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ABSTRACT

Reactions of hemin and cobalt corrinoids have been studied in

aqueous solution. The equilibrie of hemin in aqueous alksline

solution, in the absence of added ligands, showed five distinet
types of complexes (monomers, dimers and polymers) whose spectra

fell into two types. These equilibria were independent of pH

but dependent on the hemin concentr.ition and ionic strength. The

dimerization constant () = 0,1) was Found to be > 10° M1, The
formation of the monomeric hemin-caffeine adduct was confirmed and

the complex shown te coutain ome OH ligand. Some detergents were

found to form adducts with the dimer, well below the critical

! per mole detergeat bound).

wmicellar concentration (K n 10°

Unstable menomeric and dimeric forms of the aquo complex of

hemin in aqueous acid were ! imed by T

21l dilution from pH § and
the equilibrivm between tkeam studied (the dimerizacion constant
was 1,1%10° X1, Comparison of the spectrum of the monomer with
that of hemin in acidic agueous ethanol, indicates that it is
probably a six-coordinate high spin bis-aquo cemplex (Amax 397 mm;
£=120 £ 3m cm D). Since the same spectzum wes also observed
in very dilute solutions of low iounic stremgth at ™ pR 7 the pKa
for the cacrdinated water 3is 2 8.

The equilibria between hemia and imidazole analogues included
adduct formation and aggregation, in addition to that leading to
the formation of the bis-ligand complex, but no significant
concentration of any monomeric momoligand complex was observed.
Quantitative studies with histidine, histamine and pilocarpate,

showed the initial formation of an adduct with the dimer, with cue




v)

base bound per dimer. At higher concentrations of ligand, the
nonomeric bis-ligand complexes were gbtained., The variation with
pH of the overall equilibria from the alkaline hemin dimer indica-
ted that on coordination, the pKa of the pendant —OH of pilocarpate
is reduced from 15 to 10 (with a corresponding change, though
slight, in the spectrum above and below pH 10) and that of the
pendant -NHZ of histidine and histamine from “¥,5 to < 8, which
was ascribed to relative stabilization of the conjugate base by
the residual positive charge on the iron,

The yeduction of both B].Z and bis-histidine hemin by

a
dithiothreitol occurred via au inner spheve electron tramsfer.
The marked difference in Tates between the dirhiol, dithiothreitol
and the monothiols, mercaptoethanol and cysteine where veduction
rather than coordination was rate limitving , together with the

requirement of a second thiol for the reduction of B by cysteine,

12a
was ascribed to a one electron rveduction of the metal, assisted by
the second thiol to give the disulphide radical anion or its
conjugate acid.

In the oxidation of thiols by 0z catalysed by cobalt
corrinoids and bis-histidine hemin it was shown that reduction
of the metal was rate determining, the rate of 02 uptake was
faster than the rate of reduction of By, and bis-histidine hemin
by the thiol under N,, snd that the disulphide radical snion is a
likely reducing agent in the presence af O, (where additional
paths for its formation are present), The cobalt corrinoids scre

found to model the suppression of H. formation as well as the

high turnover number characteristic of cytochrome c oxidase.

r




The kinetics of the bis-histidine hemin catalysed reactioms were
complex.
The relevance of these results to the hemoproteins were

discussed.
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- INTRODTICTION
gemin {tigare 1.1) is the mein, but not only, prosthetic group in
hemoproteins'™> and hence, in order to understand the role of the

protein in modulating the reactions of the iron porphyrin, the

reactions of the protein—free species must be understood.

CH,CH,COOH CH2CH,COOH

Figure 1.1  Hemin chloride (Fe(III)) protophoryrin IX

chloride

The hemoproteins are imvolved in & variety of reactions™ 3
¥yoglobin and hemoglobin reversibly bind 0, to store or tramsfort

it. The cytochromes transfer electrous. The terminal oxidases




such as cytochrome ¢ oxidase reduce 0, te Hy0. The mono~

, such as © P-450, hydroxylate hydrocarbons

(to aid their excrution) by activating 0,. The dioxgenases also
do this but add two oxygen atoms. Peroxidase and catalase reduce
and disproportiomate Hzoz re sectively. Such diversity and
specificity of the reactions carried out by hemoproteins,
emphasizes the important role of the protein in controlling and
modifying the reactions.

Axial ligands to the irpu in hemoproteins so far established
include: tvo histidines (cytochrome b)®, ome histidine and one
methionine (cytochrome c)’, one histidine and ome vacant site (or

occupied by H,0/0H) (hemoglobin, myoglobin,® cytochrome ¢

2
peroxidase) . It is also generally agreed that cytochroms PedS0
has one cysteine coordinated and probably one H,y0 {or a vacaat
site).}

Although a particular hemoprotein may contain more than one
izon porphyrin (e.g. four in hemoglobin, catalase) there is no
evidence that they are ever present except as discrete monomeric
complexes.

Although the porphyrin ring is apparently always held im a
hydrophobic cleft in the protein®™’, at least the "vacant!
coordination site (i.e. unoccupied by a protein amino acid residue)
is accessible to solvent and to hydrophilic reagents, i,e, at least
the iron functions in a protic environment while the protein as a
whole is found in an aqueous eavironment (unless membrane bound)

Hence the mechanism ¢ action of the hemin and the role of

the protein, can only be understood with reference to the coordina-

tion chemistry of monomeric hemin complexes with ligands such as




|

H,0, OH , histidine, cysteine and methionine im an aqueous or

2
protic eanvironment.

Yet in spite of the importance of heminm as a co-factor, rela-
tively litrle is known about its simple coordination chemistry im
aqueous solution, in centrast to the extensive study of the
coordination chemistry of vitamin B ,. °

Most studies with hemin have been done in non-aqueous
solvents, as have many studies on the synchetic iron porphyrins
such as iron, &, B, ¥, d-tetraphenyl porphin (FeIPP), to avoil
the problems of aggregation which occur in aqueous solution.

The major problems in studying hemin in agueous solution
are:

1) Hemin will only dissolve in aqueous sclution at high pH.

2) At pH > 8, it exisrs mainly 2 diner corresponding to

. :dduet wirh caffeine has

Feot), 0. Hower- s,
been reported ' but the axial ligand(s) not identifiad,
and monomeric hemin in detergent micelles have been
reported. 13715
3) Hemin forms aggregates and precipitates on reducing the pH
g 10,

belaw The net result of this is that the coordination

chemistry of hemin is limited to pHs above 8, At high pH,

OH competes with added ligends for the coordination site
and the dimeric hydrowo complex is the product. 0  For
the ligands studied, this limited the study to ph &~ 11.
4)  Hemin readily forms adducts through hydrogen bonding,
hydrophobic interactions or charge transfer interactiocms,

so that obgerved changes in rhe spectrusm on adding 2 potentisl

ligand do not automatically denote coordination of that
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4.
reagent, A classic case of this is pyridine. 10
HN-OC- CHy - CH, Me
A Me j<~CH,»CO-NH,
H,N-OC- CH,
e CHy» CHy » CO-NH,
Me
HaN- OC- CH, /
Me
H— OC- CHy CH, ] H
HH—OC-ChyCH, Me CHy+ CH; - CO*NH,
i !
CHMe 4 Me
é\ P/O_ Me
|
H C—C !
N
i\o / o |
HO-CH, |
1
i

Figure 1,2 Cobalamins: X = Hy0 aquocobalamin (Byp);
X = OH hydroxocobalamin; X = RS thiolatocobalaming

X = CN” cyanocobalamin (vitamin Biy).



T

e

Y7 unich

5)  The vinyl side chaina are fairly readily oxidised
vesults in changes in the aggregation properties and hence
in nou-reproducibility of results. This could be overcome by

using fresh solutions or by the storing of the -olution at

~18°C under ¥, (see chapter 2).

