid was used as template
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DNA with a set of mutagenic oligonucleotide primers (Table 3.3) specially designed to
direct the mutations (in the case of the double mutant (L16F/W56G) mutated plasmid
L16F was used as a template). The melting temperature (T,,) was calculated according to

the following equation: 7
T, =81.5+0.41 (%GC) —675/N - % mismatch

N is the primer length in bases and the values for %GC and % mismatch are integers.
The manufacturer recommends the selected point of mutation to be in the middle of the
primer with 10-15 unchanged bases each side, and should have a T,, of 278 °C and

contain 25-45 bases with a minimum GC content of 40%.

Practically, 50 uL of reaction mixture was composed of a final concentration of 150 ng
of each mutagenic primers, 10 ng plasmid DNA template, | pL. of ANTP mix and 8%
dimethyl sulfoxide 1x reaction buffer (10 mM KCI, 10 mM (NH4)2SO4, 20 mM Tris-
HCI pH 8.8, 2mM MgS0y, 0.1% Triton X-100 and 5ug nuclease-free bovine serum
albumin) then 1 pL of Pfu Turbo DNA polymerase (2.5 U/pL) was added and was

subject to PCR in the thermal cycler machine which was set as the following:
Step 1- polymerase activation at 95 °C for 30 seconds.

Step 2- Template denaturation at 95 °C for 1 minute.

Step 3- Primers annealing at 55 °C for 1 minute.

Step 4- Extension at 68 °C for 6 minutes.

Steps from 2-4 was repeated for 16 cycles, at the end of last cycle the reaction mixture

was kept at 4 °C.

The PCR product then digested at 37 °C  for 1 hour by adding Dpnl enzyme then
transformed to XL1-Blue super competent cells (section 3.3.3) and the plasmid was
isolated (section 3.3.5) and sent to (Eurofin MWG Operon, Germany) for sequencing to

check whether the desired mutation occurred or not.
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Table 3.3: Site-directed mutagenic oligonucleotide primers. mutated nucleotides shown in red,
primers were designed on the base on the wild-type DNA plasmid, the last pair of primers show

double mutation in which L16F plasmid DNA has been used as a template.
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3.3 Microbiology methods:

3.3.1 Bacterial strains, growth media and antibiotics:

Bacterial strains used in this study were BL21(DE3) (Promega) for the over-expression
of the protein, DH5a (Invitrogen) for cloning and general plasmid amplifications and
XL1-Blue super competent cells (Stratagene) for the site directed mutagenesis

experiments.

Luria Bertani broth, LB, (10 g of NaCl, 5 g of yeast extract and 10 g of peptone per liter
of deionised water and autoclaved at 121 °C for 15 minutes under pressure prior to use)

was used for routine growth of bacteria and over expression.

To grow bacterial colonies on a solid medium, 1% (w/v) of agar was added to the LB
medium, autoclaved, and appropriate sterile filtered antibiotics to the final concentration
of 30 pg/mL of kanamycin (Km) and/or 20 pg/mL of chloramphenicol (Cm) were added
after cooling the medium down to 50 °C and then poured into plates of 100 mm of
diameter. Kanamycin was dissolved in deionised water because of its slight solubility in

water, while chloramphenicol was prepared in methanol.

SOC medium was used for the recovery of the E. coli competent cells after the heat
shock transformation prior plating cells on the antibiotic containing LB agar plates. A
100 mL of this medium was prepared as the following: a solution of 1 litre containing
20.0 g of tryptone, 5.0 g of yeast extract, 0.5 g of NaCl was prepared in deionosed water
and then autoclaved (solution A). Prior to use, 10 mL of filter sterilised 1 M MgCl, and
I M MgSO, was added to (solution A) producing (solution B). Immediately before the

use, 2 mL of filter sterilised 20% (w/v) glucose was added to 98 mL of solution B.

The highly enriched medium of Terrific Broth media, TB, (24 g of yeast extract, 12 g of
tryptone and 4 mL of glycerol dissolved in 850 mL of water autoclaved at 121 °C for 15
minutes, and then adjusted to 950 mL with 100 mL filter sterilized solution containing
(0.17 M KH;PO4 0.72 M K;HPOQy). In this medium, tryptone and yeast extract provide

necessary nutrients for excellent growth of recombinant strains of E. coli. Potassium
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phosphates provide potassium for cellular system and buffer the medium (pH 7.2 + 0.2)
to prevent cell death due to drop in pH. Finally, glycerol is added as a carbon and energy
source, unlike glucose, glycerol is not fermented to acetic acid. TB was used for the

overproduction of recombinant AXCP and all mutants.

3.3.2 Preparation of E. coli competent cells:

Competent cells of £. coli strains DH5a and BL21(DE3) were prepared according to the
method of Sambrook er al.’® A single colony was selected from the LB plate and
incubated into (10mL) LB liquid medium, grown overnight at 37 °C and sub-cultured
(1:100) into a final volume. The sub-culture was incubated at 37 °C to an optical density
(ODssonm of 0.35). The cells were chilled on ice for (5 min) and then centrifuged at
(8000 rpm) for (5 min) at (4 °C). The supernatant was removed and the cell pellet was
resuspended in (2/5) volume of competent cell buffer 1 which composed of potassium
acelate (30 mM), rubidium chloride (100 mM), calcium chloride (10 mM), manganese
chloride (50 mM) and glycerol (15% v/v). The resuspended cells were chilled on ice for
(5 min) then centrifuged as before. The supernatant was removed and the cell pellet was
resuspended in competent cell buffer 2 which composed of MOPS (10 mM), calcium
chloride (75 mM), rubidium chloride (10 mM), and glycerol (15% v/v). After 15 min
period on ice the cells were aliquoted (200 pL) into pre-chilled microcentrifuge tubes

and stored at (-80 °C).

3.3.3 Heat shock transformation of E. coli competent cells:

Transfection of E. coli with plasmid DNA involves in two main steps; binding of the
DNA to the CaCl; treated cell (competent) surface at 0 °C and the insertion of DNA to
the cell cytosol by heat-pulse from 0 °C to 42 °C. Practically, to bind the DNA to the
competent cell surface, 2 pL. DNA plasmid of recombinant or mutants were added to

200uL of competent £. coli DHS5a, mixed gently and placed on ice for 30 minutes. Cells

83



Materials and methods Chapter 3

then were subject to a heat-pulse from 0 °C to 42 °C by placing the tube in a 42 °C hot
plate for exactly 45 seconds to let the DNA plasmid enters the cell cytosol. To recover
the E. coli, the tube has returned onto ice for 2 minutes and 500 pL of SOC medium
containing no antibiotics was added and incubated at 37 °C for 1 hour. This step allows
the synthesis of enough plasmid-encoded antibiotic resistance prior to plating cells on

appropriate antibiotic-containing LB agar plates.

3.3.4 Selecting transformed cells:

Aliquots of 50 uL, 100 puL and 200 uL were spread onto Petri dishes of LB agar plates
containing kanamycin (30 pg/mL) and incubated overnight. This medium will allow
bacteria carrying the recombinant plasmid to grow, as kanamycin resistance gene is an
integral part of pET 26b(+), while untransformed cells will die on the same plate. Single
colonies, which grew were then transferred to 5 mL of liquid LB medium containing (30
pg/mL) kanamycin, to further ensure only resistant cells grow, an overnight culture

incubation at 37 °C was completed, resulted in high-copy plasmid.

3.3.5 Extraction and purification of high-copy plasmids:

To extract the high copy plasmid, QIAprep spin miniprep kit (Qiagen, UK) has been
used and the manufacturer’s protocol was followed. Cells from the overnight culture
(section 3.3.4) were harvested and suspended and lysed under alkaline condition in 250
uL buffer (P2) in the presence of RNAse (250 pL of buffer P1) which catalyses the
cleavage RNA’s phosphodiester bonds. Buffer (P2) consist of SDS and NaOH, SDS
releases the cell contents by solubilising the phospholipid and protein components of the
cell while NaOH denatures chromosomal DNA, plasmid DNA and proteins. The lysate
is then neutralised and adjusted to high salt binding concentration by adding 350 uL
buffer (N3), the mixture was thoroughly and gently mixed, the high salt concentration
precipitates denatured chromosomal DNA, proteins, cellular debris and SDS while the

renatures the plasmid DNA, the solution was then centrifuged for 10 minutes at 13,000
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rpm, a compact white pellet formed. The supernatant was then transferred to the
supplied spin column and centrifuged at the same speed for | minute to remove RNA,
cellular proteins and metabolites while plasmid DNA remains on the silica membrane.
Supplied columns have a silica membrane for selective adsorption of plasmid DNA in
high-salt buffer and elution in low-salt buffer. Silica membrane was washed with 750 uL.
buffer PE, centrifuged for 1 minute and the flow through discarded, the spin column
then placed in a clean 1.5 mL eppendorf. Plasmid DNA was then eluted with 30 pL
nuclease-free water and collected by centrifuging for 1 minute, thus the resulting

solution containing pET 26b(+)with the cloned cycP gene.

3.4 Cytochrome ¢’ overproduction:

| uL of the recombinant DNA plasmid or the mutant plasmid and 1 pL of pEC86 were
cotransformed into 200 pL of £. coli BL21(DE3) competent cells (Novagen) as a high
level expression E. coli strain (section 3.3.3). Then aliquots of 25, 50, and 100 pL were
spread on the LB agar plates containing 20pg/mL chloramphenicol and 30 pg/mL
kanamycin then incubated overnight at 37°C. A single colony was picked and streaked
onto a fresh LB agar plate containing the same antibiotics at the same concentrations and
incubated overnight at 37 °C. Next day a single colony was picked from the plate and
transferred into 5 mL of freshly prepared liquid LB medium containing both antibiotics
and incubated overnight. The content then was sub-cultured (1:100) into a final volume
of 500 mL in liquid LB. 50 mL of the overnight culture was transferred into 950 mL TB
medium containing both antibiotics and incubated at 37°C with shaking at 180 r.p.m.
After 5 hours 330 pL of 1M hemin (Sigma-Aldrich) was added, shaking was continued
at 37 °C. 24 hours later 1 mL of the metal ion master mix (2 mM Ni*', 2 mM Coz", 10
mM Zn*', 10 mM Mn?' and 50 mM Fe’") was added to the medium, and continued

shaking on 37 °C for 96 hours then cells were harvested.
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3.5 Extraction and Purification of Recombinant and mutant

Cytochrome c¢’:

3.5 .1 Preparation of the crude extract:

Cells were harvested from the culture by centrifugation for 10 minutes at 8000 r.p.m and
4 °C. Four different techniques were compared to break open the cells;, mechanical lysis
either French press or sonication and chemical lysis like osmotic shock and BugBuster®

master mix (Novagen)
3.5.1.1 Mechanical lysis:
3.5.1.1a French press:

The operating principle of the French press is to pass a suspension from a compartment
under high pressure, through a small hole, to a compartment of lower pressure. The
sharp pressure gradient created disrupts biological membranes very efficiently. Cells
were resuspended in 30 mL of 30 mM Tris-HCI pH 8, a pressure of 20,000 psi was
supplied, the suspension was cooled on ice prior to passage through the French press.
After passing the whole cells through the French press three times, the soluble fraction
was separated by centrifugation at 11500 r.p.m for 45 minutes at 4 °C. The supernatant,

containing the crude extract was collected for further analysis.
3.5.1.1b Sonication:

This method is used to disrupt biological membranes of bacteria by exposing them to
high frequency sound waves. After suspending cells in 30 mM Tris-HC1 buffer pH 8, the
suspension solution was then sonicated four times for 30 seconds, to break open cells
whilst avoiding overheating the solution. The solution was then centrifuged at 11500
r.p.m for 45 minutes at 4 °C. The supernatant was separated and collected for further

analysis.
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3.5.1.2 Chemical lysis:
3.5.1.2a BugBuster® master mix:

To chemically lyse cells; BugBuster® master mix (Novagen) was used. It is composed
of Benzonase® Nuclease that reduces the viscosity of extract caused by liberation of
DNA, and highly specific rLys;ozymeTM which hydrolyses N-acetylmuramide linkages in
the peptidoglycan layer of the cell wall which gently disrupted the cell wall and liberates

soluble proteins.

After harvesting, cells were resuspended in room temperature BugBuster master mix
solution by gentle vortexing using 5 mL reagent per gram of wet cell paste. Cell
suspension incubated on a shaking platform at a slow setting for 20 minutes at room
temperature. insoluble cell debris were then removed by centrifugation at 11500 r.p.m.

BugBuster® master mix

3.5.1.2b Osmotic shock:

Treating bacteria with a high concentration of sucrose makes them dessicate
through osmosis, and then a rapid exchange with a sucrose free buffer causes water to
rush back into the cells with enough force to break open the cell wall. The pellet from 1
L culture was resuspended in 100 mL of osmotic solution (30mM Tris-HCI, 20% (w/v)
sucrose and ImM EDTA) and incubated at room temperature for 10 minutes with
continuous shaking, then centrifuged for 10 minutes at 8000 r.p.m and 4 °C. The pellet
was resuspended in 100 mL of ice-cold 5 mM MgSO,, incubated on ice for 10 minutes
with shaking and centrifuged again for 10 minutes at 8000 r.p.m and 4 °C. The
supernatant should contain the periplasmic fraction and the pellet contains the rest of
cells. The pellet can then be resuspended in a low osmotic pressure buffer which releases

the intracellular contents.
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3.5.2 Dialysis:

The crude extract was dialyzed against 5000x deionised water for 48 hours with
changing the water every 4 hours. The dialysis tube of (MWCO 10000 Da) was used in
this experiment; the tube has been boiled in 10 mM EDTA for 10 minutes and then
rinsed well with deionised water prior to transferring of the crude extract. Dialyzed
solution was then centrifuged at 20000 r.p.m for 60 minutes at 4 °C. The supernatant

was the subject to further purification using cation exchange chromatography.

3.5.3 Cation exchange chromatography:

Carboxymethyl cellulose CM-52 (Sigma-Aldrich) was prepared as described by the
manufacturer. The dry resin was suspended in 5 volumes of distilled water and allowed
to settle for 45 minutes. The settled volume of the resin was measured. this was used as
the column volume (CV) for the purpose following steps. The suspension was filtered
and resuspended in 2 CV of 0.1 M NaOH containing 0.5 M NaCl for 10 minutes. The
slurry was then filtered on Buchner funnel while applying gentle suction and washed
with 2 CV of the above solution. This step was repeated using 0.5 M NaCl only, and
repeated again using 0.1 M HCI containing 0.5 M NaCl. Finally the same step repeated
using deionised water. The resin was washed using 5-10 CV deionised water or until the
effluent pH was 5 or greater, resuspended again in 2 CV of 1 M NaCl and the pH of
slurry adjusted to 7-8 with NaOH and then filtered and washed using 5 CV of deionised
water passed through the resin on the filter. The resin was then resuspended in 2 CV of
400 mM MES [2-(N-Morpholino)ethanesulfonic acid)] buffer pH 6 (Melford) and then
filtered and resuspended again in 2 CV of 40 mM of the same buffer. Finally the resin

was packed into the column (model XK 16 — Pharmacia biotech)
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3.5.4 Protein purification:

The dialysed crude extract was loaded onto the column, washed with 2 CV deionised
water and then with 2 CV of 40 mM MES buffer pH 6 to remove unbound proteins.
Cytochrome ¢’ bound on the top of the column as a dark brown band. Pure AXCP was
eluted by applying a 2CV linear gradient of NaCl between 50 mM — 200 mM in 40 mM
MES buffer pH6 and collected in 15 mL falcon tubes.

3.5 Sample concentration:

Purified proteins were concentrated to ca (40mg/mL) using 10,000 Da MWCO Vivaspin

2 (Sartorius Stedim Biotech).

3.6 Sodium Dodecyl Sulphate-PolyacrylAmide Gel Electrophoresis
(SDS-PAGE):

SDS-PAGE first described by Laemmli'’ was used to asses the purity of protein samples
and in combination with the use of molecular weight marker, allowed the estimation of

its molecular weight.

The glass plates were cleaned with ethanol. The 15% acrylamide resolving gel was
prepared with double de-ionised (ddH,0) (3.4 ml), degassed acrylamide (30%, 4.0 ml)
(BioRad), gel buffer; Tris (tris (hydroxy methyl) aminomethane) pH 8.8 (2.5 ml), and
SDS (10%, 100 pl). The stacking gel was prepared in the same way except that the pH
of the gel buffer was 6.8. Immediately prior to the gel being poured, ammonium
persulphate (APS) (10%, 100 ul) and N,N,N*,N’-tetramethylethylene diamine (TEMED)
(10 ul) were added to the appropriate gel solution. TEMED initiates gel polymerization
once swirled. The resolving gel was poured into the plate until it was 1 c¢m from the top,
then water-saturated ethanol was poured on top of the gel to prevent the gel from contact
with the air and subsequent crust formation. When the resolving gel was set, the ethanol

was washed away with distilled water. The staking gel was poured onto the resolving gel,
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and a comb was pushed into the stacking gel. The samples were mixed with loading
buffer, made up with: electrophoresis buffer (1.0 ml), glycerol (3.0 ml), 0.5%
bromophenol blue (0.2 ml), mercaptoethanol (0.8 ml) and dH,O (5.0 ml), and then
heated to 95 °C for 5 min to denature the protein. These samples were then loaded onto
the gel, which was run at 150 V for 45 min in an electrolyte solution of 1 x running
buffer. The gel was then stained with Coomassie solution for 30 min made up with
Coomassie Blue (1.25 g), methanol (500 ml), and acetic acid (100 ml), made up to (1 L)
with distilled water. The gel was then de-stained with a mixture of acetic acid (50 ml)

and industrial methylated spirits (IMS) (100 ml), made up to 500 ml with distilled water.

3.7 Biochemical methods:

3.7.1 Reduction and oxidation of samples:

Proteins were reduced using sodium dithionite (Sigma-Aldrich). A cocktail buffer —
designated MHTPC buffer (50 mM MES, 50 mM HEPES, 50 mM TAPS, 50 mM PIPES
and 100 mM CAPS) titrated to pH 6 was bubbled with N, to displace dissolved oxygen.
An appropriate amount of concentrated protein was resuspended in the cocktail buffer
inside a quartz cuvette to a final volume of 1 mL. The cuvette was sealed using a rubber
septum and purged with high-purity nitrogen to displace the oxygen that trapped above
the solution. 200 mM of sodium dithionite (DT) was prepared in deoxygenated MHTPC,
and bubbled with high-purity nitrogen again. Aliquots of DT were added to the super-
sealed cuvette using a Hamilton syringe (Hamilton), mixed with a magnetic flea until it
was fully reduced. Any extra DT remaining in the cuvette was removed by vortexing the
cuvette so the solution contacts the rubber septa and any excess DT will react with
diffused oxygen in the rubber. Ultraviolet and visible (UV/Vis) spectroscopy was used

to check the reduction and excess DT removal process.

L16G mutant needed to be oxidised to remove the ligand bound to the haem iron. 100pL
of concentrated mutant sample was oxidised using 100 pL of 200 mM potassium

ferricyanide prepared in MHTPC and kept in room temperature for 30 minutes. The
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oxidised protein was then passed down on a P6DG column to remove the oxidant in

excess. The protein then eluted with 500 pL of MHTPC buffer pH 6.
3.7.2 pH titrations:

To make the buffer composition same for all pH range used for the titration, a stock 5x
cocktail buffer of 250 mM MES, 250 mM HEPES, 250 mM TAPS, 250 mM PIPES and
500 mM CAPS (5x MHTPC) was prepared. Prior to use, diluted to 1x and pH adjusted
at 5,6, 7, 8 and 9. To study the pH effect on recombinant and mutants 1 pL - 2 uL of the
sample was diluted to | mL with Ix MHTPC buffer at desired pH, stirred and the
UV-Vis spectrum was recorded using Perkin Elmer UV/VIS spectrophotometer
Lambda 25.

3.7.3 NO titration:

NO saturated water was prepared as previously described by Barbieri er al.” For further
purification of NO gas (BOC) from higher nitrogen oxides, NO gas was mixed and
stored over | mM NaOH under a positive pressure (10 cm H»O). The saturated solution
of NO was prepared in a 10 mL assay bottle fitted with rubber septa, the assay bottle
was flushed with high-purity nitrogen for 5 minutes, 50 mL of NO gas was removed by
syringe from the storage vessel and injected into the assay bottle, vented to atmospheric
pressure by syringe needle. This process was repeated again then 2 mL of deionised
water previously flushed with high-purity nitrogen for 5 minutes was injected to the
assay bottle, vented during the injection. To achieve equilibrium of NO into the liquid
phase, the bottle was shaken, this will give a saturated solution of 1.94 mM NO at 25
oc 2!

Aliquots of NO saturated H,O were successively added to 1 mL of reduced protein
solution in the super sealed quartz cuvette under nitrogen by 10 pL gas tight syringe.
The solution of NO and protein was mixed with a magnetic stirrer and the UV-Vis

spectrum was recorded Perkin Elmer Lambda 35 spectrophotometer.
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3.7.4 CO titration

CO saturated H,O was prepared in the same way as for NO saturated H,O except that

further purification and storage of CO was in deionised water instead of 1 mM NaOH.