1.2 Adms

The broad aim of this thesis is to increase our knowledge of the

coordination chemistry of momomeric hemin complexes im aqueous

solution with particular emphasis on the complexes coutainming the
1igands 8,0, HO ; imidatole, histidine and analogues; cysteine
and other thiels. The structures, eguilibria, redox and catalytic
reactions will be iavestigated with the aim of providing possible
answers to the guastions concerning the role of the pratein in
controlling and medifying the equilibria and kinetic (especially
vedox) properties of tnese hemin complexes.

Qur approach To overtoming scme of the above problems are
based on three straregies:

1) to astablish the nature of the monomeric caffeine adduct,
and then to use this as & "stock® monomer in agueous
solution,

2) to iavestigate the region below pH 8 by stopped flow
spectrophotometry.

3)  to use Byp, 28 @ model for the mono-histidine compleves

present in some hemoproteins ©

The existence of some interesting parallels between the iron
and cobalt complexes is emphasized by the Formation of a function—
ally active O,-carrying "coboglobin' by substituting the Fe(II)

porphyrin by the Go(Il) aralogue in hemoglobin, which retains




the cooperative interaction between the four polypeptide -°
subunits. It is knows that the Co(II) derivative of By,
reversibly binds 0, at low cemperarures. The use of B, and
other cobalt corrinoids ™0 allows the reactions to be studied in

9 and msy provide

an aquecus environment from pH < O to pH > 13,
useful pointers to reactions which are experimentally difficult
or impossible to study with the protein~iree hemin complexes,

The more specific aims are thus to build up our knowledge
of the coordination chemistry of hemin (and to a lesser extent
the cobalt corrinoids) in aqueous solution by studies in the
following four aress which form a progression from equilibria
through redox reactions to catalvtic activiry:

1) the structures and equilibria shown by hemin im the sbsence
of added ligands, with particular emphasis on identifying
monomeric complexes with H,0 and 01~ as the only axial
1igands (chapters 3 and 4).

2) the structures and equilibria shown by hemin with imidazole,
histidine and analogues (chapter 5).

3 the veduction of BlZa (chapter 6) and momomeric hemin
complexes (chapter 7) by thicls,

4)  the catalytic activity of 5123 and other corrinoids
{chapter 8) and of the bis-histidine hewin complex

{chapter 9) in the reductiocn of 0, by thiols.

All studies have been done in aqueous solution and most have
been done on the Fe(III) complexes, The main techniques used wers
U¥-visible spectraphotomatry (ordinary and stopped flow) and

kinetic measurements ou a Clark type oxygen electrode,
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The results will be summarised in chapter 10 and their
relevance to the equilibria and reacrions of hemoproteins
discussed,

1.3 Nomenclature

Hemin consists of iron{ITI) coordirated to the porphyrin
protoporphyrin IX. 20 The proto-prefix indicates that the side
chains in the 2,4 positions are vinyl groups (other so—called
natural porphyrins have other groups in these positions), while
IX indicates the particular structural isomer. Figure 1.1 shows
the structure of hemin or irou(TII) protoporphyrin IX.

If the oxidation state of the iron is not specified, iron(III)
is implied. Heme will be used to denote the Fe(II) protoporphyrin
X,

Ligands can only ccordinate in the axial positions and the
iron porphyrin can be five or six coordinate, The name reflects
the number and nature of the ligands but not the position as the
two are not distinguishable, e.g bis-imidazole iron(III) protopor-
phyrin IX, However, if the solvent provides the ligand, the ligand
ig often not included in the name,

Certain cobalt corrinoids are used in this study. The major
one used is B, or aquocyanocobalamin (figure 1.2). Also used
is diaquocobinamide, Cobinamides differ from the cobalamins in
that the benzimidazole base has been removed by hydrolysis of the
phosphate linkage,

1.4 Literature Suryey

1.4.1 Spin state and coordination numbers

Iron(IT1) has five d electrons which can either give 2 high spin

complex in which case all five are umpaired or a low spin complex
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in which case only one is wnpaired, * MMany iron(IIT) complexes
are high spin except those coordinmated to strong fisld ligands

21 yovever, the cocrdination of porphyrin to

such as CN .
iron(IIT), enables both high and low spin complexes to be formed'’?
depending on the axial ligands. Ligands such as pyridine, imjida-
zole and of course cyanide, give low spin complexes while weaker
field ligands such as OH", CL~ give high spin complexes.

{ntil yecently it was believed that all the high spin
complexes were five coordinate with the iron out of the ring plane
while the loy spin camplexes were six coordinate with the irom
in the ring plame, > However, a crystal structure of a six coordi-
nate high spin complex in which ifron s in the ring plame has beem
reported, 22 where the ligands are weak field omes such as 8,0,
dimethylsulphoxide (DMSO} and DMF. This was also shown to be the

23 gence although the low spin complexes are six

case by R,
coordinate, the high spin omes can be five or six coordinate.
The cobalt corrinoids have six d electrons in Co(III) and
five in Co(fI). Boch oxidation states are low spim, ° The
Co(I1I) corrinoids are gomervally six coordinate while the Co(II)

ones are generally five caordinate,

1.4.2 Aqueous solution chemistry of iron porphyrins

As mentioned previeously, aggregation is a major problem in study-—
ing the aqueous solution chemistry of hemin.

Before discussing the factors affecting the aggregation of
hemin in aqueous solution, the forces holding the irom porphyrins
in dimers in aggregates will be briefly discussed.

N ; . . 2
The interactions respensible can be broken into two groups: 4
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a)  coordination to the iron
b) interactions between the rings to give ring-ring dimers
Tao types of dimers held together by coordination to the
iron have been proposed. It was suggested that one propionate
25

side chain of one hemin may coordinate to the iron of another

but no evidence supporting this has been found, 2%

The other coordination dimer, the p-oxo dimer in which 07

bridges two high spin Fa(III) porphyrins, resulting in anti-

24,26

ferromagnetic coupling has been well established, but

27

Uy-visible, 2% Moessbauer 27, 1R 26 and mpR %6 spectra as well as

DU LA, i .
the magnetic susceptibility indicate that hemin in aqueous alkeline
solutions where it is dimeric, does not have a u-oxo linkage.

The ring-ring dimers may be hydrophobically bonded 22 or may

29,30

form -1l donor-acceptor complexes and both may be present

simultaneously,
Hydrophobic bonding has been found with both the 2,4

disubstituted deuterchemins ST

and the 2,4-disubstituted
deuteroporphyrins in aqueous selution, 32 Evidence for M-Il donor~
acceptor interactions between the rings of the 2,4 disubstituted
deuterohemins has been found at low temperatures in non-aqueous
solvents by NMR. 3
Various factors are known to affect the aggregation of hemin
in aqueous solution, Decreasing the pH to less than 8, results in
10,26 .
igh concentrations of electrolytes are kaown
34-36

aggr ion

ta feveur aggregation, In a 1,2 NaCl alkaline solution,

the aggregates apparently contain an average of forty-eight hemin

36 34

units. Adding electrolytas decreased the Soret intemsity

(by 1ifting degeneracies or possibly because of optical
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heterogeueity) >/ and the magnetic susceptibility 7 (ascribed
to the formation of p~oxo linkages).

Micellar detergents have been shown to dissociate the dimers

of natural iron porphyrins 2713, but not the synthetic ones 28

(which have p-oxo linkages).

The domor, caffeine, has been shown to split the dimer -2

and other donors and acceptors have been shown to interact with

37-39 39-41

porphyrins and iron porphyrins

1.4,3 Imidazole comp’exes (and analogues) of hemin

Histidine residues, which coordinate through the imidazole ring,
are found coordinated to hemin in several hemoproteins (see
earlier).

Equilibrium studies have been carried out in non-aqueocus

42,4 . .
solvents 2% 45 well as in aqueous, mixed aqueous and detergent

solutions, mainly using U¥-visible spectrophotometry, but WR

43 42

has also been used, Except at low ligand concentrations

2
and with sterically hindered imidazoles, ** where coordination
has not been established, the bis-imidazole complex was obtained
42-49

with no sign of the mono-imidazole complex i.e. the binding

constant for the first imidazole (R} is less tham that for the -
second (K,), because of a spin change on binding the second
X-ray studies *O provide further evidence in addition to the

2R 31 and Wv-visible 4244749

spectra for the bis~imidazole
product. Tailed porphyrins, i.e. those in which imidazole is
covalently linked to the porphyrin ring via an organic chain of a
suitabie length to permit coordination of the imidazole, have been

52

synthesized °° to overcome this problem, but in most cases there

is no clear-cut evidence for the imidazole being coordinated to
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Fe(III) in the absence of other ligands.

Hydrogen bonding is important in these complexes both in

53,54 ia 50,55

solution aud ia the sol state and evidence for a

Tl complex between imidazole snd the porphyrin has been
presented. 0
1.4.4 Reduction of hemin and cobalt corrinsids by thiols
Reduction of Fe(TII) to Fe(II) occurs in the reaction pathway of
many hemoproteins, in particular the cytochromes and-hence an
understanding of the reduction of hemin is necessary to understand
these hemoproteins.

Reduction studies have been carried out with various reducing
agents with iron porphyrins °/, but litele work has been done with

58

thiols, Thicls have been studied with bemin but largely in

trying to model the spectra of cytochrome P430 >0 oL
62,63

and in
studying the hydroxylation of aniline The kinetics of
the reduction of FeTPPCl in toluene solution in the presence of

pyridine by alkyl thiols has been studied ¢

and two paramagnetic
intermediates vere found.

A kimetic study of the yeaction between B and cysteine

12a
in aqueous solution has beea reported 5%, but was largely
concerned with coordination. However, it was reported that the
reduction step required a second thiol group and that Co(II)
cobalamin was the product.

In the literature are reports of pKas of thiols and inter-—
mediates found on oxidising them.

Thicls may lose a proton with a pKa of "9 to give the
thiolate, i.e.

R$H == RS + H
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Table 1,1 lists the pKas of the thiols used.
Table 1.1 : pKas of the thiols used in this study
Thiols pKa Reference  Structure
ethanethisl 10,6 65 CﬂscHzSH
cysteine 8,54 (—NH; 8,86) 65 xﬂ;(cooa)cucazsx-x
mercaptoethanol 9,43 65 HOGH,CH, S8
?H
penicillamine 8,17 (-N‘H; 8,61) 65 ::H;(COOH)CHC(CHB)Z
D‘H H
dithiothreitol 9,12 ; 10,15 66 SF!CHZCH CHCHZSH

£° values are important to reduction and oxidation reactions.
However, there is 2 paucity of information of the E° values of
thiols, Thiels in any case tend to undergo one electron transfers
65

to give the thiol radicals, O and the E® value for the reaction:

Rs" — RS + e
would be of greater ralevance,
Evidence has been presented showing that the thiol radicals
are actually found as RS“SR which has a three electron two

65,67,68 | ocauge the rate of the reaction BS + RS”

— RS & SR is rapid (k »10° 7L 57h) 63,

centred bond
This is apparaatly
more stable than the simpie radical.

With a dithiol such as dithiothreitol, this species can be

8 Tn dithiothreitol this would result

formed intramolesularly, ©
in & six membered ring which would confer additional stability,
The radical species also has a pKa, It has been reported ar being

5,5 5% and refers to the reaction (1 - 1)
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H s O 3

L= )
HO 03

These radical species have different secoud order decay rate

constants. For dithiothreitol the neutral radical has a rate

constaat of 1,7x10° 8 * s~! while that for the amionic radical is

1,72108 1Y 5L, 8 5 values have been reported for the other

thiols,

1.4.5 Reasticns of iros norphyries avd cobalt corrinoids with 0,

Hemoproteins, as mentioned earlier, are involved in a variety of

reactions with 0, and its reactions with the prosthetic group,

ad modsls is of intaresc,

Some studies on Lae o

stion of Fe(II) porphyrins by 0, have

been reported, 87 The reactions are gemerally first order in 0,

and apparently both imner and outer sphere mechanisms occur.
Similarly,0, is kiow to oxidise cobalt(II) corrinoids. °

Reducing agents such as quinols and thiols have been shown to

accelerate this reaction, by facilaring the more favourable two

electron reduction of bound 0,. 'O

A few studies have been tarried out on the catalysed autoxida-

tious. These include aquocyanocobinamide with various thiols, |©

a o(IT) phehalocyanine with cysteine, /2 and Fe({IT) with
cysteine. 73
Molecular oxygen is reduced to water by the transfer of four

electrons Figure 1.3 7% ghows the reduction potentials for 0,

veduction, The four and two electron transfers are thermodynami-
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cally favourable but the one electron reduction of 02 is not.
This may no longer be the case when the oxygen species ave bound
to & metal, 2 but at least for the uncoordinated species, a
mechanism which involves two electron transfers would be favoured

over one involving one electran traasfex.

0, - 1,0, H0' 0

+0,98V S +0,38¢ +2,33

+0,27V +1,357

2

-0,45¥

Figure 1,3 The reduction pateatials for the one and twc electron

reductions of 0, at pH 7. 4

In addition to the free supevoxide, peroxide and hydrosyl
radicals, the coordinated species may be present but the
competition between the metal complex and H' may destabilize some
(the pkas of superoxide and peroxide sre 4,9 7> and 11,62 '°
respectively). Iron porphyrin spscies found in non-aqueous
solvents include the j-peroxo dimer '/ and the Fe(1v)o?™ 78
species, the latter being stabilized by the caavdination of a base,
The cobalt corrinoids may form U-peroxo dimers /> but steric

hindrance makes it unlikely,®?

L3
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CHAPTER 2 ~ MATERIALS AND METHODS
2.1 Materials

Protohemin was supplied by BDH; mesohemin was prepared by a litera-
ture method”%; cytochrome by, prepared by a literature method 8
was kindly supplied by Dr D, Baldwin; By, was supplied by

Mr A.P. Demleo of Glaso-Allenbury (Pty) Limited; diaquoccbinamide
was kindly supplied by Mr E. Bettartom,

Water was purified by the Millipore ¥illiro 40 H,0 systen.
Other solvents used were 967 ethanol (Natiomal Chemical Precducts),
methanol {Merck AR), DMSO (Mferck AR) (only from freshly opened
battles), formamide (Merck),

The following AR grade reagents were used: CH,COOH (Merck),
NaHCO, (Hopkins and Williams), borax (Nerck), glycime (Merck),
potassiun hydrogen phehalate (ferck), HYO, (nitric acid),

NaH,P0, (Merck), Na,HRO, (Merck), NaNO, (Merck), KNO, (Merck),

¥aCl {Protea), KON (BDH), L~arginine (Merck), L-tyrosine (Merck),
1,10 phenanthroline (Merck), methyl vielogen (Merck), urea (Merck),
sucrese (Merck), CuS0, (Merck), imidazole (BDH), N-methyl imidazole
(Merck), 2-methyl imidazole (Merck), L-histidine, histamine dibydro-
chloride (BDH), pilocarpinium nitrate (Merek), L-cysteine hydro-
chlovride (BDH), D(-)-penicillamine (Aldrich).