3.7.5 UV-Vis spectrophotometry:

UV-Vis spectrophotometry was used to determine the purity, assess the concentration
and to characterize the recombinant and mutant cytochrome ¢’. All spectrophotometric
experiments were performed at room temperature using Perkin Elmer Lambda 35
spectrophotometer. The protein purity was estimated by dividing Asgonm by Azgonm
(As00/Aago) Concentrations were determined using a molar extinction coefficient for the

Soret band of 80 mM™' em™ for ferric cytochrome ¢”.*
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Chapter 4: Cloning, expression, purification and
generation of cytochrome ¢” mutants

4.1 Introduction:

The generation of an expression clone that is capable of producing the protein of
interest in a soluble form in high yield is the rate-limiting step in protein production.
Protein expression in heterologous systems often fails, is expressed as insoluble
aggregates, or cannot be purified by standard methods. Thus, returning to the cloning
stages to make a new construct with a different purification tag, moving the target
gene from one vector to another; or to express the protein in a different host are
required to enable the system to express the protein. That is why protein expression

3 p ‘ i 1
pipe lines can be time consuming.

As explained in chapter one, apo-cytochrome ¢ polypeptide reaches the periplasm by
Sec-dependent translocation using a signal peptide, where the signal peptide must be
cleaved. Post-translational protein modification then occurs, which leads to the
cytochrome ¢ maturation. The maturation means the conversion of a linear peptide
into a three dimensionally structured polypeptide and the covalent attachment of the
haem group.” This covalent attachment occurs in the periplasmic space through the
formation of two covalent bonds between two cysteine residues of a CXXCH motif
in the protein and two vinyl groups of haem.” This attachment is a difficult process
and is not straightforward.4 It requires the involvement of cytochrome ¢ maturation
(Cem) proteins, which are eight specific proteins, organised in a membrane protein
complex” named CemABCDEFGH. Among them only the structure of the apo form
of CemE is known.” These have been cloned into pEC86 plasmid® and co expressed

with the constructed plasmids that produce apo-cytochrome ¢’
4.2 Construction of plasmid vectors:

The expression vector pET 26b(+) was chosen for reasons explained in section
(3.2.1). Using the above vector, four different recombinant plasmids have been
constructed as described in section (3.2.2) in order to obtain a higher expression level

of the cytochrome ¢’. The first attempt was to produce AXCP using the E. coli
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sequence leader (pe/B) which was incorporated to the plasmid pET26(b) while the
AXCP signal sequence was excluded, and the His-tag was integrated for purification
purposes, giving the new plasmid construct named pET-H. The second attempt was
the same as pET-H but without the His-tag. The plasmid was then named pET-NH.
In the third variation, the AXCP signal peptide and the His-tag were included and the
new plasmid vector named pET-HS. The last construct was the same as pET-HS but

with the His-tag excluded, the construct was then named pET-NHS.

4.2.1 Construction of pET-H:

In this construct, the AXCP gene without its signal peptide was cloned between two
restriction sites Ncol and HindIII using two primers, cyc_H_for and cyc_H_rev. This
will express a protein with the pe/B leader which is already inserted in the expression
vector pET 26b(+) (see chapter 3, figure 3.2). To include the His-tag for purification
purposes, the reverse primer was designed to exclude the stop codon (TAA) of the
AXCP gene, so the expression continues to include histidine residues in the C-
terminus. The forward primer cyc H_for was designed with Ncol restriction site and
cyc H rev with HindlIIl restriction site (see table 3.2 material and methods). The
PCR was performed in two tubes as described in section (3.2.3) and fragments of 381
base pairs (bp), corresponding to the AXCP gene without its signal peptide and the
stop codon from gene was removed. To visualise the PCR product, contents of both
tubes were run on 1% (w/v) agarose gel as described in section (3.2.5). Fragments of

~400 bp were detected on the gel under UV illuminator (Figure 4.1)
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~ 400 bp

Figure 4.1: 1% (w/v) agarose gel electrophoresis visualised under UV illuminator. Lane 1 is the
DNA molecular marker, Lanes 2 and 3 are two replications of the amplified AXCP gene by

PCR. Fragments of ~400 bp have been detected using cye_H_for and cyc_H_rev primers.

The contents of both tubes were mixed and then purified using QIAquick PCR

purification kit (Qiagen, UK) as described in detail in (section 3.2.4).

In order to clone the AXCP gene fragments obtained from the PCR into the
expression vector pET 26b(+). Complementary ends of the gene and the plasmid
needed to be produced. To do so, the purified PCR product and the vector were
digested separately in two different tubes using restriction enzymes Ncol and
Hindlll, as described in section (3.2.7). The complementary ends on the gene
fragments and on the plasmid vector were produced. They were mixed and further
purified together (see section 3.2.4). The complementary ends were joined using T4
ligase enzyme with proper buffer and incubation overnight at 16 °C (see section

3.2.8}.

The ligation product was heat shock transformed into DH5a competent cells (see
section 3.3.3). Aliquots of different volumes were plated onto the LB agar Petri
dishes containing kanamycin (30pg/mL) and incubated overnight at 37 °C. Since the
kanamycin resistance gene is integrated as part of the pET 26b(+), only transformed
bacteria carrying the recombinant plasmid grew, while untransformed ones died on
the antibiotic LB-agar plate (see section 3.3.4). For plasmid preparation, the day

after, 10 single colonies were transformed from LB-agar plates into 10 different
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tubes containing 5 mL liquid LB medium and the kanamycin at the same
concentration and incubated over night at 37 °C. Cells were then harvested and
plasmids were extracted (see section 3.3.5). A 7 puL aliquot of extracted plasmids was
double digested with Ncol and HindIIl. The digested product was then run on 1%
(w/v) agarose gel electrophoresis to ensure the insertion of the gene into the plasmid
(see section 3.2.9) (figure 4.2).

t

~400 bp

Figure 4.2: 1% (w/v) agarose gel electrophoresis of the double digested recombinant plasmid.
Digested with both enzymes Ncol and HindIIL. Lane 1 is the DNA molecular weight marker.
Lanes 2-11 are digested recombinant plasmids. Lane 6 and 11 showed two bands, one at the
expected molecular weight of the AXCP gene (400 bp) and another at about (5 kbp) corresponds
to the digested vector pET 26b(+).

Plasmids of clone 6 and 10 show two bands, one at ~400 bp corresponding to the
AXCP gene and another at ~5 kb corresponding to the pET 26b(+) plasmid. These
results demonstrate the successful cloning of the AXCP gene into the pET 26b(+)
vector in clones 6 and 11. These two clones were sent for sequencing to Eurofins
MWG operon, Germany. The sequencing result confirmed the success of the AXCP
gene cloning into pET 26b(+) without mutation. In the other clones the AXCP gene
may either not have been cloned into the vector or the bands at ~400 bp are very faint

so they were undetectable under the UV illuminator.
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4.2.2 Construction of pET-NH:

Construction of a recombinant plasmid that carries the pe/B leader of the vector but

without the His-tag was the aim of this construct.

Two primers have been used to PCR amplify the AXCP gene from the A.
xylosoxidans, cyc NH_for with Ncol restriction site and cyc_ NH_rev with BamHI
restriction site (see table 3.2 material and methods). The forward primer was
designed to include pelB leader sequence of the vector, and the reverse primer
designed to include the stop codon in order to exclude the His-tag sequence. The
PCR was performed as three replicates as described in (section 3.2.3). Fragments of
384 bp were isolated. 1% (w/v) agarose gel electrophoresis was run for all three
replications (see section 3.2.5). Multiple bands were detected for all replicates on the

gel (Figure 4.3).

~ 400 bp

Figure 4.3: 1% (w/v) agarose gel electrophoresis. Lane 1 is the DNA molecular marker, Lanes
2-3 are replications of the PCR. Fragments of ~400 bp correspond to AXCP gene have been
detected using cyc NH for and cyc NH_rev primers, however, the gel showed multiple

fragments.

Despite several attempts to eliminate the multiple fragments and optimise the PCR
reaction, the background fragments were still visible (figures not shown). Different
magnesium ion (Mg®") concentrations were used to increase the rate of dissociation

of polymerase enzyme from the template by destabilising the enzyme-nucleic acid
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interaction.” Different template concentrations and melting temperatures were used
as well. Desired fragment at ~400 bp (Figure 4.3) was extracted from the gel using
the gel extraction kit (Qiagen, UK), as described in (section 3.2.6) and run on the
agarose gel again (Figure 4.4). It shows a single fragment revealing the presence of

the required gene only.

~ 400 bp

Figure 4.4: 1% (w/v) agarosc gel electrophoresis of the gel-extracted and purified fragment from

the gel in the previous figure.

To clone the gene into pET 26b(+) and produce the recombinant plasmid, the
purified PCR product (fragments) and the pET 26b(+) were double digested using
restriction enzymes Ncol and BamHI as described in (section 3.2.7), purified (see
section 3.2.4) and ligated overnight at 16 °C using T4 ligase enzyme (section 3.2.8).

These steps have already been discussed in the previous section.

The recombinant plasmid was then heat-shock transformed into DHSo competent
cells (see section 3.3.3), plated on LB agar containing kanamycin (30pg/mL) and
grown overnight at 37° (section 3.3.4). The next day, a few colonies were observed.
Single colonies were picked and inoculated into 5 mL of LB medium containing
kanamycin (30pg/mL), and grown overnight at 37 °C. The high-copy plasmids were
extracted and purified as described in (section 3.3.5). Then, to check the
incorporation the AXCP gene into the plasmid, a fraction of purified plasmid from
each clone was double digested with both restriction enzymes; Ncol and BamHI, and

1% (w/v) agarose gel electrophoresis was run (section 3.2.9) (Figure 4.5).
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<——— ~400 bp

Figure 4.5: 1% (w/v) agarose gel electrophoresis of the double digested recombinant plasmid.
Digested with both enzymes Neol and BamHI. Lane 1 is the DNA molecular weight marker.
Lanes 2-9 are digested recombinant plasmids. At all lanes five bands have been detected, one at
(~400 bp) the expected molecular weight of the AXCP gene, another one at about (5 kbp)
corresponds to the digested vector pET 26b(+), bands (al) and (a2) arc undigested pET 26b(+).

Figure 4.5 shows that in all selected clones, the AXCP gene was successfully
incorporated into the expression vector pET 26b(+) (Lanes 2-9). A band at ~400 bp
corresponds to the AXCP gene and another at ~ 5 kb belongs to the digested pET
26b(+) vector. Since the double stranded DNA can migrate on agarose gel in at least
two forms, depending on how compact the molecule is, two extra bands have
appeared (band al and a2). Band (al) represents the closed circular DNA that is
undigested pET 26b(+) while (a2) represents the super coiled molecule, which is
more tightly packed, and hence migrates as a smaller molecule. When the circular
DNA is digested on both strands, the molecule is linear and more relaxed and hence

shows a single migrating fragment.

Recombinant plasmids from two clones were sent to Eurofins MWG operon,
Germany for sequencing. The result confirmed the successful cloning of AXCP gene

without mutations.
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4.2.3 Construction of pET-SIG-HS:

Expression of cytochrome ¢’ using its signal peptide with the His-tag in its C-
terminus was the reason for constructing pET-HS recombinant plasmid. In this case,
the pelB leader of the pET 26b(+) was removed. Instead, the signal sequence of the
cytochrome ¢’ was included to direct the protein to the periplasmic space. Two
primers were designed; the forward primer, named cyc_sig H_for and the reverse
one, named cyc sig H rev (Table 3.2). The forward primer designed with Ndel
restriction site, while the reverse one designed with HindlIII restriction site, while the
stop codon of the AXCP has not been included in order to integrate the His-tag in its
C-terminus. The AXCP gene with its signal peptide was PCR amplified using above
primers as described in (section 3.2.3) and represented in (Figure 3.4). A fragment of

456 base pairs was isolated (Figure 4.6).

~ 450 bp

Figure 4.6: 1% (w/v) agarose gel clectrophoresis of PCR product using cyc_sig H_for and
cyc_sig H_rev primers. Lane 1 is DNA molecular weight marker, lanes 1 and 2 are two
replicates of the PCR product of AXCP gene with its sequence leader. Bands at ~450 bp

represent the expected molecular weight of the gene.

In order to obtain a high purity sample, the fragment at ~450 bp was extracted from
the gel as described in section 3.2.6. The extract and the expression vector pET
26b(+) were double digested with both restriction enzymes Ndel and HindlIII (see
section 3.2.7) then purified together and vacuum dried then ligated at 16 °C

overnight using T4 ligase enzyme (see section 3.2.8). The ligated recombinant DNA
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was heat-shock transformed into the DH5a competent cells (see sections 3.3.3) and
plated on kanamycin (30pg/mL) LB agar plates and grown at 37 °C overnight. 12
single colonies were picked from the plate and inoculated into a 5 mL of LB
containing the kanamycin (30ug/mL) and grown overnight at 37 °C (Section 3.3.4).
Cells were then harvested and the plasmid was extracted (see section 3.3.5). The
extracted recombinant DNA was double digested using both restriction enzymes
Ndel and HindIII to check the success of the cloning (3.2.9) and run on 1% agarose
gel (Figure 4.7). Four clones (Lanes 3, 7, 10 and 11) showed the successful cloning.
Plasmids from clones 10 and 11 were sent to Eurofins MWG operon, Germany for
sequencing. The sequencing results showed the successful cloning of the AXCP

gene.

1 2 3 4 5 6 7 8 9 10 11 12 13
T T L L i d L I

~5 kp

Figure 4.7: 1% (w/v) agarose gel electrophoresis of the double digested recombinant DNA
plasmid. Digested with Ndel and HindIII restriction enzymes. Lancl is the DNA molecular
marker and Lanes (2-13) are from the selected colonies. Lanes (3, 7, 10 and 11) showed two
band representing AXCP gene with its signal peptide at (~450 bp) and another one at (~5 kb)
represents the digested pET 26b(+).

4.2.4 Construction of pET-NHS:

The last variation for constructing recombinant DNA plasmids was pET-NHS. This
plasmid was constructed to carry the cytochrome ¢’ gene and its signal sequence
without the His-tag sequence. Hence, two primers were designed; cyc_sig NH_for

as a forward primer with Ndel restriction site, and cyc_sig NH_rev as a reverse
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primer with BamHI (Table 3.2). The stop codon TAA of the AXCP gene was
included in order to stop the translation of the His-tag sequence to histidine residues

in its C-terminus during the protein expression.

The PCR was performed using the primers as described in (section 3.2.3) to amplify
the AXCP gene with its signal sequence (see figure 3.4). As was expected, a
fragment at ~450 bp which represents the AXCP gene size plus the signal sequence

was detected on 1% (w/v) agarose gel (Figure 4.8)

Figure 4.8: 1% (w/v) agarose gel clectrophoresis of PCR product using cyc_sig NH_for and
cyc_sig NH_rev primers. Lane 1 is DNA molecular weight marker, lanes 1 and 2 are two
replicates of the PCR product of AXCP gene with its sequence leader. Bands at ~450 bp

represent the expected molecular weight of the gene.

No multiple bands were detected on the gel, hence there was no need for the gel
extraction. Contents of both tubes were mixed and then purified using QIAquick
PCR purification kit (Qiagen, UK) as described in (section 3.2.4). The purified gene
and the expression vector pET 26b(+) were digested separately using restriction
enzymes Ncol and BamHI at 37 °C for 45 min (see section 3.2.7). Digested products
of the gene and the vector were mixed and the purified together using QIAquick PCR
purification kit (Qiagen, UK) (section 3.2.4). The purified products were vacuum
dried and then ligated using T4 ligase enzyme overnight at 16 °C. The ligated
recombinant plasmid was then heat-shock transformed into competent cells; DH5a.
Aliquots were plated on kanamycin (30 pg/mL) LB agar plates and grown overnight

at 37 °C. The day after, a few colonies had grown, 9 of them were selected and
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inoculated to 5 mL of LB containing (30 pg/mL) kanamycin and incubated overnight
at 37 °C. Plasmids were then extracted from harvested cells of the overnight culture,
and double digested with restriction enzymes Ndel and BamHI. The digested product
was run on 1% (w/v) agarose gel to check whether the correct gene was cloned or not

(Figure 4.9).

~5 kb

= ~450 bp

Figure 4.9: 1% (w/v) agarose gel clectrophoresis of the double digested recombinant DNA
plasmid. Digested with Ndel and BamHI restriction enzymes. Lanel is the DNA molecular
marker and Lanes (2-10) are from the selected colonics, all clones showed two band
representing AXCP gene with its signal peptide at (~450 bp) and another one at (~5 kb)
represents the digested pET 26b(+).

All plasmids showed two band at expected molecular weights; ~450 bp and 5 kb
represents AXCP gene with the signal peptide and pET 26b(+) respectively. Clones 3
and 7 were sent for sequencing. The sequencing results confirmed the correct cloning

of the gene with its signal peptide.

4.3 Cytochrome ¢’ over-production.

pECR6 which carries the cytochrome ¢ maturation genes (CemABCDEFGH) is
essential for the covalent attachment of haem to the apo-cytochromes in the
periplasm.8 Cytochrome ¢’ from A. xylosoxidans could not be expressed or correctly
folded without a maturation system present.” Therefore, all expression attempts in
this thesis were carried out in the E. coli strain BL21 (DE3) transformed with pEC86.
Hence, competent cells of high level expression E. coli BL21 (DE3) transformed

with pEC86 were prepared following the protocol described in section 3.3.2 and
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were then transformed with the earlier specified constructed plasmids. The plasmid
pEC86 was a kind gift from Dr. Thony-Meyer through Dr. Julie Stevens —

Department of Biochemistry at Oxford University.

4.3.1 Overproduction with pET-H and pET-NH:

High level expression E. coli strain BL21 (DE3)-pEC86 competent cells were heat-
shock transformed (see section 3.3.3) with pET-H plasmid which carries the His-tag
and the E. coli signal peptide (pe/B leader). Since the plasmid pECS86 is
chloramphenicol (Cm) resistant and pET-H is kanamycin (Km) resistant, all growth
media were containing both antibiotics at concentrations of (20pg/mL) Cm and

(30pg/mL) Km.

For a small scale experiment, three tubes containing 10 mL of LB with appropriate
antibiotics were inoculated with 100 pL of an overnight culture. Ferriprotoporphyrin
IX chloride (Hemin chloride) was added to all of them to final concentration of 10
pug/mL. The first tube was grown until an ODggy reached 0.6 at 37 °C, and then
induced for 4 hours with 0.25 mM IPTG with continuous shaking at 180 rpm. The
two other tubes were left to grow for 24 and 48 hours from the inoculation. The
negative control was prepared by transforming BL21 (DE3)-pEC86 strain with pET
26b(+) and grown for 48 hours.

To visualise the recombinant cytochrome ¢’ overproduction, 1 mL of the culture was
centrifuged at 8000 rpm. for 10 minutes. Cells were resuspended in 200 pL SDS-
loading buffer, heated to 95 °C for 5 minutes, centrifuged again at 13000 rpm for 2
minutes, and 10 uL from the supernatant was run on 12% (w/v) acrylamide gel

(Figure 4.10)
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Figure 4.10: 12% (w/v) Acrylamide SDS-PAGE electrophoresis of recombinant cytochrome ¢’
overproduction in E. celi BL21 (DE3) strain in LB media at 37 °C. Lane 1 is the molecular
weight marker. Lane 2 is the negative control where BL21 (DE3) strain transformed with pET
26b(+) and pECS86. Lane 3 is BL21 (DE3)-pEC86 transformed with pET-H and induced for 4
hours with 0.25 mM IPTG. Lanes 4 and 5 are BL21 (DE3)-pEC86 and pET-H grown for 24 and

48 hours respectively without induction at. A band at ~18 kDa represents unprocessed AXCP.

Although the molecular weight of cytochrome ¢’ is 28 kDa as a dimer, the loading
buffer of SDS-PAGE denatures the protein and prevents the electrostatic interactions
between the two monomers, and hence, cytochrome ¢” appears as a band at 14 kDa

on the polyacrylamide gel.

It is obvious from Figure 4.10 that no band at 14 kDa has appeared, while an intense
band at ~18 kDa is clear. Since the pET-H plasmid was constructed to produce
cytochrome ¢ using the E. coli signal sequence pelB in its N-terminus, which is ca. 3
kDa in molecular weight, and the His-tag in its C-terminus about 1 kDa in molecular
weight, the band at 18 kDa may represents unprocessed AXCP which still carries the
signal peptide and the His-tag. The SDS-PAGE showed similar profile when the
same experiment was performed at different temperatures at 30 and 25 °C and

different inducer concentration 0.1 mM (data not shown).

The same series of experiments were carried out using the plasmid pET-NH which
was constructed to produce cytochrome ¢’ with the E. coli signal sequence but

without the His-tag. SDS-PAGE showed a faint band at ~14 kDa (Lane 4 and 5 in
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figure 4.11) which could indicate the production of mature cytochrome ¢’ after 24
and 48 hours respectively. While no similar band was noticeable when induced by
IPTG (Lane 2) nor in the negative control (Lane 3). At the same time, the band for

unprocessed AXCP at ~ 18 kDa was evident as well (Lanes 2, 4 and 5).
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Figure 4.11: 12% (w/v) Acrylamide SDS-PAGE electrophoresis of recombinant cytochrome ¢’
overproduction in E. coli BL21 (DE3) strain in LB medium at 37 °C. Lane 1 is the molecular
weight marker. Lane 2 is BL21 (DE3)-pEC86 transformed with pET-NH and induced for 4
hours with 0.25 mM IPTG. Lane 3 is the negative control where BL21 (DE3) strain transformed
with pET 26b(+) and pEC86. Lanes 4 and 5 are BL21 (DE3)-pEC86 and pET-NH grown for 24
and 48 hours respectively without induction at. A band at ~18 kDa represents unprocessed

AXCP and the band at ~14 kDa could be the mature AXCP.

The faint band at the correct molecular weight may suggest the production of
processed and mature AXCP. In order to confirm the production of the mature and
processed AXCP, and to check whether the protein is soluble or not, a larger scale

experiment was performed.

The large scale experiment was done as follows. To scale-up the experiment to 500
mL culture a single colony from the freshly plated BL21 (DE3)-pEC86-pET-NH was
picked. Transformed into three different 5 mL of LB medium containing Cm and
Km. Media then incubated at 37 °C overnight with shaking at 180 rpm. They were
used to inoculate three different 500 mL of LB culture in three different 2.5 L flasks

containing 10 pg/mL hemin chloride and appropriate antibiotics. After the
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inoculation, the first flask was left to grow at 37 °C and 180 rpm. until the ODggo of
0.6 and then induced for 4 hours by adding 0.25 mM IPTG. The rest were left to
grow for 24 and 48 hours with a continuous shaking at 180 rpm and 37 °C. Cells
were then harvested by centrifugation for 10 min. at 8000 rpm and 4 °C. To prepare
the crude extract, they were resuspended in 30 mM Tris-HCI buffer pH & and
sonicated (see section 3.5.1.1b). The solution was centrifuged at 11500 rpm. for 45
min. at 4 °C and SDS-PAGE was run for the both the soluble fraction and the cell
debris (Figure 4.12).
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Figure 4.12: 12% (w/v) Acrylamide SDS-PAGE electrophoresis for BL21(DE3)-pEC86-pET-
NH. Lane 1 is the molecular weight marker. Lane 2 is the soluble fraction and Lane 6 is cell
debris of induced for 4 hours with 0.25 mM IPTG. Lane 3 is the soluble fraction and lane 6 is
cell debris of 24 hours growth. Lane 4 and 7 are the soluble fraction and cell debris respectively

of the 48 hours growth.

Cell debris fractions showed a band at ~ 14 kDa (Lanes 5, 6 and 7) while there was
no band at that position for the soluble fraction. The same experiment was repeated
at 30 and 25 °C, but unfortunately the production of soluble AXCP was not detected,
even when the medium was changed to the rich nutrient content medium Terrific
Broth (TB) at 37, 30 and 25 °C (data not shown). Hence, different methods of cell
breakage were tried (see sections 5.5.1.1 and 3.5.1.2) to extract cytochrome ¢’ from
the periplasmic membrane as a soluble protein. SDS-PAGE gels were run for both
the soluble fraction and cell debris from all methods, and results showed no evidence

for soluble AXCP (data not shown). This leads to the conclusion that although the
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AXCP may have been produced in the cytoplasm, either it has not been transported
to the periplasm for the incorporation of haem, hence the signal peptide is still
attached, or the apo-cytochrome ¢’ was misfolded. In either case the protein will be

insoluble.

4.3.2 Overproduction with pET-SIG-HS and pET-NHS:

These two recombinant plasmids were constructed to carry cytochrome ¢’ signal
sequence with the His-tag in its C-terminus (pET-SIG-HS) and without any His-tag
(pET-SIG-NHS). A similar series of experiments as described in the previous section

was repeated using these two plasmids.

Bacterial strain BL21 (DE3)-pEC86 was transformed with 2 pL pET-HS, grown
overnight on LB agar plate containing Cm (20pg/mL) and Km (30 pg/mL). For the
small scale experiment, a single colony was transferred into three different liquid LB
media containing the same amount of antibiotics and hemin chloride (10 pg/mL) and
shaken at 180 rpm. at 37 °C. The first tube was induced for 4 hours with 0.25 mM
IPTG after the ODgqg reached 0.6. The second and the third one were left to produce
AXCP without any induction for 24 and 48 hours respectively. The negative control
was prepared by transforming BL21 (DE3)-pEC86 with pET 26b(+) for 48 hours. 1
mL of the inoculated growth medium was harvested from each tube after the periods
indicated above. 200 pLL SDS loading buffer was added to cells and heated for 5
minutes at 100 °C then centrifuged again at 13000 rpm for 2 minutes. 5 uL of the
resulting supernatant was loaded into the polyacrylamide gel alongside with the
molecular weight marker. The transformation and characterization experiments

outlined above were repeated using pET-NHS plasmid.

Except for the negative control (lane 5), SDS-PAGE gels for the first set of
experiments using pET-HS (Figure 4.13) exhibited a band at ~19kDa (lanes 2, 3,
and 4) which indicates unprocessed AXCP, another band at ~ 15 kDa (lanes 2, 3,
and 4) likely represents the processed and mature AXCP with the His-tag attached to

its C-terminus.
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Figure 4.13: 12% (w/v) Acrylamide SDS-PAGE electrophoresis for BL21(DE3)-pEC86-pET-HS
grown in LB medium. Lane 1 is the molecular weight marker. Lane 2 represents induced cells
for 4 hours with 0.25 mM IPTG. Lane 3 and 4 are for the production of AXCP for 24 and 48
hours respectively and Lane 5 is the negative control which is BL21 (DE3)-pEC86-pET 26b(+).

The band at ~15 kDa was a promising indication for the production of mature AXCP.
Thus the growth conditions were scaled-up to check whether the AXCP produced is
soluble or not. Cells were grown and expressed in three different batches of 500 mL
of LB medium containing the same amount of antibiotics and the source of haem.
The first batch was induced for 4 hours using IPTG after the ODgoo was reached 0.6
and batches 2 and 3 were grown for 24 and 48 hours respectively at 37 °C and 180
rpm and cells then harvested. The crude extracts were prepared as described in
section (3.5.1). and the SDS-PAGE gel was run. Despite using all periplasmic
extraction methods, no soluble AXCP was detected on the polyacrylamide gel (data

not shown).

Changing the temperature to 30 and 25 °C and the expression medium from LB to
TB did not make any difference in the production of the soluble form of AXCP (data
not shown). This could be due to the misfolded AXCP arising from the presence of

the His-tag in its C-terminus which was incorporated for the purification purposes.

The final attempt was the production of AXCP using its signal peptide but without
the His-tag, assuming that the His-tag was the problem in the correct cytochrome 1

folding and hence the production of the soluble protein. The transformation and
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characterization experiments outlined above for pET-SIG-HS were repeated by using
the pET-NHS plasmid. This plasmid was designed to produce AXCP with its own
signal peptide but without the His-tag. SDS-PAGE gels for the small scale
experiment showed the same profile as for figure 4.13. Changing the medium to the
rich nutrient content medium TB has shown a different profile (Figure 4.14). The
band at 14 kDa (Lane 3 Figure 4.14) results when cells are grown for 48 hours
without using the inducer. This band is very likely to indicate the production of the
mature and processed AXCP. Induction by IPTG and the expression for 24 hours
without the inducer showed no band at 14 kDa. Bands at ~ 18.5 kDa in lanes 2 and 5

indicate the production of unprocessed AXCP.
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Figure 4.14: 12% (w/v) Acrylamide SDS-PAGE electrophoresis for BL21(DE3)-pEC86-pET-
NHS grown in Terrific Broth medium (TB). Lane 1 is the molecular weight marker. Lane 2
represents expression for 24 hours. Lane 3 for 48 hours. Lane 4 is the negative control which is
BL21 (DE3)-pEC86-pET 26b(+). Lane 5 is the induced cells for 4 hours with 0.25 mM IPTG.
The band at ~ 14 kDa in lane 3 represents the mature and processed AXCP, and the band at 19

kDa represents unprocessed protein.

Again, the band at ~14 kDa in lane 3 (Figure 4.14) was an indication that AXCP had
been produced. Again a large scale experiment was performed. In 500 mL TB
containing proper antibiotics and the haem source, cells were induced for 4 hours
with 0.25 mM IPTG (tube 1), expressed for 24 (tube 2) and 48 hours (tube 3)
alongside with the negative control (tube 4). Cells were then harvested, sonicated,

and centrifuged at 11,500 rpm for 45 min at 4 °C. Interestingly, the soluble fraction
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after 48 hours expression had a red coloured extract. This was the first red coloured
extract seen so far. This was an additional indication, supporting the results of the

SDS PAGE, and confirming the production of mature AXCP.

Figure 4.15: A picture shows the soluble fraction of the crude extract (supernatant) and cell
debris after cell breaking using the sonicator. It is obvious from the red extract in (tube 2) which
represents the expression and maturation of AXCP at 48 hours that AXCP was processed and
matured successfully. Induction for 4 hours using IPTG (tube 1) and expression for 24 hours

(tube 3) did not show the expected protein. Tube 1 represents the negative control.

Samples of the soluble fraction of were analysed by SDS-PAGE to double check the
solubility of the recombinant AXCP. Indeed, the polyacrylamide gel for the red
supernatant (figure 4.16) which is the crude extract of cells grown for 48 hours,
showed an intense band at ~14 kDa (Lane 5, figure 4.16) while the growth for 24
hours showed a very faint band at the same position (Lane 3 figure 4.16), and
induction by IPTG did not result in the production of the protein (lane 4) which is

almost the same migration profile for the negative control (Lane 2).
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Figure 4.16: 12% polyacrylamide gel electrophoresis for the soluble fractions of the negative
control (lanc 2), growth and protein expression for 24 hours (lane 3) and for 48 hours (lane 5)
and (lane 4) is for induction for 4 hours using 0.25 mM IPTG. Lane 1 is the molecular weight

marker. The intense band at ~14 kDa in lane 5 is likely to be the processed and mature haem

containing recombinant cytochrome ¢

From the above results it was concluded that the recombinant cytochrome ¢’ can be
processed and matured with the correct incorporation of the haem to the apo-protein

only when it produced with its own signal sequence and without any His-tag.

Finally, the preliminary expression conditions have been established. Further
optimisation of conditions required expression of sufficient amounts of the

recombinant cytochrome c’.

4.4 Overexpression conditions optimisation:

In order to extract the mature cytochrome ¢’ located in the periplasmic space, which
is the space between the inner cytoplasmic membrane and external outer membrane,
four different methods were compared. French press (kindly provided by Structural
Biology Lab (SBL) at SRS — Daresbury) and sonication as mechanical lysis were
used (see section 3.5.1.1). Osmotic shock and the BugBuster®master mix (Novagen)

as a chemical lysis were used as well (see section 3.5.1.2).
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Cells from the 48 hours growth were harvested by centrifugation at 8000 rpm for 10
minutes at 4 °C. They were subject to the lysis by methods described in sections
3.5.1. SDS-PAGE gels were run for the soluble fraction for each lysis method. They
all show bands at the correct molecular weight position for AXCP at ~14 kDa as in
(lane 5, figure 4.16) indicating the production of the mature recombinant AXCP. The

UV-Vis spectra was recorded for the soluble fraction (Figure 4.17).

4.5 4

—BugBuster
—Sonication
~—French press

— Dsmotic Shock

v T T T T T T
250 300 350 4ano 450 500 550 600 650 700
‘Wavelength (nm)

Figure 4.17: The electronic spectra of extracted unpurified cytochrome ¢’ using four different
periplasmic extraction methods. BugBuster®master mix (Novagen) showed the highest level of

the extraction, followed by the French press, Sonication and Osmotic shock.

The electronic spectra of unpurified protein (Figure 4.16) revealed that the extraction
efficiency was in the order of BugBuster®master mix > French press > Sonication >
Osmotic shock. Since the aim was to express cytochrome ¢’ in sufficient quantities
for crystallisation and other studies, BugBuster®master mix was not the best choice
due to its relatively high price. Osmotic shock was not a good choice due to its
incfficiency. The French press was not a suitable option, as it was not available at
Bangor University, therefore sonication was chosen as a cell disruption and protein

extraction method in this work.

Further optimisation choices were the duration of the expression and the addition of
extra nutrients, like metal ions at low concentrations. The optimum condition was
described in section 3.4. Parameters that were varied the optimisation experiments
are summarised in Table 4.1. In all methods, recombinant AXCP was purified as

described in (sections 3.5.2 and 3.5.3). Cytochrome ¢” concentrations were calculated
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by applying Beer-Lambert law using the molar extinction coefficient of 80 mM™.

=] g . )
em” for the Soret maxima band. '

Media Additives Temperature (°C) | Duration (h) Yield (mg/L)
IPTG 37,30, 25 4 None
IPTG + Hemin 37,30, 25 4 None
LB Hemin 37, 30,25 24, 48 None
37,30, 25 24, 48 None
Hemin + metal ion master mix
IPTG 37, 30,25 4 None
IPTG + Hemin 37,30, 25 4 None
24 5
438 23
37
T2 36
96 40
Hemin
24 4
48 12
30
72 18
TB
96 24
24 6
48 28
37
72 43
96 62
Hemin + metal ion master mix 24 5
48 28
30
72 36
96 45

Table 4.1: Optimisation conditions for the production of recombinant AXCP. No AXCP was
produced at any conditions in LB medium. The highest yield was in TB medium when the
source of haem as (hemin) and the metal ion master mix were added and cells grown at 37 °C.
The agitation was 180 rpm. in all conditions. Protein concentrations were calculated by applying
Beer-Lamber law using the extinction coefficient of 80 mM™ c¢cm™ at 400 nm. Metal ion master
mix is a mixture of metal ions added to the media after 24 hours of growth, metal ions and final
concentrations were: Ni*" 2x10” mM, Co™" 2x10° mM, Zn"* 1x10° mM Mn*" 1x10” mM and

Fe** 5x107 mM.
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Table 4.1 shows that recombinant AXCP cannot be expressed in LB medium even
after the addition of metal master mix at different temperatures. Changing the growth
medium from LB to a highly enriched TB yielded a reasonable amount of
recombinant AXCP (see section 3.3.1 for the media compositions) (Figure 4.18). TB
contains an extra amount of peptone and yeast extract which provide necessary
nutrients and cofactors for growth of recombinant E. coli strains. The yeast extract
concentration is increased to eclevate cell yields. Potassium phosphate buffer
prevented the drop in pH (and hence cell death) and provide potassium for cellular
systems. Glycerol acts as a carbohydrate source and, unlike glucose, it is not

fermented to acetic acid.

The addition of Ni* ™ 2x107™ mM, Co®" 2x10™ mM. Zn>" 1x10° mM Mn*" 1x10™ mM
and Fe'* 5x107 mM increased the production of AXCP by about two fold, owing to
the role of divalent metal ions in the promotion of enzymatic reactions'' and hence

the increase in the protein yield.

This expression method was used to overproduce mutants generated in this work. In

all cases the yield was sufficiently high enough for the structural and other studies.

Figure 4.18: Recombinant AXCP crude extract and cell debris of the 96 hours growth in TB (a
and b) and in LB (¢ and d). The protein has not been produced in LB medium, while in the TB it

is obvious the AXCP was mass-produced.
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4.5 Cytochrome ¢’ purification:

Growing x-ray quality crystals for the structural studies necessitated the use of highly
purified proteins.'* Recombinant AXCP and all other mutants were purified using the
method described in (section 3.5.3). Since the AXCP could not be produced with the
Hig-tag, and because the calculated isoelectric point of AXCP is 9.21, ' cation
exchange chromatography was chosen. After harvesting cells from the growth
medium by centrifugation at 800 rpm for 10 min. at 4 °C, the crude extract was
obtained using sonication (section 3.5.1.1b), and cell debris were removed by
centrifugation at 11500 rpm for 45 min. at 4 °C. The soluble fraction was dialysed
against 5000x deionised water (section 3.5.2) for 48 hours using dialysis tube of
MWCO 10 kDa to remove the buffer salts, low molecular weight proteins and any
extra hemin chloride that remained in the crude extract. Dialysed protein was then
centrifuged at 20000 rpm for 1 hour and the supernatant was loaded onto the
carboxymethyl cellulose CM-52 (Sigma-Aldrich). The resin was activated at pH 6
and the protein was purified as described in section 3.5.3. Although it was relatively
slow, the gravity flow of the loaded supernatant was the most efficient way for the
cation exchange. Negatively charged cytochrome ¢’ (pI 9.21) binds to positively
charged carboxymethyl cellulose and appears as a red to reddish-brown band
depending on the type of the mutant. The column was then washed with deionised
water and then with buffer and the pure protein was eluted by a salt gradient from

50-200 mM NaCl (Figure 4.19).
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Figure 4.19: Purification of recombinant L16G mutant using CM-Cellulose cation exchange
chromatography. Negatively charged protein binds to positively charged CM-cellulose and
appears as red or reddish-brown (depending on the mutant type) circle bound to the stationary

phase of the column.

Fractions were collected and the purity was checked by SDS-PAGE (Figure 4.20).
The intense band at ~14 kDa in lane 2 revealed that the AXCP was overproduced
although there are still other lower and higher molecular weight bands observed
which belong to other proteins produced at the same time, while lane 3 shows only
one intense band at ~14 kDa while other bands have been disappeared owing to pure
AXCP. Lane 4 showed same bands as in lane 2 except the intense band at ~14 kDa.
A faint band at ~14 kDa can be seen in lane 4 which may be due to the production of

other proteins with the same molecular weight as AXCP.
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Figure 4.20: 12% SDS-PAGEL for the dialysed crude extract (lane 2), pure AXCP from carboxyl
cellulose column (lane 3) and the effluent (lane 4) compared to the molecular weight marker
(lane 1). The crude extract showed an intense band at ~14 kDa referred to overexpressed
recombinant AXCP with many other bands at higher and lower molecular weights. Purified
protein in lane 2 showed only one band at ~14 kDa revealed to highly purified AXCP. The
effluent lane 3 showed all bands present in lane 2 and a faint band at ~14 kDa which may be

belongs to other proteins which have about the same molecular weight.

The purity index was measured by calculating the ratio of the Soret band maximum
absorbance of the recombinant or mutants to the maximum absorbance of the protein

band at 280 nm'* and was 2.86 for recombinant AXCP (Figure 4.21).
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Figure 4.21: The electronic spectrum of ferric recombinant cytochrome ¢’ showing an intense
band at the Soret maxima at 395 nm and a lower band at 280 nm due to protein. The ratio

between these two bands gives the purity index of the purified AXCP which is equals to 2.86.
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4.6 Generation and overproduction of mutants:

Residues close to the iron haem were selected (see section 5.1). They all have been
mutated using site directed mutagenesis and pET-NHS plasmid as a template DNA
vector. Mutations have been confirmed by sequencing the resultant vectors. Mutants
were then overproduced, purified and concentrated to the desired concentration in the

same way as for recombinant native AXCP (Figure 4.22).

Figure 4.22: A figure shows the purified cytochrome ¢’ mutants. 1: W56G/L16F, 2:W56Y, 3:
L16G, 4: L16Y, 5: W56G, and 6: L16F..

The mutant plasmids of HI20A, HI120F and H120N were generated successfully and
their correct sequences were confirmed by sequencing (see section 3.2.10). The SDS-
PAGE analysis for the whole cells has confirmed the production of mutants (Figure
4.23). But despite of many attempts, it was not possible to purify them using the
purification methods described in this work or by using ammonium sulphate

fractionation.
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Figure 4.23: 12% SDS-PAGE showing the production of H120A (lane 2), H120F (lane 3) and
HI120N (lane 4) run alongside with the molecular weight marker (lane 1). However, the gel

shows that they have been overexpressed but they could not get purified.

The purity index and the final yield of recombinant and mutants are summarised in
Table 4.2.

Protein Yield (mg/Lyiare) Purity index (Agyre/Aasy)
Recombinant native 62 2.86
L16F 60.3 2.5
L16G 54.5 6.65
L16Y 54.6 2,72
W56G 74.3 2.80
W56Y 68.8 2.48
- L16F/W56G 84.2 3.16

Table 4.2: The final yield in mg/liter culture and the purity index which is the Soret band
maximum absorbance of the recombinant or mutants to the maximum absorbance of the
protein band at 280 nm. They all have been produced in large quantities not less than 54.6 mg/L
and are highly purified with the purity index not less than 2.48.
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4.7 Conclusions:

Growing the x-ray quality crystals and the spectroscopic studies require the
production of highly purified protein with sufficient quantities. In this work,
satisfactory quantities of mature recombinant native and mutant holocytochrome ¢’
from A. xylosoxidans were produced with high purity index (Aseer/Azg0) not less than
2.48. Four different plasmids were constructed aiming the production of highly pure
AXCP in sufficient quantities. The successful overproduction was achieved by using
pET-NHS plasmid. In this plasmid the AXCP gene was cloned between the two
restrictions sites Ndel and BamHI of the pET 26b(+) vector to produce AXCP with
its signal peptide and without any His-tag. From the published literature the highest
level of AXCP reported so far is 20-30 mg/L culture'” while in this work 54 — 84

mg/L culture was produced.

The production of mature cytochromes ¢ was improved by the use of plasmid
pEC86." This plasmid expresses the E. coli cytochrome c¢ maturation genes
CecmABCDEFGH constitutively. Therefore, we did not attempt to produce AXCP
without the use of pEC86 plasmid.

The overproduction of large amounts of the native and mutant cytochromes c¢'c” was
highly depending on the type of the growth media, induction time, presence of the
haem source. Using LB medium did not show the production of AXCP, while the

nutrients enrich medium TB has shown the production of significant amounts.

However the outer membrane of Gram-negative bacteria is not permeable to hemin,'®
addition of 10pg/mL hemin chloride as the haem source has significantly increased
the amount of AXCP production. Furthermore, addition of metal ion master mix
increased the quantities the product. This may be due to the promotion in the

enzymatic activity by these metal ions.''

Induction for a period of 4 hours by IPTG did not result in the production of the
AXCP. Hence, the auto-induction was employed; its duration seems to have a
significant effect on protein mass production. 12 hours of auto-induction has not
caused the production of the mature AXCP, while longer periods revealed the
maturation of the apo-protein. The longer the induction duration the higher the final

yield was. This may be due to the time required for the processing and maturation of
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the protein. The higher yield at longer induction duration was linked to the
production of NO’ by bacteria as each cell of E. coli generates approximately one

molecule of NO in one minute'” and cells then take benefit from the NO.