Other reagents used were NaOH (Protea, > 97%), lithium nitrate
{Merck), cetyl trimethyl ammonium bromide (BDR), triton X-100 (BDH),
sodium lauryl sulphate (BDH), caffeine (Merck), adenine (Merck),

thesphylline (Merck), guanidine hydrochloride (BDH), sodium silicate

(BDH), dithiothreitol (BDH, > 987), iol (Merck), 2-mercapto—
ethanol (Schuchardt; > 95%, redistilled under vacuum just prier to

use), sodium dithionite (Hopkins and Williams), superoxide dismutase
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from beef erythrocytes (supplied as a powder by Miles Research
Lubpratories), catalase from bovine liver (supplied by iles as a
crystalline suspension in a phosphate buffer at pH 5,7 containing
565109 units per millilitre (ome unit of activity is that amount
of enzyme catalysing the decomposition of 1 1 mole of H,0, per
minute at 25°¢), N, was deoxygenated by passing it through a

v?* solution,

2.2 Instrumentation

Ultraviolet~visible absorption spectra were recorded on a Jasco
Uvidec -1 spectrophotometer, which was calibrated with holmiuvm
glass as a standard. Unless otherwise stated, gquartsz cells of

pathlengrh 10 mm were used and thermostatted at 25°C (= 0,5°C),

The kinetics of faster reactions and the determination of
certain pKas (see later) were studied using a Durrum D~110 stopped
flow system connected to a Datalab DL 901 Traosient recorder and an
Apple microcomputer which was programmed to accept the data points,
subtract out the value at infinite time, plot the semilog plot and
carry out a least squares f£it. If required, the program converted
the voltage output into absorbance. The solutions were thermo-
statted at 25°C (¢ 0,2), The rate of 0, uptaka vas studied using
2 Clark type oxygen electrods made by Rank Bros, Cambridge,

Dugland (Figure 2,1) comnected ko a Servegor recorder, The maximum
recorder deflection was set manually using 02 saturated or air
saturated water (vhere applicable) as standards. The zero setting
was set using water depleted of 0, by the addition of sodium
dithionite. Sodium dithionite was also used to check the membrane;

a good membrane shows depletion of most of the 02 (i.e.> 80%) in
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solution within ten seconds after adding dithionite, while a leaky
one does not and was discarded. The 0, content in air and 0, satura-
ted water was determined by titrating the 9, with glucose in the
presence of the anzyme glucose oxidase, using the oxygen electrode,
The 0, saturated solution (obtained by passing pure 0, through the
solution for at least ten minutes) was found to have 8,7 x10™%x 0,
while the air saturated solution was found to have 2,2 x 107 0,.

The oxygen electrode consists of three sections (see Eigure
2.1), the test solution compartment (and capillary cap), the base
section containing the Et/oz and Ag/AgCl half cells commected by
a saturated KC1 solution and the riirrer base. The dissolved 0, in
the test solution diffuses throu;™ he teflon film (S00 microns
thieck) ontc the polarised Pt electrode where it becomes Feduced
(equations (2.1);(2,2)) consuming four Faradays per mole of 0,.

0, + 2 + 2" — H,0, 2.1)
B, + 22 + mt — 1,0 (2.2)

The current produced causes the recorder to daflect and is
proportional to the oxygen concentration in the sclution (as is the
deflection) .

The test compartment was sealed from the atmosphere by the
capillary cap which, however, allows injection of samples into the
system. It was surrounded by a water jacket through which water
at 25°C was pumped. The solution was kept well mixed by a small
magnetic stirrer.

In all cases, the reaction was initiated by injeeting the thiol
solution, through the capillary opening in the cap, In some cases
the cobalt corrinoid or iron porphyrin was added before the thiol,

while in others it was added afrer (this enabled the uncatalysed
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rate to be determined), Care was taken to exclude all air bubbles
from the test compartment when the cap was inserted as these cause
erratic results and to ensure that the capillary tube was filled
with solution to avoid 0, from the atmosphere entering, The
stirring speed was made sufficient to avoid problems with rate
limiting mass tramsport, If injection of reagents was done too
rapidly or too near the base, a sudden decrease in the readout
occurred due to a rapid depletion of 02 at the base of the cell and
this caused problems in measuring the initial slope., Hence care
was taken in injection of the reagents,

The pH of solutions was measured with a Metrohm digital
E 532 pH meter and a Metrohm glass electrode or for recording of
small samples, a Metrohm glass microelectrode. The reference
electrolyte was 3M potassium chloride. The pH meter was standard-
ised using BDH standard buffers at pH 7,0 = 0,1 (phosphate) and
PH 4,0 £ 0,1 (,Q':hala:e).
2.3 Methods

2.3,1 Preparation of solutions

Hemin in solution is slowly attacked by air'’. To minimise this,
hemin was dissolved in a 0,1M sodium hydroxide solution which had
been thoroughly Elushed with N, and the solution kept under ¥,
It vas found that hemin stored under N, and kept at ~18°C was stable
(i,e. < 3% change in absorbance) for at least twa weeks, The hemin
solutions were calibrated by measuring the ahsorbance at 385 nm in
0,1 NaOH (the position of the Soret band of the dimeric alkaline
hemin) and using the extinction cosfficient of 58 mf  Pe.

Buffers were prepared according to the imstructions in

"Biochemist'y Handbook".52 In all cases, the jonic strepgth con-
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tribution from the buffer was 0,1. In general HI\'O3 + NaN03 was

used for pHs 1 - 2; glyeine + HNO, for pHs 2,2 - 3,4; acetic acid

+ NaOH for pHs 3,6 - 5,8; N“HZP% + MaOH for pHs 6,0 - 7,8 and
NaHCO, + NaOH for pHs 8,0 - 11,0; Na,HPO, + NaOR for pHs 11,0-12,0;
NaOH for pHs 3 12,0, é&halate buffers gave unreliable results when
used in the determination of the pKas of hemin as they decreased
the Soret intensity, perhaps due to aggregation or donor-acceptor
complex formation; hence they were avoided.

Caffeine is hydrolysed in basic solution.® By following the
decrease in the band at 273 nm, the rate of decomposition could be
followed. At p# 13, 87 of the caffeine had decomposed after two
hours while at pH § 12,3, less than 17 decomposition had occurred
after three hours. Hence to avoid problems with hydrolysis, only
freshly made up solutions with pH § 12,3 were used and used within
three hours,

Feirly high concentrations of histidine, histamine and
pilocarpate were necessary for complete formation of the bis ligand
‘hemin complex. As these species are charged, they contribute to
the ionic strength (it was assumed, however, that the zwitterion
does not), and Eor this reason these solutions had fairly high
ionic stremgchs. For consistency, they were all made 0,5 by
sdding ¥alDy where necessary.

Histidine goes yellow with age, presumably undergoing a phoko—
oxidation reaction.® To minimise this, solutions vere used within
two hours when the yellow colour wes megligible or were well~
protected from light, This yellow species did not affect the
equilibrium constant determinations but resulted in scattered

reduction and 9, uptake kinetic results.
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The lactame ring of pilocarpine can be hydrolysed within a
few minutes in 0,1M %aOH,®® The solutions of pilocarpate were
therefore made up by dissolving pilocarpine in 0,1M NaOH and
leaving to stand for at least an hour before the pll was adjusted
to the required valus.

As thiols are air-sensitive, they were made up in solutions
Vhich had been deasrated by thorough flushing with N, and were
kept under ¥,

2.3.2 Determination of equilibrium constants

With the exception of the determination of pKas of hemin, equili-
brium comstants were determined by following the change in absor-
bance with a change in lizand concentrabion or with a chengs in the

hemin ccncentration (Shack and Clark dilurion studies), 0

¥hen a sufficientiy o ion of ligand

could be made up, thu - creased by
adding aliquots of the stock solution, as in titrations with
caffeine, detergent and pilocarpate. This method could net be used,
however, if side reactions gccurred (as with histamine) or if the
ligand had limited solubility (as with histidine): in these cases, .
each ligand solution vequived was made up separately.

In most cases the hemin concentration was vavied by adding
aliquots of the stock hemin solution to the ligand solution, taking
care not to change the total volume and hence the ligand concentra~
tion by more than 3%, With histamine this was not possible, and
each hemin solution required was made up separately.

The results were analysed using the equations derived in

appendix 1.

The titvation at low ligand concentrations (where the ligands




were histidine, histamine and pilocarpate) were carried out at
590 nm (the position of an isosbestic point between the iatermedi-
ate and bis-ligand complex) by adding aliquots of the stock ligand
solution (in this case the intermediate hemin-histamine complex
is stable), Pairly high heain concentrations (Mx10™¥) were used
to give sufficiently large absorbance chamges.

2,3.3 Determination of the pKas of hemin and hemin-caffeine by

stopped-flow LV-visible spect

Hemin and the homin-caffeine adduct aggregate rapidly on acidifica-
tion and stopped flow UY-visible spectrophotometry was used to
determine the absorbance at a particular pH after acidification
(proton transfers are rapid) but before aggregation,

One barrel of the stopped flow contained approximately
5x1070 hemin {plus caffeine where relevant) {unbufferad, pH was
~9) while the other contained buffer such that when it was diluted
twofold, it gave the required pH and ionic strength (0,1) (i.e.
used double concentrations of the buffer compoments).