As mentioned above, four different plasmids were constructed (see section 3.2.2) and
they have been co-transformed with pEC86. The following is the overall conclusion

for each mutant:

Production of AXCP with the pe/B leader of the pET 26b(+) in the N-terminus with
the His-tag (pET-H) and without the His-tag (pET-NH) at its C-terminus: In both
cases, SDS-PAGE analysis showed an intense band at ~18 kDa indicating that the
produced AXCP was mostly unprocessed owing to inefficient cleavage of the pelB
by the signal peptidase. A band at the correct molecular weight at 14 kDa was
present in cell debris only while it was not detectable in the soluble part of the crude
extract. This may be due to the failure of the haem insertion into the apo-cytochrome
¢, since this insertion is essential for c-type cytochrome folding'®. Attempts to slow
down the overproduction rate by decreasing the growth temperature and addition of
an extra amount of the haem source to the growth medium showed no significant
change. Depending on that, we conclude that pe/B leader which is the £. coli signal
sequence, may not direct AXCP to the periplasm or, however, even if it could direct
it, the signal peptide remained uncleaved due to the inability of signal peptidase to
cleave it. This will leave a large fraction of the protein unprocessed.

° Replacing the pelB leader by the AXCP signal sequence without the His-tag
(pET-NHS) led to the successful production of mature holocytochrome c¢’only after
48 hours. Incorporation of the His-tag (pET-HS) for the purification purposes
prevented the formation of soluble protein.

o pET-NHS was used as a template for the generation of different mutant
plasmids; L16F, L16G, L16Y, W56G, W56Y, LI6F/W56G, HI120A, H120F, and
HI120N. Except for the HI20 mutation series, all othet mutants have been
successfully overproduced and purified.

. However the SDS-PAGE analysis of HI120 mutation series revealed the
production of these mutants, but they could not be purified. Since the covalent
attachment of the haem to the apo-cytochrome c is necessary for the correct apo-

protein folding, the apo-protein of these mutants may have been overproduced but

124



Cloning, expression, purification and generation of cytochrome ¢’ mutants Chapter 4

remained unfolded. Further investigations and using other purification methods are

desired to get these interesting mutants matured and purified.
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Chapter 5: Electronic Spectroscopy studies of recombinant
cytochrome ¢’ and mutants

5.1 Introduction:

Cytochrome ¢’ from Alcaligenes xylosoxidans (AXCP) like other members of class II
cytochromes has novel spectroscopic and ligand binding properties. It is characterised
by a split Soret band. AXCP forms stable complexes with carbon monoxide (CO) and
nitric oxide (NO) with the CO complex being hexa-coordinate (6¢) while it forms a
penta-coordinate (5¢) complei with NO. However it discriminates against dioxygen (O>)
by its inability to form a stable complex with it. Kinetic studies show that NO reacts
with ferrous state of AXCP initially to form a transient 6¢-NO-His adduct which then
reacts in an NO concentration dependent manner to cleave His-Fe bond to form a stable
5¢-NO adduct.'

Another novel property of AXCP is the electronic state of iron. In contrast to most other
known haem proteins, where iron is either pure low spin (S= 1/2) or high spin (HS)
(S=5/2) species, in AXCP iron has been shown to be in a quantum-mechanical admixture
(QS) of intermediate spin (S=3/2) and high spin (S=5/2) states where the contribution of
the intermediate spin state is 10-15%.™" The spin state equilibrium between HS and QS
is pH dependent, with HS species predominating at high pH. This is rationalised as
being due to the delocalisation of the electrons of the iron towards the coordinated
ligand induced by protonation/deprotonation or hydrogen bonding of Nel histidine axial
ligand® or by the electron-withdrawing effect’ of the guanidinium group of arginine 124,

In both cases the iron axial ligand weakens and leads to HS predominating.

In this work, residues close to the haem iron pocket have been mutated to different
residues which have been selected with the aim of understanding their role in ligand
binding/discrimination and in perturbing the haem iron spin state. Targeted residues
were leucine 16 (L16), tryptophan 56 (W56) and the axial ligand histidine 120 (H120)

(Figure 5.1). The mutation strategies have been presented in (Figure 5.2).
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Proximal site

Argl2a

Distal site

Figure 5.1: Electron density of recombinant cytochrome ¢’ from Alcaligenes xylosoxidans at 1.15 A
resolution showing the key amino acid residues which have been mutated in the work. Distal pocket
residue leucine (Leul6) potentially provides steric hindrance to ligand binding to the distal face of
the haem, tryptophan (Tryp56) located in the distal pocket of the haem may provide the steric
hindrance to some extent and at the same time blocks a solvent channel preventing the direct access
to the haem. Proximal pocket residues histidine (His120) is bound to the iron’s fifth coordination
position and arginine (Argl24) sit above the porphyrin ring in parallel manner to the ring at the
proteins ferric state.

The distal and proximal haem environments of AXCP have very different structural
features. The distal haem pocket is deeply buried within the protein with no direct access
to solvent. Leucine 16, which crowds the distal face of haem, is proposed to be
responsible for the discrimination of the ligand.” Furthermore, its steric hindrance is
anticipated to have a role in destabilising the 6¢-NO-His adduct.® In contrast, the
proximal face is much closer to the protein surface, with the proximal His 120 ligand

being solvent-exposed.
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Figure 5.2: The mutation strategy. leucine 16 (L16) has been mutated to glycine (L16G), tyrosine
(L16Y), phenylalanine (L16F) and tryptophan 56 (W56) to glycine (W56G) and tyrosine (W56Y),
histidine 120 (H120) to alanine (H120A), phenylalanine (H120F) and to asparagine (H120N), and
(L16F/W56G) is the double mutant where L16 mutated to F and W56 to G at the same time.
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The solvent channel observed in type 1 cytochromes ¢’ such as C. vinosum and R.
capsulatus is the shortest route from the protein surface to the 6" coordinate position at

the distal pocket of haem. In AXCP, the channel is blocked by the side chain of

tryptophan 56 (Figure 5.3).

Figure 5.3: Cytochrome ¢’ van der Waals surfaces of (A) recombinant and (B) proposed W56G
mutant show that replacing tryptophan 56 by glycine (circled) will unblock the solvent channel
hence the haem iron will be exposed to the solvent and this may alter the ligand binding affinity. For
clarity, (C) recombinant and (D) W56G mutant have been represented by stick and cartoon style.
Image prepared with PyMOL using the crystal structure of recombinant AXCP solved in this thesis
at 1.15A.
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Replacing W56 with glycine is hypothesized to unblock the channel and make the haem
iron’s sixth coordinate site to be more exposed to the solvent. Residues glutamine 83 and
glutamine 87 near to the protein surface may also block access to this channel. In this
work W56 has been mutated to glycine (W56G) to determine whether there is a clear
change in access to the distal face of haem, as well as to the discrimination between NO
and CO. Upon binding of O,, CO and NO, tyrosine 70 in the signal transducer sensor
protein HemAT (haem-based aerotactic transducer) was found to play the major role
toward ligand recognition and discrimination.” Tyrosine 70 in HemAT is equivalent to
W56 in AXCP; therefore, W56 was mutated to tyrosine to find out whether tyrosine will

play any role in ligand binding and discrimination.

L16, W56 and His120 were successfully mutated to appropriate residues (section

3.2.10) and the proteins were overexpressed as described in (section 3.4).

Except for the H120 series, other mutants were successfully overproduced, isolated and
purified. However, the soluble fraction of the crude extract showed a band
corresponding to the H120 mutant series at 14 kDa on SDS-PAGE, but they could not be
purified (section 4.6). On top of the purification method which was carried out
successfully for all other mutants (section 3.5), different purification methods have been

tried, but were unsuccessful.

In this work, UV-Vis spectroscopic studies have been implemented to get an insight
into the effect of the key residues on the electronic spin state and their role in controlling

ligand binding and discrimination.

5.1.1 Generating ferrous forms:

A novel method for generating AXCP ferrous forms has been described here. This
method showed its reliability in the reduction of haem iron of AXCP anaerobically
without using an anaerobic chamber and desalting columns to remove excess reductant
from the reaction mixture. This method can be used for reduction of other

metalloproteins.
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Recombinant native AXCP and all other mutants were reduced as described in (section
3.7.1). The reduction process was monitored spectrophotometrically by measuring the
UV-Vis spectra in the range between 250nm -700nm after each addition of the
reductant; sodium dithionite (DT). Figure 5.4 shows the reduction process of the

recombinant AXCP as an example. This method was applied to all other mutants.
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Figure 5.4: Reduction process of 13.5 pM recombinant native AXCP at pH 6. DT is the reductant;

sodium dithionite. Inverted 1, 2, and 3 represents the inversion of the cuvette once a time so the
reaction mixture contacts the rubber septa and DT reacts with the oxygen on the rubber to

decompose excess DT,

The reduction was achieved anaerobically in a quartz cuvette super sealed with rubber
septa as described in (section 3.7.1). The reduction caused a change in the protein colour
from almost colourless (at concentration of 13.0 pM) to a faint yellow colour. The
excess amount of DT was monitored by appearance of a peak at 317 nm. If the reduced
form of the AXCP was required for ligand binding discrimination studies, excess DT
was removed from the reaction mixture by inverting the cuvette carefully so the reaction

mixture touches the surface of rubber septum. After each inversion, the level of DT was
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monitored by measuring the electronic spectra. A decrease in a 317 nm band was
observed revealing the decrease in DT level in the reaction mixture. DT has a strong
reduction property and decomposes rapidly in aqueous media under oxygen

consumption as in the following equation.
Na>S,04+ 0> + H;0 — NaHSOy + NaHS0;

This will allow any excess of DT to react rapidly with the oxygen present on the rubber

surface.

Addition of 0.2 uM DT (Figure 5.4) decreased the Soret band intensity without change
in the peak position. The charge transfer band (CT) at 640 nm which was reported to be
sensitive to spin state® and irons coordination number® remained the same even in its
intensity. This peak particularly was only seen in high-spin® five coordinate’ c-type
haem proteins. At a concentration of 0.4 pM DT, most features of both ferric and ferrous
AXCP were observed; a shift of the Soret band from 394 to 401 nm, 380 nm (sh) has
become more predominant, a peak at 420 nm has appeared with more well defined peak
at 434 nm (sh). The B peak has shifted to 541 nm and in the signal intensity of the CT
peak at 640 nm decreased. These revealed the presence of both ferric and ferrous species
at the same time. Ferrous features were predominant at the concentration of 0.6 pM DT.
At concentrations of 0.8 and 1.0 uM DT only features related to the ferrous form were
observed.” The characteristic feature, a split Soret band with a peak at 424 nm and
another at a lower intensity at 434 nm are attributed to a nondegenerate transition arising
from electronic nonequivalency in the x and y directions of the porphyrin plane'’ with a
shoulder at lower wavelength at 373 nm. The a/p beak is now centred at 550 nm and
565 nm, finally the CT band at 640 nm has vanished. The Resonance Raman studies of

AXCP have proved that the ferrous form is in the 5S¢ high spin state. '

The ferric species of recombinant AXCP showed an electronic absorption spectrum that
was identical to previously reported spectra for wild-type AXCP indicating the integrity
of the haem environment in the synthesized protein. The ferrous species also displayed
an identical spectrum to previously published spectra'2 confirming the success of the

method we followed for the reduction.
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5.1.2 The spectral properties of ferric and ferrous AXCP mutants:

The spectral properties of ferric and ferrous forms of the recombinant AXCP were

discussed in the previous section as part of the reduction process (figure 5.3).
5.1.2.1 Spectral properties of L16G:

Replacing leucine by glycine (L16G) displayed a dramatic change in the electronic
absorption spectra (Figure 5.5) if compared to the recombinant AXCP absorption spectra
(Figure 5.4). Once the L16G protein was isolated and purified, an absorption spectrum
was recorded. Interestingly, it possessed a narrow and intense absorption maximum at
418 nm and a shoulder at 397 nm. This is a red shift by 24 nm with respect to the Soret

band of the recombinant AXCP. Bands of «/p region were at 536 and 565 nm, a red shift
by
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Figure 5.5: Electronic spectra of reduced, oxidised and as isolated L16G mutant (4.0 pM) at pH 6.
Calculated extinction coefficients are 185, 141, and 62.9 mM"'cm™' for as isolated, ferric and ferrous

proteins respectively
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40 and 30 nm compared to the equivalent region of the spectrum of recombinant AXCP
respectively. The Soret band at 418 nm and 397 nm (sh) of this mutant is identical to
that reported previously for 6¢-CO-ferrous AXCP '' may signify that the haem iron is
hexa-coordinate (6¢). The crystal structure of this mutant which has been solved in this
thesis at resolution of 1.18 A confirmed that L16G is 6¢ with a water molecule bound to
the distal site of the haem group and Hist 120 at the proximal site of the haem iron, and

the iron is in the reduced form (see figure 6.15 in chapter 6).

In order to better understand the effect of replacing leucine by glycine on the ligand
binding and discrimination, and to observe the oxidised and the Sc-reduced form, any

bound ligand has to be removed (see section 3.7.1).

The ferric form exhibited a Soret band at 403 nm and 364 (sh) that is shifted to a longer
wavelength by 7 and 16 nm compared to the recombinant AXCP respectively. Two
distinct peaks in o/f region at 496 and 536 nm were not significantly different from
those of the recombinant while a peak at 571 nm was observed - which is unique for this
mutant and has not been seen among other mutants in this and any previously published
work." It was shown that for the 6¢ haemproteins containing an imidazole as the fifth
ligand, the CT ranges from 600-637 nm. " Depending on those spectral observations,

L16G is expected to be 6c.

The ferrous form’s spectrum displayed a single Soret band at 414 nm with a shoulder at
336 nm, which is again is unique for this mutant, as all other mutants in this work and
previous published literature exhibit a split Soret band in their ferrous forms.'*" The a/p
region showed two bands at 538 and 571 nm, while a band at 496 nm which was seen in

the ferric form has vanished.
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5.1.2.2 Spectral properties of LI16F:

The haem iron of the L16F mutant was already in the oxidised state when isolated and
purified. It was reduced as described previously in section 5.1.1. The electronic
spectrum (Figure 5.6) shows the oxidised and reduced forms of the mutant. The Soret
band at 401 nm displayed by the oxidised form shifted to a split Soret band at 426 nm
and a shoulder at longer wavelength at 435 nm in the reduced form, while the shoulder
at the shorter wavelength has shifted from 380 nm to 375 nm. These shifts of the Soret
band were accompanied by a red shift in o/p region from 498 and 535 nm in the oxidised
form to 547 and 565 when reduced. The CT band at 640 nm has disappeared from the

ferrous form’s spectrum this may be due to the change in the spin state of the haem iron.
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Figure 5.6: Electronic spectra of (17.0 pM ) ferric and ferrous L16F mutant at pH 6. The calculated
extinction coefficients are 66.96 and 71.0 mM™.cm™ for the ferric and ferrous forms respectively.

Comparing ferric and ferrous forms of the L16F mutant with recombinant AXCP, ferric

L16F has exhibited a red shift of the Soret band from 394 nm to 401 nm. Concomitantly,
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the other bands displayed no changes (Figure 5.11). While ferrous L16F showed a slight
shift in the split Soret band from 424, 434 nm (sh) to 426, 435 nm (sh). The shoulder at
the shorter wavelength shifted from 374 nm to 375 nm. (Figure 5.12).

5.1.2.3 Spectral properties of L16Y:

The electronic spectra of ferrous and ferric haem iron of L16Y mutant are shown in
figure 5.7. Comparing ferric and ferrd#@& forms of this mutant, the Soret band at 404 nm
in the case of ferric form has changed to split Soret bands at 424 nm with a shoulder at
437 nm in the ferrous form, and the shoulder at 373 nm band has became more
predominant. The a/p region displayed a red shift of both bands from 498 and 535 nm in
ferric form to 548 and 566 nm respectively when reduced. Moreover, they became more
distinctive. Finally the CT band has vanished upon the reduction revealing the change in

the spin state from admixture to the low spin state.
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Figure 5.7: Electronic spectra of 25.6 pM ferric and ferrous L16Y mutant at pH 6. Extinction

coefficients are 77.0 and 86.11 mM™.em™ for ferric and ferrous respectively.
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Compared to the ferric recombinant protein, the Soret band of ferric L16Y shifted from
394 to 404 nm and the shoulder from 380 to 373, while bands in «/f region remained
unchanged (Figure 5.11). Ferrous L16Y exhibits a small shift in wavelength maxima of
the major bands in the spectrum compared to the ferrous form of recombinant AXCP
(Figure 5.12); the split Soret band shifted to 428, 437 nm (sh) from 424, 434 nm (sh) and

the shoulder at the lower wavelength shifted to 373 from 374 nm of the recombinant.
5.1.2.4 Spectral properties of W56G:

The UV-Vis spectra of the ferric and ferrous W56G mutant (Figure 5.8) showed that the
Soret band of the ferric W36G at 404 nm changed to a split band and shifted to 423, 432
nm (sh). A distinctive shoulder at a lower wavelength has appeared at 369 nm. The o/}
region of the ferric form showed a broad band at 490 and another at 535 nm, while these
bands became more pronounced at 548 and 563 nm with a shoulder at 511 nm in the
case of the ferrous form. Again the CT band at 634 nm has disappeared upon the

reduction.
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Figure 5.8: Electronic spectra of 13.5 pM ferric and ferrous W56G mutant at pH 6. The calculated

extinction coefficients are 60.0 and 88.7 mM™.em™ respectively.
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The ferric W56G when compared to ferric recombinant AXCP showed a red shift of the
Soret band to 404 nm and the shoulder at 380 nm ablated. A small shift has been noticed
at a/p region to 494 and 539 nm, where bands are observed at 498 and 535 nm in
recombinant AXCP. Finally, the CT band shifted to 634 nm (Figure 5.11). The Soret
band of ferrous W56G remained unchanged compared to the ferrous recombinant at 424
and 434 nm, but the shoulder has shifted to 369 nm from 374 nm. Apart from
appearance of a new shoulder at 511 nm, the 550 and 565 nm band of the a/f} region

bands stayed same (Figure 5.12).
5.1.2.5 Spectral properties of W56Y:

Reducing the ferric form of W56Y shifted the Soret maxima from 400 to a split band at
425 nm and 434 nm (sh), the shoulder at 380 nm shifted to 372 nm and became more
pronounced. The a/p region bands shifted from a broad band centred at 500 and a
shoulder at 548 nm to well-defined band at 549 and 568 nm respectively. The CT band

at 640 nm has vanished upon the reduction (Figure 5.9).
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Figure 5.9: Electronic spectra of 8.0 pM ferric and ferrous W56Y mutant at pH 6. Extinction

coefficients for the ferric and the ferrous forms are 70.3 and 80.0 mM™.em™ respectively.
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Replacing tryptophan 56 by tyrosine does not affect the Soret band in its ferrous form
compared to the ferrous recombinant AXCP. However, the shoulder at shorter
wavelength of the ferrous form of W56Y has shown a slight shift to 372 nm from the
374 nm observed for the reduced form of the recombinant AXCP. Similarly, the o/
region does not show any significant shifts in comparison the ferrous forms (Figure
5.12). While, in the ferric form the Soret band shifted to 400 nm from 394 and the o/p
peaks are shifted to 500 and 548 nm from 498 and 535 nm of the recombinant,
respectively (Figure 5.11).

5.1.2.6 Spectral properties of LI6F/W56G:

Mutating two amino acids; leucine 16 to phenylalanine and tryptophan 56 to glycine at
the same time, showed a split Soret at 400 nm with a shoulder at 380 nm. Upon the
reduction, these bands have shifted to 426, 435 nm (sh) and to 375 nm (sh) and the CT
band has disappeared (Figure 5.10).
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Figure 5.10:Electronic spectra of 9.5 puM ferric and ferrous L16F/W56G mutant at pH 6. The

extinction coefficients are 74.48 and 80.15 mM™.cm” for the ferric and the ferrous forms

respectively.
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Relative to the recombinant AXCP, the spectrum of the ferric L16F/W56G mutant
protein exhibited a red shift of the Soret band to 400 nm. The o/ region bands shifted to
494 and 542 nm, and the CT band has shifted to 635 nm (Figure 5.11). The Soret band
of the ferrous form of the double mutant protein shifted to a longer wavelength by 2 nm
to 426 nm and the shoulder by 1 nm to 435 nm. The o/p region shifted to 546 and 569
nm (Figure 5.12).

For clarity, ferric forms of the recombinant native and all mutants were superimposed
and depicted in (Figure 5.11) and the ferrous forms in (Figure 5.12). In addition all the
spectral data of ferric forms are summarised in (Table 5.1) and the ferrous forms

summarised in (Table 5.2).
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Figure 5.11: Electronic spectra of ferric recombinant, L16F, L16G, L16Y, W56G, W56Y and the
double mutant L16F/W56G at pH 6.

L16G 364 sh, 403 496, 536 sh, 571 sh

L16F/W56G 380 sh, 400 494, 542 sh 635 74.5

Table 5.1: Electronic spectral data of ferric recombinant AXCP and mutants at pH 6. CT is the

charge transfer band.
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Figure 5.12: Electronic spectra of ferrous recombinant, L16F, L16G, L16Y, W56G, W56Y and the

double mutant L16F/W56G at pH 6.

Recombinant 374 sh, 424, 434 550, 565 sh
native

L16G 336 sh, 409 sh, 413 538,571 sh -—
W56G 369 sh, 423, 432 511 sh, 550, 565 sh -

375 sh, 426, 435 546, 569 sh

L16F/W56G

Table 5.2: Electronic spectral data of ferrous recombinant AXCP and mutants at pH 6. CT is the

charge transfer band.
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5.2 pH titrations of ferric and ferrous recombinant and mutants AXCP:

The spectral property of ferric AXCP is highly dependent on the solvent pH."” The QS
state changes to the pure high spin state upon an increase in the pH. This can be
observed as the appearance of a shoulder between 370 and 380 nm and a shift of the
Soret band to 400-407 nm at alkaline pH, and changes in the band intensities at 500 and,
535 nm. The band at 643 nm is characteristic of the presence of the high-spin state.
Unlike the ferric form, the electronic absorption spectrum of the ferrous form of

recombinant AXCP is insensitive to pH.

In this work, pH titrations were carried out for both ferric and ferrous states of
recombinant 4AXCP and all mutants to find out whether distal pocket residues play any
role in pH dependent behaviour. Certainly, the ferrous forms of the recombinant and all
other mutants showed no change in the band positions. They were identical to those
reported in Table 5.2 over the pH range 5-9, (data not shown). Hence, only ferric forms
have been presented and discussed here. All titrations were carried out anaerobically as

described in section 3.7.2.

5.2.1 pH titration of recombinant AXCP:

The pH dependence of the clectronic spectra over the pH range 5-9 of the ferric
recombinant AXCP are shown in Figure 5.13. At pH 5, the spectra show features due
to the Soret band at 394 nm, a broad o/f region band at 500 nm with a shoulder at 535
nm and also a band at 640 nm corresponding to a HS feature. As the pH was increased
from pH 5-7, the Soret and } band exhibited a red shift while the position of the o band
was constant at 535 nm initially as a weak shoulder but becoming more prominent at pH
8 and 9. At pH 9 the Soret maxima shifted from 394 to 405 nm with a small increase in
intensity and a distinct shoulder at 373 nm has appeared. The p band at 500 nm became
less intense and shifted to 505 nm while the o band (shoulder) at 535 nm became more
intense. From pH 5-9 the CT peak at 640 nm increased in intensity, consistent with an
increase in the % of the HS species. These changes in the electronic absorption spectra

suggest that there is a change in the spin state from admixture state at acidic and neutral
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pH to a pure high-spin state at alkaline pH. The change involves deprotonation of the his
120 axial ligand to the haem iron.
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Figure 5.13: The pH dependent electronie spectra of 8.1 pM ferrie recombinant AXCP

5.2.2 pH titration of L16F mutant:

At pH 5 and 6, L16F exhibited a Soret maximum of 401 nm and o/ region bands at 497
and 535 nm with the CT band at 637 nm. With an increase in the pH, all bands showed a
red shift (Figure 5.13). At neutral pH the Soret band shifted from 401 to 403 nm and the
beta band from 497 to 498 nm while the alpha band remained constant. The CT band
shifted to 639 nm. At alkaline pH significant changes were observed. The Soret maxima
band shifted to 407 nm. The § band to 502 nm with a decrease in its intensity, and the o
band became more predominant at 535 nm. The CT band centred at 640 nm, with an
increase in its intensity indicating the increase in the HS components. At pH &, a distinct

shoulder appeared at 377 nm and shifted to 372 nm at pH 9. A small band at 583 nm was
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observed at pH 8 and 9. These changes imply the change in the spin state of the iron
haem from admixture spin state to pure high spin state at alkaline pH. However the

change was less significant compared to the recombinant AXCP protein.
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Figure 5.14: The pH dependent electronic spectra of 18.5 pM ferric L16F.
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5.2.3 pH titration of L16G mutant:

In the case of L16G, no major change was observed in the position of the Soret band
whereas the band intensity was decreased from pH 5 to pH 9 (Figure 5.15). A shoulder
at 364 nm was observed over the pH range 5-9, while it was more predominant at pH &
and 9. Although the position of the  band remained constant at 503 nm, its intensity
decreased at pH 9. The o band was positioned at 535 nm with a shoulder at 567 nm over
the pH range of 5-8, there was a slight shift of the shoulder from 567 to 571 nm at pH 9.
The CT band shifted from 628 nm at pH 5 to 636 nm at pH 9. These electronic spectral
observations suggest that the spin state of the ferric form of this mutant is insensitive to

the change in the pH.
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Figure 5.15: The pH dependent electronic spectra of 9.5 pM ferric L16G.
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5.2.4 pH titration of L16Y mutant:

L16Y (Figure 5.16) exhibited a Soret maximum at 404 nm at pH 5 and pH 6 while it has
shifted to 405, 408 and 409 nm at pH 7, 8 and 9 respectively, accompanied by an
increase in the band intensity. At pH 8, a shoulder at a lower wavelength observed at
373 nm this was shifted to 369 nm at pH 9. The  band at pH 5 and 6 was at 498 nm,
and shifted to 500, 505 and 507 nm at pH 7, 8 and 9 respectively with decrease in its
intensity in the same order. The o band maxima at 539 nm was constant over the pH
range, with an increase in its intensity at pH 8 and 9. The band at 583 nm which was also
observed at pH 8 and 9 in the case of L16F, is predominant now over the pH range 5-9
while it was more pronounced at pH 8 and 9. CT band shifted from 636 nm at pH 5 to
641 nm at pH 9 with an increase in its intensity. The change in the electronic spectra of
this mutant protein is due to increase in the HS species at alkaline pHs. The increase in
the HS species may have been caused by the deprotonation of his 120 axial ligand at

alkaline pH which in turn weakens the his-Fe axial band.
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Figure 5.16: The pH dependent electronic spectra of 17.0 pM ferric L16Y.

149



Electronic spectroscopy studies of recombinant cytochrome ¢’ and mutants Chapter 5

5.2.5 pH titration of W56G mutant:

Replacing W56 by glycine does not cause any changes in the position of the Soret
maximum, but there were minor changes in the intensity (Figure 5.17). However at pH 7
and 8 it has shifted to 406 nm and at pH 9 to 407 nm with appearance of a distinct
shoulder at 373 nm at pH 8 and 9. The position of the ¢/p bands remained constant at
487 and 519 nm over the pH range 5-9 but became less pronounced at pH 9. There was a
band observed at 535 nm at pH & which has shifted to 539 nm and increased in intensity
and at pH 9. The CT band has revealed a slight red shift upon increase in the pH, which
has shifted from 635 nm at pH 5 to 639 nm at pH 9 accompanied by increase in the band
intensity. These observations showed that the changes are less predominant over the pH
range 5 to 9 when compared to the recombinant AXCP protein. This confirms the effect

of W56 on the spin state of the haem.
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Figure 5.17: The pH dependent electronic spectra of 17.0 pM ferric W56G.
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5.2.6 pH titration of W56Y mutant:

The key spectral features of the W56Y mutant were same at pH 5 and 6 (Figure 5.18).
The Soret band was observed at 400 nm with a slight decrease in the intensity at pH 6,
the B at 493 nm, « at 548 nm and the CT at 638 nm. At the neutral pH the Soret band has
shifted to 403 nm. The B band at 494 nm has slightly decreased in intensity and
developed a very small shoulder at 504 nm. The « band remained at the same
wavelength at 548 nm, while the CT slightly shifted to 639 nm. Significant changes
were observed at alkaline pH: the Soret band has shifted to 405 nm at pH 8 and to 406
nm at pH 9.Aa distinct shoulder at 372 has appeared in both cases. The [} band has
shifted from 493 to 490 nm and became less pronounced, while the peak at 504 nm has
shifted to 510 nm and became more predominant. The a band became more prominent
and was centred at 538 and 539 nm at pH 8 and 9, respectively. A significant increase in

the CT band intensity has been observed and shifted to 640 nm.
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Figure 5.18: The pH dependent electronic spectra of 22.0 pM ferric W56Y.
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5.2.6 pH titration of the double mutant L16F/W56G:

Again the key spectral features at pH 5 and 6 were same. The Soret maximum was at
400 nm. The B/o. band at 494 and542 nm and the CT band was centred at 635 nm with a
slight increase in its intensity at pH 6 (Figure 5.19). At pH 7, the Soret band shifted to
401 nm, and f band to 497 nm while the o band remained unchanged at 542 nm with the
CT band slightly shifted to 636 nm. At pH 8 the Soret shifted to 404 nm and a distinct
shoulder appeared at 376 nm. The Soret band has shifted even more to 406 nm
accompanied by a slight increase in the band intensity at pH 9, and the shoulder has
shifted to 373 nm. CT band increased in the intensity and centred at 640 nm at pH 9. A
minor shoulder at 580 nm is observed in the pH range 5-9 with an increase in its

intensity with increasing the pH.

1.8 4

400 405

—pHS
—PpHB
—pH7
—pHE8
—pH9

Absorbance

0 T T T T T T T T -
250 300 350 400 450 500 550 600 650 700

Wavelength (nm)
Figure 5.19: The pH dependent electronic spectra of 20.3 pM ferric double mutant L16F/WS6G.

For simplicity and comparison, the above observation are summarised in (Table 5.3),
which shows the Soret, @, B, and CT band in the pH range 5-9 for the recombinant and

all other mutants.
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Soret band- ferric
pH Recomb. L16F L16G L16Y W56G W56Y L16F/W56G
5 394 401 364sh, 403 404 404 400 400
6 380 sh, 395 401 364sh, 403 404 404 400 400
7 380 sh, 399 403 364sh, 403 405 406 403 401
8 374 sh, 404 377 sh, 406 364 sh, 403 373 sh, 408, 373 sh, 406, 372 sh, 405 376 sh, 404
9 373 sh, 405 372 sh, 407 364 sh, 404 369 sh, 409, | 373 sh, 407, 372 sh, 406 373 sh, 405
B band
pH Recomb. L16F L16G L16Y W56G W56Y L16F/W56G
5 500 497 503 498 487 494 494
6 496 497 508 499 487 494 494
7 498 498 503 500 487 494sh , 504 497
8 505 501 503 505 487 490 sh, 510 501
9 505 502 503 sh 507 516 490 sh,510 494 sh, 507
o band
pH Recomb. L16F L16G L16Y W56G W56Y L16F/W56G
5 535 sh 535 sh 535, 567 539 sh, 583 519 548 sh 542 sh
6 535 sh 535 sh 535, 567 539 sh, 583 519 548 sh 542 sh
7 535 sh 535 sh 537, 567 539 sh, 583 519 548 sh 542 sh
8 535 535 535, 567 539, 583 519, 535 sh 538 542
9 535 535 535, 571sh 539, 583 519 sh, 539 539 542
CT band
pH Recomb. L16F L16G L16Y W56G W56Y L16F/W56G
5 640 637 628 636 635 638 635
6 640 637 629 637 638 639 635
7 640 639 631 640 638 639 636
8 640 639 631 641 638 640 638
9 640 640 636 641 639 640 640

Table 5.3: Summarised electronic spectral data of the ferric form of recombinant, L16F, L16G,
L16Y, W56G, W56Y and the double mutant L16F/W56G observed at different pH range 5-9. The

table shows the electronic absorption maxima of the Soret, a, B, and Charge Transfer (CT) bands.
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5.3 Nitric oxide titrations:

Nitric oxide (NO) is a small, short-lived, and highly reactive gaseous molecule. Unlike
most radicals, NO does not dismute nor covalently dimerise; it readily diffuses through
cell membranes and reacts with the haem iron and acts as a signal transmitter in
physiological pathways”’. Haemoproteins usually form a 6¢-NO-His complex having
histidine at the proximal side and NO at the distal side of the haem. But in AXCP"" and
guanylate cyclase (sGS)"™ NO replaces the histidine ligand to give a five coordinate iron
(5¢-NO). In the AXCP, the mechanism of 5¢-NO formation was found to be in two steps
and concentration dependent. Initial binding of NO to the distal position of the haem
(6¢-NO-haem) leads to the cleavage of the Fe-His bond and the formation of 5¢-NO
complex. The crystal structure of the 5¢-NO adduct showed that NO is bound to the
proximal face of the haem and forms a H-bond with R124. Resonance Raman studies'’
indicate a positively polarised environment of proximally bound NO, consistent with its
binding close to R124, implicating the role of this residue in ligand discrimination.
Mutation of R124 does not result in the abolition of NO binding .'*> However, it has
been shown recently'” that the proximal preference for NO is mainly due to the steric

destabilisation of the L16 residue that crowds the distal face of haem.

5.3.1 NO titrations with recombinant native cytochrome c’:

The saturated solution of nitric oxide was prepared as described in section 3.7.3. Ferrous
forms of proteins were prepared following steps outlined in section 3.7.1 which was
discussed in detail in section 5.1. Aliquots of the saturated solution were titrated against
the ferrous form of the protein in a total volume of 1 mL. The titration process was
achieved in the super sealed quartz cuvette. After each addition a spectrum was
recorded. The addition of nitric oxide solution was terminated when no further change in

the spectrum was observed compared to the previously recorded spectrum.
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Figure 5.20: Electronic spectra of 14.5 pM ferrous recombinant native AXCP titration at pH 6

against NO. The extinction coefficient is 63.8 mM.em™ .

Aliquots of | pL saturated NO solution were titrated against 14.5 uM recombinant
ferrous AXCP, and the spectrum was recorded after each addition and shown in Figure
5.20. The final concentrations of NO in the cuvette are shown as the titre points. Since
the 6¢c-NO-His intermediate AXCP has a relatively long lifetime in the presence of sub-
stoichiometric NO concentrations, it can be measured spectroscopica]ly.m While in the
presence of an excess amount of NO the 5¢-NO form has formed rapidly. Hence, the
NO solution was added gradually to trap the 6¢ intermediate. This intermediate was
observed when the concentration of the NO solution reached 11.64 uM (trace the 6"
addition in figure 5.20) characterised by the 414 nm peak which is characteristic for 6¢c-
NO-His.”""! The addition of saturating concentrations of NO lead to the formation of 5c-
NO AXCP . This was evidenced by the Soret maxima band located at 396 nm and the
CT band at 636 characteristic for the 5¢-NO adduct. The expanded region from 450-700

155



Electronic spectroscopy studies of recombinant cytochrome ¢’ and mutants Chapter 5

nm shows a broad band at 487 nm, p band at 536 nm and o band at 565 nm which are

characteristic of 5¢-NO haem pmtein.22

5.3.2 NO titration with L16F, L16Y and L16G mutants

Titrations of L16F, L16Y and L16G with NO are shown in (Figures 5.21-23). From the
data presented the characteristic peak at 416 nm was not observed and hence no
evidence for the presence of the 6¢-NO-His intermediate was detected. L16F exhibited a
shifted Soret peak from 426 nm to 401 nm, and the Soret peak of L16Y shifted from
427nm to 403 nm directly without observing any evidence for the presence of 6¢-NO-
His haem. Bands at 634 and 637 in the case of L16F and L16Y respectively which are

sensitive the coordination number, confirms the formation of the 5¢-NO.

A peak at 401 nm in the case of L16F and 403 nm in the case of L16Y have been
observed in the 5c-His ferric forms of these two mutants as shown in Table 4.1. Thus it
is inferred that the NO complexes of L16F and L16Y form 5¢-NO adducts. The five
coordinate nature of the iron in these mutants has been further confirmed by the
determination of their crystal structures which are presented in this thesis (see chapter
6).

Replacing L by F (Figure 5.21) and Y (Figure 5.22) has changed the reactivity towards
NO. On the timescales that these spectroscopic experiments have been conducted it has
not been possible to observe a 6¢-NO-His intermediate. This may be interpreted either as
a much faster inter-conversion of the 6¢-NO-His to the 5¢-NO or the formation of the

final 5¢-NO adducts is proceeded via a 6¢-NO-His intermediate.

According to the crystal structure of L16Y, solved in this work at 0.98 A resolution (see
chapter 6), the phenol ring of the tyrosine is stacked parallel to the haem plane and in
van der Waals contact. It appears that NO, CO or other ligands binding to the sixth haem
iron ligand site must perturb the tyrosine side chain. On the other hand, tyrosine 16 is
tightly constrained by neighbouring residues, hence there must be other changes to

accommodate this movement. No crystal structure is available for L16F, but the double
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mutant crystal structure of L16F/W56G resolved to 0.96 A resolution in this work (see
chapter 6) showed the same observations as for L16Y regarding the position and
orientation of phenylalanine side chain in L16F. Ren et a/ ~ have predicted that
cytochromes ¢’ having an aromatic residue at this position will dissociate into monomers
upon binding haem ligands. Accordingly, L16Y and L16F monomer may dissociate

while binding to NO.
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Figure 5.21: Electronic spectra of titration of mutants 17 pM L16F with NO at pH 6. The calculated

extinetion coefficient is 57.7 mM " .em™.
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Figure 5.22: Electronic spectra of titration of mutants 8.1 pM L16Ywith NO at pH 6. The calculated

extinction coefficient is 63.8 mM'.em™,

Very interestingly, substitution of leucine by glycine (Figure 5.23) resulted in the
formation of a stable 6¢-NO-His adduct. This is in contrast to the recombinant and other
mutant proteins reported so far where they form a 5¢-NO species. The crystal structure
of this mutant in its native state showed that it is 6-coordinate with a water molecule
bound to the iron’s sixth coordinate (6¢-H>O-His) (see chapter 6). For NO titration
purposes, any bound molecule to the haem sixth coordinate of L16G has to be removed
to make the distal side available for NO binding. This was achieved by the oxidation of
the L16G mutant protein using an oxidising agent; sodium ferricyanide (see section
3.7.1). The excess oxidising agent was removed on a desalting column. Oxidised 5¢
mutant protein then reduced prior to the NO titration. Addition of a saturated solution of
NO resulted in the formation of an intense and sharp peak at 416 nm confirming the 6¢-

NO-His formation. Peaks at 538 and 571 nm which had already been seen in the ferrous
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form did not change, while the peak at 631 nm has been shifted to 629 nm. L16G is the
only mutant reported so far to form a stable 6¢-NO-His. This clearly shows the
importance of the residues present in the distal pocket in driving the 5¢-NO-His
formation. Substituting leucine for the much smaller glycine in the distal pocket made
this side less crowded and hence more exposed to the exogenous molecules. This
interesting finding confirms the vital role of leucine in the ligand binding and

discrimination.
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Figure 5.23: Electronic spectra of titration of 6.5 pM L16G against NO at pH 6. The calculated

extinction coefficient is 51.5 mM™.em™.

5.3.3 NO titrations with W56G, W56Y and the double mutant
LI16F/W56G:

Addition of aliquots of 1.94 mM NO to the 13.5 uM W56G solution decreased the
intensity of the 423 nm band accompanied by disappearance of the shoulder at 369 nm
(Figure 5.24). These two bands have vanished upon the addition of further NO solution

until any further spectra changes were observed at a concentration of 64 uM NO. At the
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end of the titration, a band at 397 nm specific for the 5¢ has appeared, alongside with
broad bands at 487 and 636 nm.
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Figure 5.24: Electronic spectra of mutants 13.5 pM W56G titrated with NO at pH 6. The calculated

extinction coefficient is 70.8 mM™.cm™.

W356Y exhibited faster reactivity compared to native during titration with NO (Figure
5.25). The first 1 pL aliquot of 1.94 mM NO solution caused a significant decrease in
the absorption intensity at 426 nm with appearance of a band at 402 nm. Addition of a
further aliquot of 1.94 mM NO caused the appearance of a band at 395 nm and a broad
band at 482 and 541 nm. In contrast to the recombinant and all other mutants no band at

630 nm region was observed.

Comparing the spectra of these two mutants, W56Y required 25 uM NO solution to
reach the saturation while W56G required 64 uM NO solution.

Similarly to L16F, L16G and L16Y, the electronic spectra of W56G and W56Y showed
no peak at 416 nm suggesting that no 6¢-NO-His has been formed. This may be due to
the fast inter-conversion of 6¢-NO-His to 5¢-NO adduct.
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Figure 5.25: Electronic spectra of mutants 9.0 pM W56Y titrated with NO at pH 6. The calculated

extinetion coefficient is 62.8 mM™.cm™.

The above observations showed the effect of mutations of W56 on ligand binding and
affinity. Replacing W56 by glycine which hypothesised to provide an extra solvent
channel and hence increase its reactivity towards the NO, did not make a significant
change in the reactivity. There also were not any indication that that a 6¢-NO-His
intermediate was formed. Therefore, the mutation W56G has perturbed the solvent

channel in a manner which is yet to be fully understood.

Surprisingly, W56Y exhibited a significantly increased reactivity to NO binding
compared to recombinant and all other mutants. The inference is that the factors
controlling NO binding in the distal pocket are more complex than purely steric effects
and that Leul6 has a more important role to play in controlling NO binding to distal

side.
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The 6¢-NO-His formation was not detectable during the NO titration of the double
mutant L16F/W56G (Figure 5.26), indicating a fast inter-conversion from 6¢-NO-His to
5¢-NO or it is not formed at all. Addition of aliquots of 1.94 mM NO solution to the
protein solution caused a significant decrease in the Soret maxima 426 nm intensity, and
shoulder at a shorter wavelength at 406 nm has appeared. Further additions made the
Soret band disappear, and the shoulder to shift to 400 nm upon the saturation which is
characteristic for 5-coordibate L16F/W56G (see table 5.1). At the same time a band at

486 nm and another at 634 nm has appeared.

For both LI6F/W56G and LI16F, the 6¢ intermediate was undetectable. However the
double mutant seems to have more reactivity towards NO. This higher reactivity may be
due to that: the mutation of W56 to glycine has exposed the distal pocket of the haem to
the exogenous ligands probably by providing the proposed extra solvent channel.
Moreover, replacing L16 by phenylalanine played a positive role in ligand binding

maciivity.