Aggregation was evident by a decrease in the Soret band (all
runs were done at or mear the Soret maximum) and the ehsorbance was
taken prior to the decrease. Only in slightly acid solutions did
the decrease start shortly after the mixing time (1 ms). (At other
pHs the decrease, where it occurred, oceurred more slowly.)

In the absence of caffeine, hemin tanded to adsorb onto the
syringe surfaces. Certain runs were repeated throughout the experi-
ment to enable the correction of absorbances for the change in
concentration,

Absorbances were determined at a fixed wavelensth (402 nm in

the presence of caffeine; 397 nm in the absence of caffeine) at
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varying pHs and the results treated using the equations derived in
appendix 1 to give the pKas.

The spectrum of the transient intermediates was built up
by determining the absorbamce by stopped flow spectrophotometry

at various wavelengths (re-~zeroing at each) in the Soret region,




CHAPTER 3 ~ STUDIES OF HEMIN IN AQUEOUS ALKALINE SOLUTION

3.1 Introduction
As hemoproteins operate in aquecus solution it would be useful to
study the prosthetic group, hemin, in aqueous solution, particu-
larly as pH effects for imstance are only meaningful in aqueous
solution.

Most aqueous solution studies of hemin have been done at
pH > 8 because of aggregation and precipitation below this pH.
It is generally agreed that the main species in aqueous alkali is
a dimeric species in which all the propionic acid side chains ave
ionised and in which each irom has ome OH (or its equivalent)
coordinated.

There is evidence for the formation of high molecular weight

10,36,04 in solutions of

aggregates at high hemin concentraticns
high ionic strength.>®  Blauer and Zvilichovsky’® found that
4 x 107 hemin in 1,2 Y sodium chloride at pH 11-12, aggregates
and the species formed contained as many of fifty hemin units.
However, in the sbsence of NaCl, hemin did not sediment in the
ultra centrifuge’® and hence it will be assumed that at fairly
low concentrations cflhem{n and in solutions of moderate ionie
strength, hemin is dimeric. Certainly it behaves as a dimer,C

It is well known that aqueous alkaline solutions of hemin
may show surprising variations in the UV-visible spectra and

magnetic susceptibilities, and monomers.? > giners and

10,36

10
polymers have all been identified.
However, there ave gape in our knowledge. Caffeine is known

2
to split the alkaline hemin dimer to give the munamerl' but the

pH dependence has not been studied and hence the product has rit
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been fully identified.

Sucrose is known to affecc the magnetic susceptibilityas but
the effect of sucrose on the spectrum has not been studied.

It is known that salts affect the sggregation of hemin 34-38
but the effectiveness of different enjons and cations compared
to their ability to order water is naet knowm.

The eims of this chapter are to improve our understanding of
the mature of the complexes and equilibria observed in aqueous
alkali ag well as to investigate the cenditions required for
monemer £ rmaticn in aqueous alkaline solution, in order to model
‘nemopreteins which usually contain iselated hemin. To this end
quantitative studies on caffeine and Jdotergents as well as
qualitative studies on salts, sucrose and donors/acceptors have
been carried out.

Studies in aquecus acid will be reported in Chapter 4.

The follewing abbreviations will be used in this chapter:

¥ for monomer
5 for dimer
P for polymer
Each of these may have a subscript & or B. These refer to

spectral types, the A type spéctrum being the typical high spin
87

: N 2
spectra ' while the B type being analogous to the u-oxo spectrum. 6

3.2 Results

3.2.1 Beers law plot of hemin

Tue Sotet band for bemin im 0,1 NaO¥ is at 385 nm. Hence this
wavelength was chosen to see if any deviations from Beers law
at low hemin concentrations occur, as this would indicate the

formaticn of the monomer.

ﬁf@
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A plot of absorbanc: versus hemin concentration (in 0,1M
NaOH to eliminate any ionisations of groups on the hemin) was
Linear down to 1% 107X hemin {on a por mole iron basis)

(tigure 3.1)

3 1 B 3
10°Temine , M

Figure 3.1 Bee¥s law plot of hemin in 0,1 NaOH; £ = 10 cm,25%

The slope was 5,8 x 104 °. As the pathlength was 10 cm, the

P en (per mole Fe). This

is in agreement with earlier results - (62 x 10° WL ent at

extincrion coefficiont was 58 x 105 H”

385 nm) at low ioniec streagth.

The linearity of the plot indicates that monomerization is not

7.

cecurring to any extent dovn to av least 1 x 10 M. At 1,2 x 107

¥ hemin the absorbance at 385 um was 0,069 * 0,003. Taking this

error into account, the monomer concentration is § 7 x 1070 .




Hence cthe squilibrium comstsnt for the equatiom (3 - 1),
3-1

M == D

K, is a1l 107 L. It must be pointed out that K, will vary
with ioic strength.

I. .- difficult to compare this value with that previously

-ported (4,5)%%as the latter equilibrium involved the loss of a

preton an dimerization,

Howe- 'sing the value reported for the pK? of the dimer

7,571k 1s calevlated to be 1,4 x 108wl the diserepancy
betueen these values may be a consequence of this latter study
being largely carried out at pHs near the precipitation point

whare higher aggregates are probably present,’” and hence may be
the equilibrium constant Eor polymerizationm.
These values are greater than that of 3,1 x 10% M veporred

2
tor protoporphyrin,”” showing that the presence of Fe(III) in the

ring enhances dimerization.

3 2 Effect of salts and sucrose

It has been reporte that the addition of electrolytes to hemin
results in a decrease in the Soret band as well as the development

of a band around 580 na. 2% These changes have been correlated

with aggregation of hemin2® and are pH independent between pl 9

and 13.
Figure 3.2 shows the change in spectrum quite clearly
(i.e. the & type spectrum ig converted to a B type) and confirms

the effect of ionic strength, in causing these changes.
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Figure 3.2 Effect of the ionie strength on the spectrum of

hemin at pH12; 2,26 x 107> M hemin; 25°C; & = 1 om.

The formation of the 580 nm band increases with hemin
concentration (£igure 3.3) which supports the proposal that

aggregation occurs.
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Figure 3.3 Effect of the hemin concentration on tia visible
spectzam at pH1Z; 0,5M Na¥0y; 25%; L= 1 cm.
---= 22,6 1M hemin (2 ¥ scale); <-+* 90,4 u hemin

(0,5 x scale); —— 181 i hemin (0,25 x seale).

Different salts affect the spectrum to different extents.

This is shown in Eigure 3.4.
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‘F‘ Figure 3.4 Effect of diEferent cations on the spectrum of heuin
L at pHIZ; 2,26 % 107> ¥ hemin; 25%¢; £ = 1 om.

1i” is more effective than K' in decreasing the Soret and
: visible region.
4

Table 3.1 shows the effect of different salts znd differenc

iopic strengths on the Sorer intensity,




Table 3.1 : Effect of different salts on the Soret band of

hemin in alkaline aqueous solution

System Sorec  Jmax/nm (¢/ (mdFe) Len™h)

107* ¥ Nao 387 (61,3)
1072 u Nao 385 (58,8)
107" o waon 385 (58,0)
0,5 Lino,; 1072 Naou 385 (52,1}
0,51 NaN0,; 1074 NaoH 385 (56,8)

; 1073 vaoR 385 (57,4)
2 NaNO,; 10”2 waoH 385 (45,00
0,54 VaCl 85 (55,2)

In agreement with figure 3.2, the decrease in the Soret
intensity (but not position) increases with ionic stremgth.
There is a shift in the Soret position at very low ionjc stremgth
which is reproducible and may be the comsequence of 2 change in the
dimer structure because the carboxylates are 1o longer shielded
from each other, It can also be seen that the ovder of
effectiveness of ions in decreasing the Soret is Li” »¥a’ > k¥
and RO; > ¢17. This is also the order of the abilities of these

8% und hence the order of

ions to increase the structure of water
increasing hydrophobic bonding to minimise the unfavourable
entyopy of solvation, This suggests that the further aggregation
shown earlier 4 3 results at least in part, frow hydrophobic
intaractions.

Sucrose has been shown to increase the magnetic moment of

high concentrations of hemin in alkaline solution from 3,6 to
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86

5,6 B M,”” but its effect on the spectrum has mot beem reported.

It was found that 30% sucrose added to hemin in 2M NaNcr3 at pHiZ,
converted the B type spectrum £o am A type, i.e. a ~oxo type

to a typical high spin type. Hence sucrose counkeracts the

electrolytes and displaces the equilibrium in favour of the dimer
(equation 3 ~ 2)
electrolytes

), T3 Py 3 -2)

sucrose

o D

This shift in equilibrium explains the effect of sucrose on
magnetic susceptibility particularly as A type species have high
magnetic moments while B type species have low magnetic moments.
(see later.)

The effect of electrolytes in promoting aggregation can be
attributed to their shielding like charges from each other in
the

formation of the aggregate. The effect of sucrose may reverse

the formation of the aggregate by disrupting the structure of
water and thus disfavouring hydrophobic interactions.

3.2.3 Effect of caffeine

Caffeine is the heterocyclic compound shovu in figure 3.5, It

has no pK,s in the alkaline region (it has one of <13, 33
0,

e
x5

Figure 3.5 Caffeine
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Figure 3.6 shows the spectral changes occurring on adding caffeine

to hemin at pH12,3,

oM caffeine

1 mH; 2mM caffeine

—— =~ 8 mM caffeine

0,150

0,100

450 530 610 630

O
320 360 40G 440 480 520

* () *om)

Figure 3.6  Spectral changes occurring om titrating hemin with

caffeine; 8,28 x 107° ¥ hemin; pHI2,3; 25°C.

The major changes are shifts in the Soret band to 40Z nm and
the visible band to 606 om, with isosbestic points ar 392 onm and
642 nm. which indicates an equilibrium between two species.

Both initial and final spectra are A types. The same spectral

changes were observed by Gallagher and Elliott.




3.2.3.1 Quantitative studies
The quantitative studies were limited to pHs between 8 and 12,3.
Balow pH8, hemin aggregates, while above 12,3 caffeine is hydro-
lysed (see Chapter 2). Changes in the absorbance at 400 nm were
wonitored when the caffeine concentration and hemin concentration
were independently changed. All experiments were carried out at
25%.

Experiments in which the caffeine concentration was varied
(at a constant hemin concentration}, were performed at pH 8,350

12

and pH 12,00, Gallask  1d Elliott™ showed that reaction

(3 -~ 3) was occury

D o+ 2

. =2 Ni-caffeine (Kc) (3-3)
It can be shown (see appendix 1) that if this reaction is

oceurring then a plot of

tog

versus log [caffeinglfree should be linear with a slope of two
(A, AD, 4, are sbsorbances at a particular caffeine concentration;
in the absence of caffeine; for the fully Forded hemin-caffeine
adduct vespectively; {Felqy, is the total hemin concentratiom
(ou a per mole irun basis)).

This was found to be the case at bath pHs (see figures 3.7a

and b; tables le, b in appendix 2).
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iog [caffeine] Free
Figure 3.7a  Analysis of the titration of hemin with caffeine
3 results at pH 8,50 and 12,05 1 x 1075 ¥ hemin

u=0,1; 25%
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b) pH 12,0

~6,04

=554

log feaffeing) free
Figure 3.7b Analysis of the titration of hemin with caffeine
results at pH 8,50 and 12,0; 1 x 107> M henin;

u = 0,1 25%.

The equilibrium constant, l(c, for this reactjon was found to be

5,4 ¥' and 6,1 ¥ ae pH 8,50 and pH 12,00 respectively.
Experiments in which the hemin concentration was varied (at a

constant caffeine concentration) were carried out at pH 8,50;

PH 10,00 and pH 12,00, If resction (3 - 3) is occurring then a

plot of log @ [Fely,. versus log (L = ) [Felyoy should be linear

with a slope of 0,5 (see devivation in sppendix 1) (vheve o is

the fraction of ti.. hemin which has reacted; [Fe] is the total

'TOT
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hemin concentration (on a per mole iron basis)). This was in fact

true for all phs 4s long as the hemin concentration did not exceed
2 x 107 M. (See table 2a, b, ¢ in appendix 2; Figures 3,8 a, b,
c.) The equilibrium constant for this reaction K, was found to be

5,00y 5,8 0L 5,7 MY at pH 8,50; pH 10,00¢ pH 12,30

respectively.
log [Fe]mTu
-5,8
a) pH 8,50
1,7x10730 caffeine
“5,6.

-5, 4
~5,2
5,0 T T T T 1
~4,8 -5.2 -5,6 -6,0 -6,2 -6,k
tag[Felpor (1-2)
logfFe}. o
ot b) pH 10,0
5.6 1,7%10" 2 caffeine
°
ERE
[}
-5,2 5
I3
500
- <50 BN ~56 -5,8 -6,0

2

542
log{Felygy (1~
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1og fFe] X
Jror C)20mM NaoH

2,3%107 M caffeine
~5,54

-5,3

5,1 °

=54 -5,6 -5,8 -6,0 -6,
tegFelpqp (1-2)

Figure 3.8 Analysis of data obtained by verying the hemin
concentration at a constant caffeine concentratiom,

ar pH B,50; 10,00 and 12,30; p = 0,1; 25°C.

It can be seen that the equilibrium constant, Kc, caleulated from

experiments vhere the i tion and hemin comcen—

tration are varied,are the same within experimental error.
More interesting, che equilibrium constant doesa’t vary with
pH between pH 8,5 and 12,3. As the starting species contained

one OB -~r irom, the final monomeric hemin—caffeine adduct must
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as well.

Gallagher and Elliott ascribed the relatively low 4G and high
45 they Found for the dissosiation of the hemin-caffeine adduct to
hydrophobic bonding between the hemin and caffeine. > As caffeine
has been shown to form a domor-scceptor complex with hemin in
chls,Al it is probably Fair to assume that this type of inter-
action oceurs in agueous solution as well,

The average value of the equilibrivm constant ip reaction
(3 - 3) is 5,6 07F (25°C) which compares well with that found at
26° (6,25 M%) by Gallagher and Elliote.-?

Reaction (3 - ?) can be formally separated into two steps,

splitting the monomer (3 - &) and binding caffeine (3 ~ 3).

D e 2y 7t (3~ 4
§ + caffeine =2 Yrcatfeine K 3 -5
K, o= o0t
¢ = % caff
Gsing the values of 5,6 3™ F for K, and » 10° ¥ © for
4

71, This value

KD (3.2.1), Kcaff was found ko be » 7,5 x 10
is at least forty times greater tham that found for the reaction

e and . T
between caffeine and monomeric in. ¥ Tnis differen

is similar to that found for K (reaction 3 - 6) for proto- and
hematohemin.

2 ——> D4 H : (3~ 6)
K,'s vera found to be 4,5 and 1,0 x 1072 respectivaly at
about pH 7. This suggests that similar types of imteractions
accur in both the dimer and the caffeine adducts. As discussed
abave these are likely to include hydrophobic as well as Ii-II

interactions. The ‘iore extended Tl system as well as the greater
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hydrophobicity of vinyl in protohemin compares with hydroxyethyl
in hemstoporphyrin would then be responsible for the greater
binding constant of caffeine to hemin. Hydrogem bonding can be

excluded as a major interaction as this would be greater with

hematoporphyrin <han with hemin.

3.2.3.2  Analogous systems tg caffeine

Within experimental error, there was no change in the spectrum of
bis-cyanohemin on adding caffeine, showing that if caffeine does
bind, the spectral changes obsarved in figure 3.6 largely arise
from splitting the dimer (bis-cyanohemin is monemeric '0).