426

250 300 350 400 450 500 550 600 550 700
Wave length (nm)

Figure 5.26: Electronic spectra of titration of 13.5 pM double mutant L16F/W56G with NO. The

calculated extinction coefficient is 77.3 mM".cm™.
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5.4 Carbon monoxide titrations:

To probe the effect of distal pocket residues on CO binding and discrimination, the
reduced forms of AXCP was titrated against the saturated solution of CO at pH 6. The
additions were performed gradually to monitor the kinetics of CO binding. Carbon
monoxide saturated solution was prepared as described in (section 3.7.4), and reduced
forms were prepared as in section 3.7.1. The titration process has been illustrated in

section 3.7.3.

5.4.1 CO titration with recombinant AXCP:

Addition of CO to ferrous AXCP generated the electronic absorption bands at 418, 535,
and 565 nm (Figure 5.27) characteristic of a 6¢-CO-His complex '"** and another band
at 636 nm. The spectrum shows that the binding affinity of CO to the haem iron is much
lower in comparison to the binding affinity of NO. The magnetic circular dichroism
(MCD) study of the CO-binding™ has confirmed the relatively low CO-affinity for
AXCP since unreacted ferrous form was still observed in the reaction mixture. Overall,
the low CO-affinity observed herein and in the literature is explained by steric hindrance
of the distal pocket. Since CO yields a 6¢-CO-His complex in which CO is bound to the
sixth, and his 120 to the fifth coordination site. CO has to accommodate itself into the

crowded side. This accommodation requires rearrangements of distal pocket residues.”
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Figure 5.27: Electronic spectra of titration of 10.5 pM ferrous recombinant native AXCP with CO at

pH

6.

The presence of the 418 nm peak (Figure 5.27) indicates the formation of 6¢-CO-His

adduct, however its relative intensity is much lower than that published for the 6¢-CO-

His adduct,'" which should be some threefold more intense than the ferrous/ferric Soret

peak. This is likely to be because CO decreases the oxidation potential of haem iron,

therefore the haem iron undergoes oxidation upon the addition of further CO solution

(personal communication with Professor Robert Eady). To confirm the idea of the

decreased oxidation potential, the same experiment was repeated with excess reductant

in the reaction mixture to keep the protein’s oxidation potential high enough to stay

reduced during the course of CO titration. For this purpose aliquots of 25 mM of

ascorbate were added until the protein was fully reduced. Then aliquots of 1 mM CO

were added to the reaction mixture and the spectra were recorded (Figure 5.28).
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Figure 5.28: Electronic spectra of titration of 11.0 pM recombinant native AXCP with CO in the

presence of excess reductant at pH 6. The calculated extinetion coefficient is 97.8 mM™.cm™.

Indeed, a sharp and intense peak was observed. However, this experiment showed that

CO has decreased the oxidation potential of the protein.

The erystal structure of the CO bound form of AXCP at 1.35 A resolution % shows that
CO binds to the distal pocket in a slightly bent form (Fe-C-O angle of 167°), with
histidine bound to the proximal side of the haem iron producing a 6¢-CO-His haem.
When CO binds to the haem iron, the distal pocket undergoes a significant
rearrangement. Leucine 16 residue which is located under the iron atom displaces to one
side by 134° rotation around the Co—Cp and induces the flattering of the porphyrin ring

by pushing the pyrrole ring upward into the proximal pocket.
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5.4.2 CO ftitration with L16F:

Addition of 1puL of 1 mM CO solution decreased the Soret band and the a/p region band
intensity. Small additions caused relatively big changes in the band intensity, so it was
necessary to add CO in very small aliquots to track the formation of possible 6¢ or 5c¢
adducts. In contrast to the recombinant AXCP, addition of only 21 uM CO saturated the
ferrous solution of L16F, implying a higher affinity to CO relative to the recombinant
native AXCP. Bands at 402, 499 and 635 nm (Figure 5.29) have already been observed
in the ferric 5c-His L16F except the shoulder of the Soret band at 380 nm and o band at
535 nm has vanished (Table 5.1). No band at 418 nm characteristic for 6¢-CO-His
complex was observed. This may be due to the formation of 5¢-CO adduct instead of the
expected 6¢-CO-His adduct. Since the addition of CO may decrease the oxidation
potential of cytochrome ¢’ (personal communication with Professor Robert Eady),
addition of CO may have oxidised the protein therefore the spectrum associated with

oxidised 5c-Fe was observed.
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Figure 5.29: Electronic spectra of titration of 20.3 pM L16F with CO at pH 6.
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To keep the oxidation potential high, excess ascorbate was added to the reaction
mixture. Aliquots of 1 mM CO were added and the spectra were recorded (Figure 5.30).
However, the spectra have exhibited very different features from Figure 5.29, but no
band at 418 nm characteristic of the 6¢-CO adduct was observed. There are some
changes in the spectra; first, the change in the Soret peak position from 428 to 421 nm;

and second, the loss in the intensity of the absorbance by about 50%.
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Figure 5.30: Electronic spectra of titration of 6.5 pM L16F with CO in the presence of excess

reductant at pH 6. The calculated extinction coefficient is 21.1 mM™.em™.

Although no crystal structure of L16F has been solved so far, the crystal structure of the
double mutant L16F/W56G showed that the aromatic ring of the phenylalanine sits
parallel to the haem plane in van der Waals contact. Apparently, this large, occluding
hydrophobic moiety blocks the easy access to the distal pocket. Thus, binding of CO to
the sixth coordinate is less favourable because of two reasons. First, because of the steric
hindrance of the large and hydrophobic pocket; second, even if it does bind to the iron’s
sixth coordinate, it will be in a transient state and undetectable. Formation of the 6¢-CO

adduct should rotate the phenylalanine’s side chain just like leucine 16 in the case of
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native recombinant AXCP® which is unlikely to happen in the case of phenylalanine
because of its size and hydrophobicity. Therefore a 5¢c-CO adduct may have formed

instead of 6¢-CO adduct which indeed requires further investigations to confirm that.

5.4.3 CO titration with L16Y:

In contrast to L16F, CO binding to the haem iron of L16Y has showed a band at 418 nm
which is characteristic to the 6¢-CO-His adduct and the CO-affinity has decreased
dramatically (Figure 5.31). The intensity of the band at 418 nm is much lower than that
already been observed for the recombinant native (Figure 5.28) and from the previously

reported spectra” owing to the decrease in the oxidation potential upon CO binding.
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Figure 5.31: Electronic spectra of titration of 12.5 mM L16Y with CO at pH 6.
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Apart from the decrease in the band intensity, addition of the first 24 pL of 1 mM CO
did not affect the Soret and o/p band positions (Figure 5.31). After 10 minutes from the
addition of 24 pM CO, a band at 418 nm has emerged with 428 nm band. The spectrum
was measured after 15 and 20 minutes as well (data not shown) but no change was
observed due to the equilibrium state. Addition of 88 pM CO made the Soret band at
428 nm to shift while a shoulder at 408 nm has appeared. At the end of the titration (with
waiting for time intervals indicated on Figure 5.31) the band at 418 nm became more
predominant and shoulders at 408 and 373 has emerged together with the appearance of

bands at 511, 535, 570 nm at o/p region and the CT band at 640 nm.

Again to stabilise the ferrous form of this mutant, excess ascorbate as a reductant was
added to the reaction mixture followed by addition of aliquots of 1 mM CO solution.

The spectra (Figure 5.32) exhibited a sharp and intense band at 418 nm corresponding to

6¢-CO adduct.
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Figure 5.32: Electronic spectra of titration of 12.5 pM L16Y with CO in the presence of excess

reductant at pH 6. The calculated extinction coefficient is 118.3 mM™.em™.
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The crystal structure of L16Y which has been resolved to (0.98 A) resolution in this
work has revealed that the phenol ring of tyrosine sits parallel to the porphyrin ring
plane in van der Waals contact, and blocks the direct access to the sixth coordinate of
iron, hence the binding of small molecules to the distal side of the iron must lead to the
movement of the phenol ring of the tyrosine. In contrast to L16F, the phenol group of
tyrosine could accommodate itself within the distal pocket and stabilise in its new
position probably by the formation of hydrogen bond between the hydroxyl group of the

side chain and a water molecule or surrounding residues.

5.4.4 CO titration with L16G:

Addition of CO to the ferrous form of L16G generated electronic absorption bands at
418, 536 and 564 nm (Figure 5.33), which has the same spectral pattern as the mutant
after isolation and purification (Figure 5.5). This confirms that L16G was already 6¢
when isolated, and has been confirmed by its crystal structure at 1.18 A resolution. As
has been explained earlier in sections 4.1.2 and 4.2, for the titration purposes, any ligated
ligand in its sixth coordination has been removed (see section 3.7.1) and the titrated
against the CO. L16G showed a high CO-affinity, and readily bound to any available
amounts of CO, so there was no need to wait for the reaction to be completed. This is
due to the less crowded distal pocket and hence the sixth coordination of the iron haem

is more exposed to the exogenous ligands.
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Figure 5.33: Electronic spectra of titration of 6.5 pM L16G with CO at pH 6. The calculated

extinction coefficient is 121.5 mM™".em™.

5.4.5 CO titration with W56G:

Addition of CO at very low concentrations changed the electronic spectra significantly
(Figure 5.34) indicating high CO-affinity. Adding aliquots of 1 mM CO to the ferrous
form of W56G made the Soret band at 423 nm to shift to 418 nm, while shoulders at
both sides 369 and 432 nm remained constant with a big decrease in the band intensity.
This confirmed the formation of the 6¢-CO-His complex. Addition of another 1 uM
resulted in a slight shift of the band to 417 nm with an increase in the band intensity.
Upon further addition the band at 417 nm remained constant in intensity and the
shoulders at 369 and 432 became less predominant. Bands at a/p} region have shifted to
535 and 565 nm.
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Figure 5.34: Electronic spectra of titration of 8.5 pM W56G with CO at pH 6. The calculated

extinction coefficient is 98.7 mM ™ .em™.

As was proposed, replacing W56 by G has increased the protein affinity and reactivity to
CO. This high reactivity may be due to the direct exposure of distal site of the haem iron
to the solvent when W56 was replaced by glycine. Another reason could be the change

in the hydrophobicity and the steric hindrance of distal site of the haem.

5.4.6 CO titration with W56Y:

Addition of CO to ferrous W56Y produced the electronic absorption bands at 418, 535,
and 565 nm characteristic of a 6¢-CO-His complex and two shoulders at 379 and 399 nm
(Figure 5.35). Addition of 1 pL of ImM CO caused a significant decrease of the Soret
band intensity at 425 nm. Adding 3 uL CO shifted the Soret band to 420 nm with a small
decrease in the band intensity, while adding 7 pM CO produced a band at 418 nm
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characteristic to 6¢-CO-His complex and the shoulder at 434 nm became less
predominant. Further additions produced a sharp and intense band at 418 nm
accompanied by the formation of another two shoulders at a lower wavelength 379 and
399 nm. Bands in the o/ region are the same as for W56G at 535 and 565 nm. An extra
band at 640 nm seen in the spectra was not observed in W56G. These observations
demonstrated a relatively high affinity of CO for W56Y compared to the recombinant
AXCP but lower than W56G. This may be due to the possible hydrogen bonding
between carbonyl oxygen of the CO and the hydroxyl group of tyrosine.
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Figure 5.35: Electronic spectra of titration of 9.0 pM W56Y with CO at pH 6. The calculated

extinction coefficient is 94.4 mM'.em™.
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5.4.7 CO titration with the double mutant LI16F/W56G:

The CO-reactivity is low in the case of the double mutant L16F/WS6G relative to L16F
and recombinant AXCP. Except in terms of the band intensity, addition of 8 pM CO did
not shift the Soret band (426 nm). Addition of 10 pL of 1mM CO caused a blue shift of
the Soret band to 420 nm. The shoulder at 435 became less predominant. The band
characteristic of the 6¢-CO-His at 418 nm was detected at 15 pM CO together with a
shoulder at 412 nm. Further additions caused the band at 418 nm to become less
predominant. There was a shift of the 412 nm band by 1 nm upon addition of an extra |
uM CO (Figure 5.36) until the band has centred at 401 nm. No further changes were
detected upon addition of more than 39 pM CO (data not shown) and hence the titration
was stopped and spectra produced were deleted for the clarity. At the level of 39 pM
CO, bands at 401, 396, 565 and 633 nm were produced. These observations showed that
the haem iron was undergoing the oxidation rather than the CO binding due to decrease
in the oxidation potential upon CO addition (Personal communication with Professor

Robert Eady).
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Figure 5.36: Electronic spectra of titration of 15.0 pM L16F/W36G with CO at pH 6.
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In order to stabilise the ferrous form during the CO titration, excess ascorbate was added
to the reaction mixture. Aligouts of 1 mM CO solution were added and the spectrum was
recorded after each addition (Figure 5.37). The band at 418 nm confirms the formation
of the 6¢-CO adduct. In contrast to the single mutant L16F, which does not bind CO, the
double mutant L16F/W56G does bind the CO and formed a 6¢-CO adduct.

Absorbance

300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 5.37: Electronic spectra of titration of 15.0 pM of L16F/W56G mutant with CO in the

presence of excess reductant at pH 6. The caleulated extinction coefficient is 62.77 mM " .em™,

The crystal structure of this mutant (see chapter 6) solved at 0.96 A explains why the
double mutant does bind CO while the single mutant does not. Mutation of tryptophan
56 to a small residue glycine may have affected the formation of the 6¢-CO adduct in
two ways, first, by making more space for F16 to rotate upon the CO binding, second,

by opening the proposed solvent channel (Figure 5.3).
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5.5 Conclusions:

5.5.1 Reduction process:

A new method for the anaerobic reduction of cytochrome ¢’ inside a cuvette has been
described. The method was applied in experiments described in this thesis to reduce the
native recombinant and its mutant proteins. It was very straightforward and showed its
efficiency and reliability in the reduction process. This method can be adapted to reduce

other metalloproteins without the need of the anaerobic chamber such as the glove-box.

5.5.2 Ferric and ferrous forms of recombinant and mutants:

At pH 6, ferric forms of the recombinant and mutants show a Soret band with Ay, range
of 394 to 404 nm and a shoulder at lower wavelength ranged from 364 to 380 nm. The
o/p band ranged from 494 to 500 nm and a shoulder from 535 to 548 nm. While the
charge transfer band was at 640 nm for recombinant and all mutant proteins except for

L16G which was at 631 nm indicating the presence of HS species.

Ferrous forms at the same pH revealed a distinctive electronic spectrum. Except the
L16G mutant, the recombinant and other mutant proteins exhibited a split Soret band
ranged from 423 to 426 nm. A shoulder was observed in the range from 432 to 437 nm,
and the shoulder at lower wavelength became more pronounced and ranged from 369 to
375 nm. Both o and [ bands exhibited a red shift with an increase in their intensities.
The CT band has vanished in the ferrous forms suggesting the change in the spin state

from high to low spin state.

Replacing leucine 16 by phenylalanine (L16F) and by tyrosine (L16Y) induced a red
shift on the Soret band, while the a/p band remained unchanged, with a blue shift of the

CT band in the case of L16F.

Replacing tryptophan 56 by glycine (W56G) and tyrosine (W36Y) revealed the same
effect as for L16F and L16Y on the Soret maxima. W56G shifted the CT band to a lower
wavelength while the shift was trivial in W56Y mutant. The B band shifted to a lower
wavelength in W56G and to higher in W56Y mutant. The o band was shifted to a higher

wavelength in W56Y mutant.
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The electronic spectra of L16F/W56G mutant combined the effect of L16F and W56G

on the same spectra. It has affected both the Soret maximum and the o/f band.

A very different electronic spectrum was observed when leucine 16 replaced by glycine
(L16G). The spectrum showed a sharp and an intense band at 418 nm characteristic for
6¢ adducts. The o/ region showed the same features as for its ferrous form, while no CT
band was observed. The coordination number and the spin state were confirmed by the
crystal structure of L16G in its relaxing state resolved at 1.18 A resolution. The structure
showed that a water molecule was in the sixth coordination site of the haem, and the

guanidinium group or Argl24 was perpendicular to the haem plane.

5.5.3 Ligand binding:

Even though, the behaviour of the recombinant and all mutants upon the NO and CO
binding has been discussed under each relevant figure, a comparison between NO and

CO binding to the haem iron and overall conclusion is summarised here:

Addition of CO to the recombinant, L16F, L16Y and the double mutant L16F/W56G
proteins decreased the oxidation potential of the haem iron. consequently, instead of the
CO complex formation, proteins were oxidised. Except for L.16F, Stabilisation of ferrous
forms has lead to the formation of 6¢-CO adducts.. This stabilisation was achieved by
preventing the decrease in the oxidation potential of proteins by keeping excess amount

of the reductant during the CO titrations.

In contrast to the recombinant and all other mutants, L16F does not show any evidence
for the 6¢ -CO adduct formation. Instead, the formation of 5¢-CO has been proposed.
Further investigations required to confirm this proposal. Relative to recombinant AXCP,

the affinity of L16F towards NO remained the same and a 5¢-NO has been produced.

Surprisingly, and in contrast to L16F, L16Y does bind CO and formed a 6¢- CO adduct.

The affinity to NO was also very low and led to the formation of 5¢-NO adduct.
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The W56G mutation may have provided a solvent channel and may also has made the
distal face less crowded. The ferrous form was stable upon the CO addition, and a 6¢-
CO adduct was formed. The increase in the NO and CO affinity of the protein was

observed. However, the affinity towards CO was more significant than to NO.

Relative to the recombinant AXCP protein, W56Y formed 5¢-NO and 6¢-CO adduct
more rapidly. Similar to W56G, the oxidation potential does not decreased upon the CO
addition, therefore ferrous forms were stable during the titration process. This may be
due to the decrease in the distal pocket’s hydrophobicity which may retain the solvent

and hence diatomic molecules close to the distal face.

Providing an extra solvent channel by mutating W56 to G and replacing Leu 16 by a
bulky and a hydrophobic amino acid F at the same time; L16F/W56G has changed the
L16F behaviour to bind CO. This mutant has formed a stable 6¢-CO adduct. This was
attributed to the flexibility of F16 movements upon the CO binding to the distal site of
the haem. the probably of providing an extra solvent channel to the distal haem site was
another reason for the reactivity of this mutant. The electronic spectra showed the

formation of 5¢-NO adduct.

Very interestingly, L16G was isolated as a reduced protein. The crystal structure solved
at 1.18 A showed a water molecule is bound to its sixth coordination site. A powerful
oxidising agent was used to oxidise and remove the bound water from the iron’s sixth
coordinate. More interestingly and in contrast to the recombinant and all other mutants,
evidences of the 6¢-Fe-NO adduct formation were observed. The change in the distal
pocket environment has led to the formation of 6¢-NO-Fe adduct. This confirms the idea
that L16 enforces the breakage of Fe-His bond which in turn results in the formation of

5¢-NO-Fe adduct not the 6¢-NO-Fe adduct.

In general, these observations show the importance of L16 modulating ligand binding
and discrimination of cytochrome ¢’. W56 mutations confirmed the critical role of this

residue in the ligand binding and discrimination cytochrome ¢’.
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Chapter 6: The crystal structures

6.1 Introduction:

In order to understand how proteins function at the atomic level, we need to know
their structures. The use of x-ray crystallography to find out their structures has been
the most effective technique.’ The first step in the determination of protein structure
via x-ray crystallography is growing high quality crystals which can diffract x-rays to
high-enough resolution to see the detailed atomic structure. Growing such crystals
has always been a challenge and the bottleneck to structure determination.” The
major problem of crystallisation is either the failure to grow crystals at all or, getting
crystals that are not of high enough quality to enable structure determination (Table
2.1). Proteins usually can be made to form crystals when exposed to appropriate
conditions, however, the optimisation of these conditions still remains the

challenging step in getting single diffracting crystals.’

In this work, the x-ray quality crystals have been grown and data were collected at
atomic resolution. The crystal structure of recombinant native cytochrome ¢’ is
solved at resting state (oxidised) at 1.15 A resolution. The crystal structure of three
mutants are presented here as well; L16G at 1.18 A, L16Y at 0.98 A, and the double
mutant L16F/W56G at 0.96 A resolution.

The diffraction data are regarded as atomic if the resolution is at 1.2 A or lower, and
at this limit a majority of intensities are above the 2¢ level.* The 1.2A limit is shorter
than the average bond length within the crystallised molecule, so peaks in the Fourier

synthesis corresponding to individual atoms do not overlap.

At atomic resolution it is possible to determine structures with the highest accuracy,
which enables very precise modelling. At that resolution, various subtle features
become apparent and, although these may have been visible even at lower resolution,
they can be modelled with higher confidence at atomic resolution. For example
alternative conformations can be modelled at even lower resolution than 2 A, but
they become more clearly distinguishable at atomic resolution. In some cases many
internal hydrogen atoms can be located which is vital in order to better understand

enzymatic mechanisms. However, hydrogens cannot be refined as independent
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atoms; they usually are refined as ‘riding” on their parent atoms. These features
enable probing the chemistry of the active site of enzymes, metal prosthetic groups,
and ligand binding via hydrogen bonds.” Although in recent years the number of x-
ray crystal structures of proteins refined at atomic resolution has increased, the
number of metalloproteins refined at that resolution is still small, owing to the

variety of factors including the diffraction limit because of the crystalline disorder”.