Oaly slight changes in the intensities, but not positions of
the UV-visible bands, observed on adding caffeine to monomeric
hemin in ethanol, formamide and DMSO, also show that the major
spectral change results from splitting the dimer.

Similar spectral changes to those observed with hemin
(figure 3.5) were found on titrating mesohemin with caffeine,
under analogous vonditions. Hence, the vinyl group is not
egsential for this intevaction.

Most donors/acceptors added to hemin decreased and shifted
the Soret to the red. These include adenine (Amax. 400 nm),
o-phenanthroline (Amax. 406 nm), methyl viologen, arginine at
pH 8,5 (Mmax. 390 nw), theophylline (max. 408 nm). Tyrosine
(at pH 8,5) however, shifted the Soret to 374 nm and increased
its intensity slightly while guanidine split the Soret iato two
bands of roughly equal intensity at 356 um and 394 nm, and
decreased its intensity.

With the exception of phenanthroline and methyl viclogen which

gave B type spectra, there was little change in the visible region
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on adding the above species.
These effects are varied and could be reflecting the relative
contributions of hydrophobic, domor-acceptor and possibly hydrcgen
bonding interactions. 'The effects of phenanthroline and in the
visible region, methyl viologen (which absorbs in the Soret
region) ave similer to those sbserved with pyridiniwm salts.
It must be pointad out that arginine and tyrosine do not bind at
PH 13 but do at pH 8,5 vhich is below the P&, of the amino group.®
This could indicate a covlombic effect as found by Mohr and
Scheler® and atcributed to an interaction between the cation 2nd
the propionates.
The sffects of caffeine, adenine and theophyliine are
contrary to the report that these have no effect on hemin, C

3.2.3.3 Effect of the bemin concentration on the hemin—caffeine

adduct.
Tt was observed that the reaction (3 - 3) could not explain the
Tesults if the hemin concentration exceeded 2 x 107> M, and

caleulating the extinetion coefficient at 402 nm from Gallagher

. 12
and Elliott's erra’", gave values between 74 and 80 X 103 M
au !, with the . ue decreasing with henin concentration. Hemca,
the spectra of hemin in an excess of caffeine, with increasing

concentrations of hemin were determined (see figure 3.9).
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“he chenges in the visible region are most marked with the
appearance of the band at 575 nm which becomes relatively more
intense as the hemin concentration increases. At high concentra—
tions of hemin there are bands at 575 mnm, 600 nm and shoulders at
4560 nm and 620 nm. These are likely to be vibrational overtones.®!
There is no change in shape or prsition of the Soret although the
extincrion coefficient doas decrease.

Beers law at 407 nm was not obeyed above 1,5 % 1o"_m hemin

(figure 3.10).

] 10 20 30
10° [hemin}, 2t
Figure 3.10 A Beers law plot of hemin-caffeine at 402 mm;

0,1 M caffeine; pH 12,0; 25°; u = 0,1.

To avoid this further reaction, (which is some kind of aggregation
or dimerization of the monomeric hemiv-caffeime adduct, as it
depends on the hemin concentration) experiments vere generally
done with € 1,5 x 107 ¥ hemin. At low hemin concentrations
€402 was found to be §1,1 x 10° ¥ el for hemin caffeine.

The Beers law plat at 575 tm shoved a positive deviation

while that at 600 nm showed a negative deviation above
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1,5 x 107% M hemin. ‘The respective extinction coefficients at low
lemin concentrations are 6,0 x 10° ¥ ca ! and 6,8 x 10 ¥t el
Bnfortunately, a stage is not reached vhere the extincrion

coefficients become constant at high hemin concentrations, so

this equilibrium cannot be quantitatively studied.

3.2.4 Effect of detergents

3.2.4.1 Qualitative studies

Simplicio and co-workers showed,using equilibrium and kinetic

studies, that uwicellar detergents split the dimer to give momomers

intercalated within the datergent micelle ™M They showed that as

the detergent concentration was increased, the absorbance of the

detergent monomer Soret increased until a limiting value was

reached. This vas found to be reproducible using the derergent

cetyltetramethyl smmonium bromide (CIMAB) in 0,1 M NaOH at 400 mm.

Rowever, following the alkaline hemin dimer Sovet (385 nm) &

decrease in the absorbance followed by an increase was cbserved,

with signs of a limiting value being approactied. (See Figure 3.11.)
The minimum in absorbance occurred at about 1 x 1077y

CIMAB. By comparison, the critical micellar concentration

9Ohe fairly similar

(cme) of CTMAB in water is 1 x 1070 u,
values suggest that the increase occurs because of incorporation
of the hemin monomer into the micelle, bearing in mind that
salts generally decresse the cme and that micelles are found
below the cme which is an average value. The decteAse suggests

a different kind of interaction with the detergent and has been

studied quantitatively. (See later.)
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0 5

10 5 20
HC

10 faetergentd, ¥
Figure 3.11 Change in the bmax of the alksline hemin dimer

with detergent concentration.

It was found that at low d t concentrations a limiting

spectyum was found, and this enabled the quantitative study to be
carried out, The limiting spectra in low aund high concentrations
of CTMAB are shown in l}:’igure 3.12a.

Both low and high concentrations gave B type spectra with

the major differences being in the Soret region.




A {max)

Figure 13.2a Spectra of henin in low and high concentrations
of OTMAB; 0,1 M NaOH; 25°C; 8,65 % 1070 M *.run
———— OM CTMAB; —— 3 x 1077 M CTMAB;

vee 37 (0,082 M) CTMAB.

The UV-visible bands obtained at high and low CTMAB concen~
trations are reported in table 3.2 together with those of the

. N . 26
u-oxo dimer in benzene for comparison.

46,
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N * P
Table 3.2 Extinction coefficients for the UV-visible bands

of hem'n jn a) 30 x 1070 M cTMAB; b) 4% oTMAR (0,11 W)
26

e)_y-oxo dimer

Band 30 x 107°M CTMAB 4% CTMAB (20,11 M) p-oxo dimer

Amax (€mM Amax) Amax (emMimax) Amax (geM Amax)
Soret 390 nm (49,8} 399 nm (66) 397 nm (58)
8 568 am (6,8) 573 mm (8,4) 573 m (7,0)
u 600 nm (5,9) 597 om (8,5) 599 nm (6,9)

* expressed on a per wole irom basis.

There are similarities in these spectra. The low detergent
species could be a u~oxo dimer but mot the high detergent
species as this is monecmeric

Similar spectral changes were observed for tritom X-100 (TX)
but not sodium Lauryl sulphate (SLS) (see Tigure 3.12b).

. Hence SLS gives an A type spectrum while CTMAB and TX both
give a B type spectrum at both low and high concentratiens.

At high detergent concentrations, the absorpance of the

Soret band of the detergent monomer decreas 4 with time. This

was found to some extent at all pRs with SL® 8, TX
Tween 80, lauryl pyridinium chloride & ©IX and
mesohemin., It could not be reversed by t ion of KC¥ which

indicates decomposition rather than dimerization. Ways in which
this effect could be minimised were by working at low detergent

concentrations, high hemin concentrations where the relative




e —— 450 530 610 690
320 - koo 430

A(om)
Figure 3.12b Spectra of hemin in low and high concentrations of
SLS; 0,1 M NaOH; 25°C; 8,65 x 107 M hemin.

~-— OM $LS; 1,2 x 1074 1 518; o0 4% (0,14 M) SIS
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change in absorbance was small or running spectra as soom as

possible after mixing.

3.2.4.2. qQuantitative studies

The titration of hemin with CTMAB, TX and SL$ to give the low

detergent specles, showed isosbestic points (£igure 3.13).

Figure 3.13 Spectral changes on titrating

concentrations of CIMAB; 6.%7

0,1 ¥ wacH; 25%.