6.2 Crystallisation:

Proteins of recombinant AXCP, L16F, L16G, L16Y, W56G, W56Y, and the double
mutant L16F/W56G were purified as described in section 3.5.4, and concentrated to
ca 40 mg/mL as described in section 3.5.5. Protein concentrations were determined
using UV absorption measurements at the Soret band of recombinant native protein
using molar extinction coefficient at the Soret band of 80 mM™.cm™, ” and mutant

concentrations were calculated relative to the recombinant native peak at 280 nm.

Crystals were obtained by the hanging drop vapour diffusion technique (section
2.3.2.2) against a reservoir containing ammonium sulphate buffered with 100 mM
HEPES at pH 7.5. Protein and ammonium sulphate concentrations were screened for
optimisation. Protein concentrations screened ranged from 10 - 30 mg/mL, and the
reservoir concentration ranged from 1.4 —2.6 M at 21 °C. However, crystals grew at
protein concentrations higher than 16 mg/mL in ammonium sulphate concentrations
greater than 1.8 M at 21 °C after 48 hours; the optimum condition for getting single,
large, and less fragile crystals was 26 mg/mL of protein, 2.2 M ammonium sulphate
at 21 °C in 100 mM HEPES buffer pH 7.5. Figure 6.1 shows crystals of recombinant
and L16Y, L16G and L16F/W56G. All proteins crystallised in space group P6s22,
with approximate cell parameters a=b =53 A, ¢ =182 A and a = = 90°, y = 120°

when measured at 100 K.
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Figure 6.1: Crystals of recombinant (A), L16G (B), L16Y (C), and L16F/W56G (D) grown at 26
mg/mL of proteins and 2.2 M ammonium sulphate in 100 mM HEPES buffer pH 7.5 at 21 °C

6.3 Crystallographic Data Collection:

For each protein (native or mutant) a single crystal was fished from the drop using a
suitable size fiber cryo-loop, and soaked for about 1 minute into the cryoprotectant
solution which was made from the mother liquor with 40 % sucrose, and
immediately mounted onto the goniometer where it was flash cooled to 100 K under

the nitrogen stream.

Data from crystals of oxidised recombinant AXCP were collected on beamline 10.1
at a wavelength of 0.98 A at Synchrotron Radiation Source (SRS) at Daresbury —
Cheshire in the UK using the Mar225 CCD detector. Data from crystals of the
mutants L16G and L16Y were collected on beamline 08ID-1 at Canadian Light
Source (CLS) at a wavelength of 0.953 A using the same detector type as in SRS.
The crystallographic data from the double mutant L16F/W56G were collected at
0.725 A on beamline XO6SA at Swiss Light Source (SLS) using Pilatus-6M
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detector. Details of data collection strategies and parameters are summarised in

(Table 6.1).

In order to collect data at atomic resolution, it is crucial to collect a complete dataset
at both high and low resolution limits. Data at SRS and CLS were collected in three
different passes; high, medium and low resolution limits to accurately estimate the
strongest intensities at atomic resolution. The strong, low resolution reflections are
necessary for the electron density map interpretation and to modulate the Fourier
maps more significantly. The weak, highest resolution reflections contain
information about the finest details of the structure.® Since the reflection intensities
of the high resolution limit were very weak in the case of recombinant native AXCP,
the exposure time was increased with no attenuation in the beam intensity (Table
6.1), while low resolution data were collected with the beam attenuation of 80% by
slitting down. The crystal to detector distance was changed from 250 and 135 mm at
low and intermediate resolution respectively to 65 mm at high resolution limit with a
lower oscillation range. For L16G and L16Y, the exposure time remained the same
but with beam attenuation (using aluminium foil) of 75 and 45% in low and medium
resolution passes respectively. The crystal to detector distance was changed from 300
mm to 200 mm and then to 100 mm when the data were collected at low, medium
and high passes respectively. Data collection parameters and strategies were
summarised in (Figure 6.1). Finally for the double mutant L16F/W56G the data were
collected at atomic resolution at the SLS. The data collection process at atomic
resolution was achieved in only one pass due to the use of Pilatus-6M detector in the

beamline XO6SA which has a larger dynamic range compared to the CCD detectors.
9
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Paaees )

Crystal-detector’s distance (mm) 65 135 250 | 100 100 200 300 | 100 100 200 300
Oscillation range ( °) 0-60  0-60 0-60 '

0-60

0-60 060  0-60

0-60 060  0-60 0-60

450 300 120 60

120

Number of images

| 300 300 120 60
0 0 80 0 0 45 75 0 0 45 = | "

60

Beam attenuation %

X-ray wavelength (A) 0.725
n ’ | Ma D Mar CCD Pilatus 6M
10.1 Synchrotron 08ID-1 Canadian Light Source 08ID-1 Canadian Light Source XO06SA at
Radiation Source (SRS) — (CLS) - Canada (CLS) - Canada Swiss Light
UK Source (SLS) -
Switzerland

Table 6.1: Summary of data collection strategy and parameters. In order to collect a complete dataset at highest possible resolution, data collected at CLS &SRS
were collected at three different passes; high, medium and low resolution. To get even higher resolution, the detector was tilted at 20° in the case of L16G and L16Y

mutants. Data collected at SLS using Pilatus detector did not necessitate collection at different passes.
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A sample of AXCP diffraction pattern is shown in (Figure 6.2).

Figure 6.2: X-ray diffraction pattern of recombinant cytochrome ¢ from Alecaligenes
xylosoxidans, which has crystallised in space group P6522. Mutants L16G, L16Y and the double

mutant L16F/W56G showed similar quality diffraction patterns and crystallised in the same

space group.

6.4 Data processing:

The x-ray diffraction intensities of recombinant and all other mutants were indexed,
refined and integrated with MOSFLM software. ' Detailed data processing with
MOSFLM has been discussed in section 2.5.

The integrated data in the MOSFLM MTZ file was merged and scaled with the
SCALA program,'" part of the CCP4 program suite.'” The temperature factor (B-
factor) was estimated using the TRUNCATE program'® via the Wilson plot'* part of
the CCP4 program suite. The number of molecules in the asymmetric unit and its
solvent content were estimated by calculating the Matthews coefficient using the
CCP4 program suite. In all datasets, the outer resolution limits were based on the

data completeness and the mean //o(I) ratio.
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6.4.1 Data processing results:

6.4.1.1 Oxidised recombinant AXCP:

The resulting dataset of oxidised recombinant AXCP contained a total of 692928
reflections of which 53237 were unique. The overall completeness of the data set in
the range of 41.16 — 1.15 A was 97.0% with a completeness of 94.4% in the outer
resolution shell (1.18 — 1.15 A) (from this point numbers in parenthesises represent
the outer shell). The multiplicity was 13.0 (7.3) and the Ryepe was 11.8 (57.0) %. The
B-factor calculated from Wilson plot using TRUNCATE program was 6.4. The
crystal contains one molecule in the asymmetric unit (that is half of the dimer), with
a solvent content of 53.8 % (v/v). Data collection and processing details are

summarised in Table 6.2.

Data collection Oxidised

53.4,53.4,180.91

53237 (3761)

11.8 (57.0)

Mean l/a(l) 16.7 (3.10)

Wilson B-factor (A%) 6.4

Table 6.2: Data collection and processing statistics of the recombinant AXCP in oxidised states.

Numbers in parenthesises represent statistics of the outer resolution shell.
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6.4.1.2 L16G and L1Y and the double mutant LI6/W56G

For the L16G mutant, a total number of 266651 (27328) reflections were collected,
of which 46403 (6573) were unique in the resolution range of 45.64 — 1.18 A (1.24 —
1.18 A) from a total of 930 images (Figure 6.1). The data completeness was 89.3 %
(88.5 %) with the mean I/a(I) of 13.9 (2.7) with multiplicity of 5.7 (4.2). The overall
Rierge value was 6.6% and 40.1% in the outer shell. The temperature factor estimated

via the Wilson plot was 9.4 A%,

In the case of the L16Y mutant, 790 images were recorded in three different passes.
In the resolution range of 41.34 — 1.08 (1.04 — 0.98), 462227 (30980) reflections
were recorded, 60511 (5853) of them were unique. The completeness was 90.4
(61.4) % with the mean //o(l) of 21.6 (5.9) and the multiplicity was 7.6 (5.3). The
data showed Rperge value of 5.8% (22.4%). The B-factor was 8.05 A? calculated as

mentioned above.

The x-ray data of the double mutant LI6F/W56G were collected at the SLS using a
Pilatus detector which does not necessitate data collection in different passes. Only
120 images were collected in the resolution range of 32.29 — 0.96 A (1.01 —0.96 A).
A total number of 451712 (37094) reflections were collected of which 90854
(11479) were unique. The data were 97.5 % (86.6 %) complete. The mean //o(l) was
23.6 (2.7) with multiplicity of 5.0 (3.2). The Wilson B-value was 5.5 A*,

Crystals of all mutants contain one molecule in the asymmetric unit. They had a
solvent content of 54.2 and 54.3, and 53.4 % (v/v) in the case of L16G, L16Y, and
the double mutant L16F/W56G respectively.

Data are summarised in (Table 6.3).
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Data collection L16Y L16F/W56G

53.4,53.4, 182.39

46403 (6573)

6.6 (40.09)

Mean I/ol 13.9(2.7) 21.6 (5.9)

18

Wilson B-factor A 9.4 8.05 ' 55

Table 6.3: Data collection and processing statistics of L16G and L16Y and L16F/W56G

mutants. Numbers in parentheses represent statistics of the outer shell.

6.5 Structure solution and refinements:

6.5.1 Recombinant native AXCP:

In order to obtain the initial phases for the diffraction data of oxidised recombinant
AXCP, molecular replacement was used (see section 2.8.1). The MolRep progratm]5
as part of the CCP4 program suite was employed for that purpose. The crystal
structure of cytochrome ¢’ at resolution of 2.05 A (PDB code 1E83)'® was used as
the search model. Data between the resolution range of 41.16 to 3.0 A were used.
Since the asymmetric unit contains one molecule, only one monomer was searched
for. This gave a solution with an Ry Of 42.7% and a correlation coefficient of

56.6%. The structure then refined using Refnac5 program17 (see section 2.8.2).

To refine the structure, ten cycles of maximum likelihood rigid body refinement by
Refinac5 were performed and resulted in an Rpeior and Ryee 0f 38.7%. At this stage
5% of reflections were omitted from the refinement to calculate the Ry to monitor
the progress of refinement and to check that the model is not over-fitted. Ten cycles
of restrained refinement (positional and individual isotropic temperature factors) in
the resolution range of 41.16 to 3 A with the restraints weighting factor of 0.03,
yielded an Ryor Of 24.5% and Rgee of 29.8%. At this stage, and prior to further
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cycles of refinement, the model was rebuilt using the molecular graphics program
Coot."" Data up to 2 A were then added to the refinement which increased the
number of reflections used to 10386, the matrix weighting term was increased to
0.15, and Ryger and the Rgee were increased to 26.0% and 30.7% respectively.
Further restrained refinements were performed. When the solvent and all hydrogen
atoms were added, the Rpeor improved to 13.9%, the Rgee to 18.5%, and the
correlation coefficient to 95.8%, with the weighting term set at 0.2. The program
ARP/WARP," part of the CCP4 program suite, was used to identify solvent peaks
and hence addition of solvent molecules into those peaks. More data were added
gradually, refined and manually rebuilt in Coot as described before. After each data
addition, increases in the R values were observed, but they were decreased by further
refinement and increasing the matrix weighting term. Anisotropic displacement
parameters (ADPs) refinement was performed after the addition of all data up to 1.15
A. At this resolution, 50656 reflections were used. The weighting term of 4.0 was
used. Alternative conformations were modelled during building with Coor and in
some regions where residues were poorly defined in the electron density map, a

lower occupancy was given to their side chains.

At the end of refinement, 352 water molecules and one sulphate (8043') ion were
added. 38 residue side chains were modelled as double conformations. The final
Riucor Wwas 12.6% and the Ryee was 14.9%. The small difference between the Rpgior

and the Ry indicates that the model was not under determined.

6.5.2 Mutants:

To solve the crystal structure of L16G, L16Y and the double mutant, the same
processes as described above were followed. The only exception was the use of the
fully refined crystal structure of oxidised recombinant AXCP at 1.15 A as a search
model in the case of all mutants. In all cases, 5% of the used reflections were set
aside to calculate the Ry as a parameter to monitor the refinement process in order

not to over-fit the model.

MolRep'® was employed to find the out the initial phases using the fully refined

oxidised recombinant AXCP. Again only one monomer was searched for in all cases.
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The weighting term was set at 0.03. The solution gave the Ryeors of 40.6, 39.3 and
42.8% for L16G, L16Y and L16F/W56G respectively and correlation coefficients of
64.7, 64.5 and 58.4%, again respectively. Subsequently 10 cycles of restrained
refinement were performed for all three datasets up to 3 A with individual isotropic
temperature factors, and the same weighting term of 0.03 resulted in decrease of the
Rpacior to 25.5, 25.8 and 26.4% with Ryee 0 29.5, 30.9, and 31.7% for L16G, L16Y
and the double mutant L16F/W56G respectively.

All side chains were adjusted to the electron density maps and the mutated residues
were changed appropriately using the graphic interface program Coot.”® In the case
of L16G, leucine was omitted and replaced by glycine in the model. In the case of
L16Y, there was a clear blob in the position number 16 indicating the mutation of
leucine to tyrosine. For the double mutant L16F/W56G there was an obvious change
in the electron density map at mutation sites, with leucine 16 replaced by

phenylalanine and tryptophan 56 replaced by glycine.

The minimum resolution limit was increased to 2 A and the matrix weighting term to
0.3 with further isotropic temperature factor refinement. Initial increases in R values
were noticed as more reflections were added. Side chains were fitted to the electron
density using the Coof program and water molecules were added using ARP/wARP,
and the models were rebuilt again. This resulted in the drop of R values. At this
reolution the Ryeiors dropped to 17.1, 18.5 and 19.2% for L16G, L16Y and the double
mutant respectively and Ry to 19.1, 21.3, and 25.6% again respectively. The Root
Mean Square Deviation for bonds (RMS bond) was 0.015 A for L16G, 0.016 A for
the double mutant and 0.01 A for L16Y. The minimum resolutions were increased
stepwise and models were refined to their final resolution. In each step R values and
RMS bonds were monitored. At a resolution of 1.5 A the structures were refined with
riding hydrogen atoms, which led to a decrease in R values. When all data were

added, structures were refined using anisotropic temperature factors.

L16G was refined to 1.18 A. At the end of refinement, the Ry was 16.6% with
Riiee 0f 19.5%, the rms-bond length was 0.020 A; 232 water molecules were added.
L16Y was refined to 0.98 A, with Ryeor and Rpee of 13.9 and 15.8 respectively and

rms-bond of 0.019 A, and 288 water molecules were added. The double mutant
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L16F/W56G, was refined to 0.96 A, with Ryeer of 13.1 and Ry of 14.4% and the

rms-bond of 0.019 A, with addition of 322 water molecules to the model.

6.6 Structure validation:

The PROCHECK program,”” a part of CCP4 program suite, and MOLEPROBITY?'
(see section 2.8.3) were used to identify regions or amino acids that may exhibit
problem geometries. Both programs provide a detailed check on the stereochemistry
of the protein structure. Rotamer outliers, main chain bond angles and lengths, and
other parameters were looked at. After fixing any observed problem, the revised
coordinate structure was saved and passed through the Refimac5 for further

refinement cycles.

The dihedral angles ¢ against y of amino acid residues were visualised by a
Ramachandran plot” which is employed in Coor. For the oxidised form of
recombinant AXCP, 99.1% of 110 non-glycine residues were located in preferred
regions, and 0.9% of them were found in allowed regions. Since leucine 16 was
mutated to glycine in the case of L16G mutant and tryptophan 56 was mutated to
glycine in the case of the double mutant L16F/W56G, 109 non-glycine residues were
found in the structure. Of these 109 non-glycine residues, 98.2% and 98.1% occupied
positions in the preferred region in the case of L16G and L16F/WS56G respectively,
with 1.8% and 1.9% in allowed regions. The Ramachandran plots for all proteins are
shown in (Figure 6.4). No outliers were detected in any structure. These values with

other quality parameters as well as the refinement R values are listed in (Table 6.3).
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(a) (b)

Figure 6.3: Ramachandran plot of oxidised forms of recombinant AXCP (a), L16G (b), L16Y (c)

and the double mutant L16F/W56G (d). Plots were produced using the graphic program Coot.
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L16F/W56G

Table 6.4: Refinement parameters of recombinant AXCP and mutants.

6.7 Recombinant AXCP crystallographic structure description at
1.15A:

Since the crystal structures of recombinant AXCP which have previously been

16,2324

reported were from different expression systems, it was considered appropriate

to determine the crystal structure in our new expression system.

The overall crystal structure of recombinant AXCP expressed in our system was
similar to that described by Dobbs e a/”’ but it will be described here again in detail

because of the greater accuracy due to the higher resolution.

The crystal structure at 1.15 A contains a total number of 127 residues, 352 water
molecules, one haem group and one sulphate group. Altogether 46 side chains and 17
main chain residues were modelled with alternate conformations. The fully refined

model showed the Rpcior and Reee of 12.5 and 14.7% respectively.

The Wilson B factor'® was 6.4 A’ The average B-factor for the fully refined
structure was 8.44 A2, (was 7.48 A’ for main chain and was 9.38 A’ for the side
chains). The average B-factor for the solvent was 19.8 A%, The mean values of B are
plotted against each residue in Figure 6.4.A. For more clarification the same data are

shown graphically in (Figure 6.4 — B) using the program PyMOL.”
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Figure 6.4: The plot of average temperature factor against each residue (A), and the graphical

representation of the temperature value (B) shows that the model is more floppy in loops and in

solvent exposed long side chain amino acid residues, these residues are represented in green and

thick lines. The graph was created with PYMOL™.
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Many of the amino acid residues that are exposed to solvent have disordered side
chains, especially the long side chains of Lys 4, Glu 71, Asp 75, Asp 101, Asp 103,
Lys 117, Asp 121, and Lys 126, showing high B factors.-These are represented as
green and thick lines in (Figure 6.4 — B). However, apart from the last two residues;
Lys126 and Lys127, all other residues had B factors under 14 A°. The low B factors

indicate that AXCP as a whole is tightly organised and well ordered.

The crystal structure at 1.15 A resolution of cytochrome ¢’ showed that it consists of
four left hand twisted o-helix bundles labelled A to D, and one haem group
covalently bound to helix D via Cys116 and 119, forming the CXXCH motif. Helix
A is formed by residues 4-32, helix B by residues 37-59, while helix C is formed by
residues 76-100, and finally helix D by residues 102-124 (Figure 6.5).

HelixD 32

g ¥ 3 4 : Lk \
B-Cloop J ; ¢ : H (‘ 37 Helix C

HelixB

Helix A

Figure 6.5: The overall structure of the recombinant cytochrome ¢ at 1.18 A, Helices and loops

have been shown, numbers indicating the start and the end residue of helices and loops.

The crystal structure shows that most parts of these helices are stabilised by a classic
Pauling-Corey-Branson hydrogen bonded model.”® The (r + 4 — r) hydrogen bond,
in which every main-chain N-H group donates a hydrogen bond to the main-chain

C=0 group of the amino acid four residues earlier is predominant in the structure.
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Helix A begins with two (r + 3 — r) hydrogen bonds, or 3y helix, 40—7N and
50—8N, and then the hydrogen bonding changes to (r + 4 — r) pattern from residue

6 - 21 while residues 22 - 25 does not involved in interhelical hydrogen bonding.

N-terminus

Figure 6.6: A cartoon representation of helix A, starts with the (r + 3 — r) hydrogen bonding

pattern and then changes to (r + 4 — r) pattern.

This pattern changed to 3y helix (r + 3 — r) again in helix A’s c-terminus from
residue 23-32 (i.e O23—N26, 024—N27, 026N29, 027—-N30 and 029—N32)
(Figure 6.7). Since the nitrogen atom of proline is part of the rigid ring, and rotation
about N-C, bond is not possible, Pro28 introduces a destabilising kink in the o helix.
It is obvious from the same figure that Pro28 bends the helix through an angle of 30°.
In addition, the nitrogen atom of a Pro residue in a peptide linkage has no substituent

hydrogen to participate in hydrogen bonding with other residues.
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Helix A

Figure 6.7: A cartoon representation of helix A, shows Pro28 residue which introduces a

destabilising kink around the a helix.

In B-C loop the 3y pattern changed to (r + 2 — r) pattern, where N71 forms a
hydrogen bond with two residues earlier 069, N72 with O70 and N73 with O71
(Figure 6.8).

Helix C Helix

Figure 6.8: A cartoon representation showing the change in the pattern from 310 to (r +2 — r)

pattern

The N-cap hydrogen bonding interactions stabilise the structure. All four helices
have N-caps. In helix A, Glu6 hydrogen bonds with its own peptide NH, and Asp7
hydrogen bonds with the peptide NH of Lys4. In helix B, Asp37, hydrogen bonds
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with the peptide NH of GIn40.; Aspl101, hydrogen bonds with NH of Lys104 in the
Helix D N-terminus. In the case of helix C, Ser78 hydrogen bonds with the peptide
NH of a second conformation of Lys75 seen at 1.15 A resolution. These bonds are

shown in Figure 6.9. These interactions play a role in the stabilisation of the bundles.

Helix B

Figure 6.9: A cartoon representation showing N-caps in helices A, B, C, and D. These bonds

stabilising the bindles.

Other bonds that stabilise the structure are the cross-linking and the salt bridge
interactions. An important group of interactions are the network of hydrogen bonds
by Argl2 on helix A. NHI group of the guanidinium is hydrogen bonded to the
carbonyl oxygen atom of residues 58 and 63 and the oxygen atom of hydroxyl of
Thr63, OG1; these residues are all located in B-C loop, and NH2 hydrogen bonded to
carbonyl oxygen atom of residues 63 and 65 from the same loop, while the NE
hydrogen bonded to the propionate O atom of the D ring O1D. NH2 group of Glul3
hydrogen bonded to the propionate oxygen atom of the D ring O2D (Figure 6.10).
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Figure 6.10: A stick and cartoon representation showing the location of the network of hydrogen

bonds linking helix A to the haem group.

The other cross-linking hydrogen bonds include the hydrogen bond between the
carbonyl oxygen atom of Asn44 on helix B and His22 on helix A, where OD1-44 is
hydrogen bonded with ND1-22, and ND2-22 is hydrogen bonded to O-22 (Figure
6.11-A). Another hydrogen bond is between the NE1 group of Trp73 and the oxygen
atom of the carbonyl group of Gly60; O-60, this hydrogen bond stabilises the
conformation of the B-C loop (Figure 6.11-B). Finally, a salt bridge is formed
between Lys92 on helix C and Asplll on helix C linking the two helices (Figure
6.11-C). Hydrophobic residues on the surface of the four helices provide most of the

interactions required for the bundle stabilisations.”
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Figure 6.11: A stick and cartoon representation showing the cross-linking hydrogen bond
between His22 and Asn44 linking helices A and B (A), Gly60 and Trp73 hydrogen bonding
stabilises the B-C loop conformation (B), and the salt-bridge between Lys92 and Asp111 linking
helices C and D.

6.7.1 Haem environment and geometry:

The haem group is located at the C-terminus of the protein. Helices A, C and D with
the long B-C loop are directly involved in packing around the haem. They provide 22
residues with side chains that pack against or interact with the haem group. Helix A
provides Vall9, Argl2, GInl3, Leul6, Thrl17, Metl9, Ala20, and Phe23, helix C
provides Phe79, Lys82, GIn83, and Phe86, while helix D provides the covalent
attachment to the haem group via residues Cys116 and Cys119. These two residues

are separated by two other residues, forming the characteristic CXXCH motif, which
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is a fingerprint for c-type cytochromes.”’ His120 is found to be an axial ligand to the

. . . o 23
haem iron in the proximal position,'®

the guanidinium group of Argl24 from the
same helix packs the plane-to-plane with the haem group with presumed overlap of

the positive charge of arginine with the negative charge of the haem 7 system.

Apart from the covalently bound residues Cysl16, Cysl119, the Hisl120, and
hydrogen bonded residues Argl2 and GlInl3, all other interactions are hydrophobic.
The most extensive interactions are made by Leul6 which covers the sixth iron

coordination site and the aromatic side chains of Trp56, Phe59, Phe79, and Pheg6.

The geometry of the haem group in recombinant AXCP is compared to haem group

in the mutants in sections 6.11.

6.8 Comparison between the crystal structure of recombinant AXCP
at 1.15A resolution and the published structure at 2.05A resolution:

The fully refined structure of recombinant AXCP at 1.15A resolution is compared
with the structure of the same protein refined at 1.8 A resolution® and with the
2.05A resolution crystal structure published in the protein data bank™ (PDB code
1E83'%).

The average bond length of Fe to the pyrrole N atoms is 2.05, 1.99 and 2.02 A in the
case of 1.15, 1.8, and 2.05 A resolution structures respectively. The bond length to
the fifth ligand, NE2 of His120, is 2.13, 2.02, and 1.94 A with respect to the 1.15,
1.8, and 2.05 A. The iron atom displacement is the same in all resolutions; it is 0.28
A from the plane of the four pyrrole N atoms towards the His120 ligand. Finally the
distance of the water molecule to the NDI atom of the Hisl120 is 3.2 A. The
guanidinium group of Argl24 lies parallel to the haem plane and perpendicular to the
imidazole ring of His120 (Figure 6.12). The average distance of Argl24 to the haem
plan is 3.73, 3.7, and 3.97 A in the case of 1.15, 1.8 and 2.05 A resolution crystal
structures respectively, while the distance between the ND1 of His120 and NHI
group of Argl24 is 3.88, 3.75, and 3.5 A in the same manner. These distances are

summarised in (table 6.5).
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ND1

Arginine124 ——3 [ Histidine120

Figure 6.12: The electron density map of recombinant native AXCP showing the haem group,

histidine120 and arginine124, and a water molecule.

Fe-NA 2.05 1.97 1.94

Fe-NC 2.05 1.99 2.07

Average Fe-N atoms 2.05 1.99 2.02

Argl24-haem plane

Table 6.5: comparison of the haem geometry and Fe-ligand distances of the crystal structures of

recombinant native AXCP solved in this thesis at 1.15 and the previously reported structures at

1.8, and 2.05 A.
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6.9 Description of the crystallographic structures of L16G, L16Y
and the double mutant L16F/W56G:

Detailed structure solution and refinement processes of mutants have been discussed

previously.

L16G was refined to 1.18 A resolution with the Rpeor and Rpee of 16.6 and 19.6%
respectively. No electron density was detected in the region within the distal haem
pocket where the Leul6 side chain would have been expected on the basis of the
native crystal structures (6.15). This provides structural confirmation that the leucine
residue has been mutated to glycine and supports the results of the cloning and
mutagenesis studies presented in Chapter 4. Both mutants L16Y and L16F/W56G
were refined to even higher resolutions; 0.98 and 0.96 A respectively with the Rpeor
and Ry of 13.9, 15.8% and 13.1 and 14.4% correspondingly (Table 6.4). In the case
of L16Y large peak in the electron density was seen in the distal pocket of the haem,
confirming a mutation from L16 to Y16. The same peak of the electron density was
detected in the distal pocket for the double mutant, showing it has been replaced by
phenylalanine, while the electron density around the original position of tryptophan
vanished, showing it was replaced by glycine. These changes in the electron densities
show the success of the mutatgenesis experiments. The electron density maps of all

mutations are shown and discussed in the next section.

The crystal structure of all mutants each comprises 127 amino acid residues, and one
haem group. The number of water molecules and the numbers of alternative amino
acid conformations were different. In the case of L16G, 326 water molecules were
added, and 45 residues were modelled with alternative configurations, 15 of which
from the main chain, and 30 were side chains. The final structure of L16Y contains
296 water molecules, while 85 residues where modelled with alternative
conformations, again, 16 of which were from the main chain, and 69 were side
chains. The double mutant composed of 350 water molecules, 26 main chains and 73

side chain residues that were modelled with alternative conformations.

L16G showed the highest average temperature factor, the average B-factor for the
protein was 12.6 A% (114 and 13.9 A’ for the main chain and side chains
respectively), while the B-factor calculated by the Wilson plot'* was 11.2 A%, The
protein B-factor for L16Y mutant was 8.9 A? (8.2 and 9.7 A” for the main chain and
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side chains respectively), and the Wilson B-factor was 7.2 A’. The double mutant
L16F/W56G showed the lowest B-factor value, 7.4 A” (6.6, 8.2 A* main chain and
side chains respectively). The B-factor for waters were 28.5, 21.0 and 19.3 At in
L16G, L16Y and L16F/W56G respectively. These data are summarised in (Table
6.6):

Parameter Recombinant L16G L16Y L16F/W56G

Wilson 6.4 8.3 72 3.3

Main Chain 5 114 8.2 6.6

Side Chains

Waters 19.8 28.5 21.0 19.3

Side chains 43 30 69 68

Table 6.6: A summary of the main chain, side chain, and waters B-factor, and the number of
water molecules and alternative conformations exhibited by the fully refined crystal structures
of recombinant native (1.15 A), L16G (1.18 A), L16Y (0.98 A) and the double mutant
L16F/W56G (0.96 A).

Comparison between the temperature factors of each residue in different mutants are

shown in Figure 6.14, and for the clarification, the same data are shown graphically

in Figure 6.15 A-C.
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4 | ——L166  ——L16Y - L16F/W56G \

25 A

B factor A2

] 10 20 30 40 50 60 70 80 90 100 110 120 130

Residue number

Figure 6.13: The variability of the average amino acid temperature factors of mutants; L16G,

L16F, and the double mutant L16F/W56G.

Figures 6.13 and 6.14 show that all mutants have the higher temperature factor for
last two residues, Lys126 and Lys127. Comparing B-factors of all three mutants, the

B-C loop showed a higher B-factor in the case of L16G.
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Figure 6.14: The graphical representation of the temperature values of each amino acid residue
of the double mutant L16F/W356G (A), L16F (B) and L16Y (C). The green and thick lines
represent the higher temperature values in those regions, thinner and blue lines represent lower
temperature values. They all were drawn relative to the recombinant native AXCP temperature

values showed in figure 6.4. The graph was created with PYMOL
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6.9.1 The crystallographic structure of L16G:

The crystal structure of the mutant L16G (Figure 6.15) at 1.18 A resolution showed
that the Fe atom is six-coordinate with a water molecule as a sixth ligand. L16G is
the first cytochrome ¢” mutant reported so far to be six coordinate when isolated and
purified with a water molecule in iron’s sixth coordination position. The only other
six coordinate iron moiety in the AXCP, that has been observed is with the addition
of the exogenous CO to AXCP as characterised by Lawson et all6 The
guanidinium group of Argl24 lies parallel to His120 and perpendicular to the haem
plane suggesting that this mutant is already in the reduced form, and this has been
confirmed by the UV-Vis spectra and the visible red colour of this mutant (Figure 4.5
- chapter 4). Cysl116 has been modelled with alternate conformations denoted by
(cycteinel 16-B in figure 6.15), which is probably caused by the exposure to x-ray

i . . . . 293
radiation during the course of atomic resolution data collection.””*

Histidine120

7 \ i
\ Glycine16

Figure 6.15: The electron density map of L16G (as isolated) at 1.18 A resolution showing a clear
electron density around glycine 16 confirming the success of the mutagenesis and around the
water molecule bound to the haeme’s sixth coordinate. Arginine 124 is perpendicular to the
haem plane indicating that this mutant is already reduced when isolated. Cysteine 116 was

modelled in two alternative conformations (cysteine 116-A and cysteine 116-B).
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6.9.2 The crystallographic structure of L16Y:

The crystal structure of L16Y at 0.98 A showed that the phenol ring of the tyrosine
residue is parallel to the haem plane and within van der Waals contact (Figure 6.16).
Argl24 has been modelled with alternative conformation suggesting the partial
photoreduction of the haem iron by 50%, the photoreduction and the change in the
oxidation state can occur rapidly at the metal centre.””" The UV-Vis spectra of this
mutant (Figure 4.7 - Chapter 4) showed that this mutant was oxidised when isolated,
hence the partial reduction of the haem iron may be caused by the x-ray beam.

Cys116 has been modelled with alternate conformation as well, also probably caused

by the x-ray radiation.

Cysteine 116 - B

Cysteine 116 - A

Figure 6.16: The electron density map of L16Y at 0.98 A resolution showing a clear electron
density around tyrosinel6 confirming the success of the mutagenesis. Cysteinell6 and
argininel124 are modelled in two alternative conformations resulted from the photoreduction of

the metal centre by the x-ray radiation during the course of atomic resolution data collection,
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6.9.3 The crystallographic structure of the double mutant L16F/W56G:

The phenol ring of the phenylalanine residue of the double mutant L16F/W56G
solved at 0.96 A also stacks parallel to the haem group (Figure 6.17). The UV-Vis
spectra (Figure 4.10 — chapter 4) showed that this mutant was oxidised when
isolated. However, these data were collected at the SLS-Switzerland, which uses a
Pilatus-6M detector that allows data collection at atomic resolution in only one pass,
and hence the crystal is in the x-ray beam for a shorter period of time. Argl24 was
modelled with alternate conformations again suggesting the partial reduction of the
haem iron by 30%. This may be due to the higher x-ray radiation energy (0.725 A)

used in this beamline. Cys116 was modelled with only one conformation.

Histidine120

Figure 6.17: The electron density map of the double mutant L16F/W56G at 0.96 A resolution
showing a clear electron density around tyrosinel6 confirming the success of the mutagenesis.
Only arginine 124 is modelled in two alternative conformations resulted from the
photoreduction of the metal centre by the x-ray radiation during the course of atomic resolution

data collection.
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6.10 Crystal structure comparisons:

The mutation of Leul6 and Try56 to different amino acid residues did not affect the

overall structure of the protein (Figure 6.18).

Figure 6.18: Ribbon representation of superimposed recombinant native AXCP (green) to L16G
(blue), L16Y (magenta), and the double mutant L16F/W56G (red).

Superimposing the carbon o atoms of the mutant structures on the equivalent native
recombinant AXCP carbon a atoms using the PyMOL:S molecular graphic system
revealed the RMS positional differences of 0.28, 0.38 and 0.50 A for L16G, L16Y
and L16F/W56G. These differences were smaller when mutants were compared to
each other. The RMS differences of L16G compared to L16Y and L16F/W56G were
0.14 and 0.16 A respectively, while the RMS difference was 0.14 A when L16Y and
L16F/W56G were compared (Table 6.7).
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Models superimposed RMS deviation from C, (A)

Recombinant (1.15 A ) - L16Y (0.98 A) 0.19

'L16G (1.18 A) — L16Y (0.98 &)

L16Y (0.98 A) — L16F/W56G (0.96 A) 0.14

Table 6.7: RMS positional deviations for the C, atoms of the four structures, numbers in the

brackets indicate the crystal structure resolution.

Using the Superpose®’ program part of the CCP4 program suit,'” recombinant AXCP
at 1.15 A was aligned to the 1.18, 0.98 and 0.96 A resolution crystal structures of
L16G, L16Y, and L16F/W56G mutants. The mutant structures were also superposed
together. The resultant RMS positional difference of individual residual C, atom at
equivalent positions was plotted against the residue number; recombinant against
mutants is shown in (Figure 6.19 A) and mutants between themselves are shown in
(Figure 6.19 B). It is obvious from both figures that for all mutants the RMS values
are higher than the average value and are all located at the N-terminus of helix A, C
and D, at the C-terminus of helix D and in the A-B and B-C loops. The highest

differences were calculated for residues in the B-C loop and in the mutation points.
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Figure 6.19: RMS positional difference plot between equivalent C, atoms of all residues of 1.15
A resolution crystal structure of recombinant AXCP with mutants; 1.18 A L16G, 0.98 A L16Y
and 0.96 A resolution L16F/W56G (A) and mutants between themselves (B)
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Residues with an RMS difference values significantly higher than its average values

are presented in (Figure 6.20).

Residues 3-5 Residues 15,16 Residues 55,56

Residues 60-62 Residues 74,75 Residues 102,103

Residues 118-120

Figure 6.20: Residues with considerably higher RMS positional difference than the average
values. recombinant native AXCP (green) to L16G (blue), L16Y (magenta), and the double
mutant L16F/W56G (red).
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6.11 The effect of Leul6 mutation on the overall haem geometry:

In order to find out the effect of mutating Leul6 on the haem group geometry, all
atoms of the haem group of recombinant AXCP and other mutants were
superimposed using Superpose program. Superimposing the haem group of
recombinant AXCP to L16G, L16Y, and L16G/W56G showed the RMS positional
difference value of 0.33, 021, and 0.13 A respectively with the haem.
Superimposing the haem group of L16G to L16Y and L16F/W56G revealed the
RMS positional difference of 0.17 and 0.24 A respectively, while superimposing the
haem group of L16Y to L16F/W56G showed an RMS positional difference of 0.1 A,
which is the smallest difference among all structures. These data are summarised in
(Table 6.8) and showed in figures thereafter. These positional differences are
considerably higher than those previously reported for R124K and R124E mutants,””

explaining the considerable effect of replacing Leul6 on the overall haem geometry.

Haem groups superimposed RMS deviation of the haem group (A)

Recombinant (1.15 A )~ L16Y (0.98 &)
L16G (1.18 A) - L16Y (0.98 A)
-; y— L16F/W5

L16Y (0.98 A)— LIGF/W56G (0.96 A)  0.10

Table 6.8: RMS positional deviations for the haem group atoms of the four structures calculated
by using superpose program, part of CCP4 program suit, numbers in the brackets indicate the

crystal structure resolution of the relevant protein.

The individual haem group atoms are shown in (Figure 6.21), and the plot of each
atom of the haem group against the RMS positional difference of the equivalent atom

is shown in (Figures 6.22 A and B).
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Figure 6.21: The haem group, showing the individual atom name.

The effect, of replacing Leul6 by other residues on the RMS positional difference of
the haem group was in order of glycine > tyrosine > phenylalanine. The greatest
effect was found to be on atoms located at the periphery of the haem group especially
atoms CHA, CGA, O2A and other atoms like CMC, C3C, CBC (Figures 6.22 A and

B The (Fe atom) was also observe to displaced in the same order.
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Figure 6.22: RMS positional difference plot between equivalent atoms of the 1.15 A resolution of
recombinant AXCP with 1.18 A L16G, 0.98 A L16Y and 0.96 A resolution L16F/W56G crystal

structures (A) and mutants between themselves (B)
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6.11.1 Haem group comparison of recombinant native AXCP and

L16G mutant:

Unexpectedly, the iron atom of L16G was found to be 6-coordinate with His120 in
the fifth and a water molecule in its sixth-coordinate; this is the first reported six-
coordinate cytochrome ¢’ mutant (Figure 6.15). Aligning the haem group of this
mutant (1.18 A) to recombinant native AXCP (1.15 A) resolution shows that the iron
atom is displaced towards the sixth ligand by 0.4 A. This displacement can be
confirmed by the RMS positional deviation plot (Figure 6.22 - A). The NE2-Fe bond
is now perpendicular to the haem plane with NE2-Fe-CHC angle of 89.4°, and the
haem group has flattened with the NA-Fe-ND angle of 179.0° (Figure 6.23). Bond
lengths between the iron atom and the N-atoms of the four pyrrole rings of the haem

have been measured (Table 6.9).

Figure 6.23: Superposition of L16G (blue) and native (grey) haem group. The haem

displacement and the haem flattening can be observed.
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Distances A Recombinant native L16G Li6Y L16F/W56G

Table 6.9: comparison n of the haem Fe-ligand distances between recombinant native AXCP
(1.15 A), L16G (1.18 A), L16Y (0.98 A) and the double mutant L16F/W56G (0.96 A) crystal

structures solved in this thesis.

6.11.2 L16Y and L16F/W56G:

The haem iron of L16Y and in the double mutant L16F/W56G was found to be five-
coordinate. Superimposing the haem group of L16Y (0.98 A) and L16F/W56G (0.96
A) to the haem group of recombinant AXCP (1.15 A) revealed a small iron atom
displacement, which was 0.1 A in both cases. There also were very small bond length
differences between iron atom and N-atoms of the four pyrrole rings (Table 6.7). The
NE2-Fe bond of L16Y and L16F/W56G is shorter by 0.01 and 0.02 A respectively
from the same bond of the recombinant AXCP. The NE2-Fe-CHC angle is 91.8° and
91.9° for L16Y and L16F/W56G consequently (Figure 6.24). The haem group of
both mutants has deviated to the planarity if compared to the recombinant AXCP,
where the NA-Fe-ND angle has changed to 167.9 and 168.1° in L16Y and
L16F/W56G respectively, comparing to 165.7° of the recombinant AXCP.
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(A)

(B)

Figure 6.24: superposition of L16Y (blue) (A) L16F/W56G (blue) (B) and native (grey) haem

group. The haem displacement and the haem flattering are show.
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6.12 Conclusions:

The crystal structures of recombinant native AXCP and four mutants were solved at
atomic resolution. Mutations were made on residues close to the distal face of the
haem iron in order to probe their effects on ligand binding and discrimination. The

overall conclusion on each mutant is discussed below:

Recombinant native AXCP in its resting state was solved at a resolution of 1.15 A
with Rpeior @nd Rgee of 12.5 and 14.7% respectively. The overall structure of the
recombinant was similar to the native protein. It consists of 352 water and 127
residues and one haem group. Residues are arranged in four left hand twisted a-helix
bundle. The haem group is five coordinate with a His120 residue located in its fifth
coordination site, while the sixth coordination site is vacant. It is covalently bound to
the bundles via two disulphide bonds creating a CXXCH motif. The relatively low

temperature factor showed that the protein is tightly organised and well ordered.

The crystal structure of L16Y solved 0.98 A. A clear electron density peak
equivalent to the phenol ring at leucine 16 position was apparent confirming the
success of the mutation. The phenol ring of tyrosine stacked parallel to the haem
group within the Van der Waals contact distance. The iron of the haem group found
to be five coordinate with his 120 in the fifth coordination site while the sixth
coordination site was vacant. The overall structure of the mutant protein was similar

to the recombinant protein.

The solvent channel to the haem site which is seen in type I cytochromes such as in
C. vinosum is blocked by tryptophan 56 in AXCP. In order to open this channel in
AXCP, tryptophan 56 was mutated to glycine. At the same time leucine 16 was
mutated to phenylalanine therefore the double mutant L16F/W56G was generated.
The crystal structure of this mutant was resolved at 0.96 A resolution. The phenyl
ring of phenylalanine 16 positioned at the same way as for the phenol ring of tyrosine
of L16Y mutant. Regarding the channel, replacing tryptophan by glycine, did not

open the channel.

Leucine 16 was replaced by glycine generating L16G. The crystal structure of this
mutant was solved at 1.18 A resolution. Unexpectedly, the iron haem was six

coordinate, with a water molecule in its sixth coordination position and His 120 in its
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fifth coordination site. This is the first reported six coordinate crystal structure of
cytochrome ¢’ in its relaxing state. Replacing leucine by glycine has also increased

the planarity of the haem group..
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