~== 0 ¥ CTMAB; **+ 1,8 and 6, »

— 21 x 107 i cruas.

with low

6 3 hemin;

1278 w emuns

The titration date in ¢ach case wereshown to rit reaction

{3 ~ 7} but not reactior (3 - 8).
D + nlL = DLn

D+ 2nL &= YMLn

3-7
(3-8
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If yeaction (3 - 7) is occurring then a plot of log

o
A
against log [detergent} should be linear with a slope of n. In
2dadition a plot of log [Fe) o & versus log (1 ~ ) Iref,, shoule
be linear with a slope of one. (See appendix 1).

With CTMAB, figure 3.14 a) shows that the former is true, with
2 slope of two,while figure 3.14 b) shows that the latter is also

true. (Data tables in appendix 2, tables Sa, i, ii, iif.)

tog —
AR
0,14 NaOH .
2 4 fhemin] = 9,72 x 10°°M
o
(<)
o
N
-2 J—
o —————
-5 -6 -7

log [CTMAE] free
Figure 3,14z Analysis of the data for the titration of hemin

by CTMAB.

The log K values were as follows:

At pH 8,5 : 10,6 £ 0,3 (varying CTMAB) (%)
In 0,18 NaOH : 10,56 * 0,03 (varying CTMAB) (%)

10,7 * 0,3 (varying hemin) '
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-5,8 -

toy x [Fe)y,
@
5k
]

=52
-5,0

-5,4 -5,6 ~5,8 -6,0

log(1-x) [Fe]mT

Figure 3,14b Analysis of the data for the titration of
hemin by CTWMAB; 0,14 NaOH; 1,5x10™ %

omaB; 25%
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Hence this reaction is pH independent between pf 8,5 and 13, which
impiies that each irom still has OH or its equivalent coordinated.
With SLS, only one detergeat is bound and Iog K at pH 13 was

found to be 5,3 £ 0,2 (1) (see figure 3.15).

-4 -5 -6
log {5LS] free

Figure 3.15 Analysis of the data for the titration of hemin by

SLS dn 0,1 M NaOH; 25°G; 1,12 x 107> X hemin.

The titration with TX showed a curved plot which could be

resolved into the binding of ome at lew concentration

and two ts at higher ns (see figure 3.16a).

The log of the binding coustant for ure detergent was
4,8 £ 0,2 (L) while that For two was 9,5 £ 0,1 (¥°D). TX thus has
a lover affinity for hemin than do CTMAB and SLS.

These results may be a consequence of differing hydro-
Phobidties as well as coulombic interactions wich the porphyria
core (which has & +1 charge) and the propionate side chains with

the different detergents.




~1og[TX} free

Figure 3.16a) Analysis of the data for the titration of hemin
by TX in 0,1 M NaOH; 10,0 x 107° ¥ hemin; 25°¢;
¥-——x solved assuming one detergent bouna

@——08 solved assuming two detergents bound

In spit® ¢! the two overlapping equilibria with TX (figure
3.16 b), isosbestic points were still present, indicating that

the first detergent binding causes the major spectral changes.

53.
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0,2 o

L ]
450 530 610 630

Figure 3.16 b) Corresponding spectral changes (conditions

as in figure 3.16a).

3.2.5 Spectya
UV-visible spectra have been recorded under various conditions.
‘Table 3.3 lists the positions and intensities of the Soret
aud visible bands of hemin im various alkaline solutioms.

There is a reasonable comparison between the vesults of this
study and those of other workers, patticularly as many of the
quoted figures for the latter have been read off from reported

spectra.
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Table 1.3 thax (and esMCiaax)) for che Soret and visible bends of henin in alkaline selutiens
soret visibie
Syeten e (e saax? (con® e et
L. Aqueous solucima; 25%
L1 low fouic scrensth
w0 pit 9,5 287 161 “BL(B,3)1 S30%(5, D) 61205,7) 2O chis scaty
W 1,0 383 (62) 4568,5)5 535,20 61044, T) A 24
1.2, moderate ienic strangeh
PR 385 158 8002,25 53503,13; B304, A@) cuis stey
WL, 3 - 280%(8,035 5300(5,2); 61215,9) A 129
1.3, high ieaic stremseh
24 Na0; 22510708 hesin: 385 (5 575 - 503 (0,7 8@ chls scudy
@ NaC10,;pH13;65x10”% henin - 578(3,4); $03¢2,9) B (P this spudy
1,98 aCl;pH11; 504107 b 385 1) 58,5, £00R(4,T B® 3%
2,41 K01 - 5 - €00 (5.0 3 47
plus catfeine
0,081 caffeiveri=d,iristo
B B,5 - 12,3 02 178 aBea1e, 0 409 chis study
wxsess of caffofne;sxic "
202 NaoR BNt o Ao 12
0,24 caffeinarien,i
9K 10 and 12 £ 3@ this sty
0,1 caffalne; 20zt adk; .
38x10"% heasn - IR 3 12
5
L5
) 005, 52 cnis sedy
308,51 B D this study
1,200077Y SLS; @, e this study
1.5.2. high Geteraency
3% CTYAB; 0,1 TaCR e 57305,43; 600ks, 13 B0 chis soudy
3% Crus; pH9,5; 0,1 a0 87 57243,95 39613,7) X 14
4% TK; 0,1 Ya0H 00 1631 575(6,5); 5986,1) R cads stuy
4% TH; pHS,S: wwd,i e (62) 573(6,3): 597(4,2 BOD 149
47 SLS; 0,1 Naok 02 (50) 383,635 SLTX(L): 80407, 1) 400 ehic gmay
4% SLS; gHI,05 ued,l N3 (Az) 500(5,3) ) 13
2. jtixed aqueous solveats
44% aqueous ethanol; 20u Manil - 48209,7); 60007, 1) A G0 enis stusy
442 aqueous athanoli pH2,0 399 (0B 482HLL,5); 6ce(7,5) 400 47
667 aqusous echylese giyeol;
200t Naok - 188(8,4); 5304(6,4); 603¢6,0) 4 this seudy
0,771 zola fraction water in 4
DHSO; S O™ - 530(7,0); 400(6,3) B 91
457 aqueous DHSO: pRE-3 98 (110) 34601103 1590(310) LX) 52
653 aquecus DUS0;pHISHATIO /KCIO; 397 (55) 580 ~600 s 92
3. Non-aqueous solvents - u-oxs diger
benzene 397 (57 307,093 995,97 . LRt 2%
pyridin. 397 ts0) S7247,005 597411,8) 5@ 2%
in P el et © see text and figure 3. read off spectzun shoulder
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450 500 550 6co 650 700

Aoy
Figure 3.17 Types of hemin spectra i alkaline solution
—— (&): 6,55x10 "M hemin in 44% aqueous ethanol
containing 20mM NaOH
— (B): 6,55x10"% hemin in 37 (0,082M) CTWAB

containing 0,1 NaOH.
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(a) yisible vegion

There are quite distinctly two types of visible bands as represen—
ted in figure 3.17. The A type spectrun is a typical high spin®
spectrum while the B type spectrum is analogous to that of the
y-oxo dimer.?® (4" is still an A type with the bands shifted
slightly to the red.) Curiously, these changes in the visible
region are not paralleled in the Sorst regiem.

The B type spectra may in many casas be due te a Y-oxo dimer
(e.g. at low (detergent), high (nemin) in caffeine) where dimers
have been established or seem likely, or may be due to u-oxe
linkages present in an aggregate (high jooic stremgths). There
are cases, however, where the hemin is momemeric but still has a
B-cype spectyum (e.g. micellar CTMAB and TX). This suggests that
there is scme common feature.

It has been prepesed 87 that although the bands in the UV-

" -
visible spectrum of hewin are largely due to I » [T txansitions,

varying amounts of mixing cam sccur with [ ~ & charge transfer
transitions, particularly in high spin cemplexes., If there is
littie mixing of the low energy % ~ ' transition with the high
energy charge transfer transitions, then a relatively weak band
at § 476 pm and a band at 4588 nm (emitvlQ) (with vibratiomal
progressions) would be expected. A chaxacteristic of the B type
spectrum is 2 baad at 580 mm (emM 5-7) with a nearby band at
600 nm. There is also a slight shoulder at .€J76 om in all the
B type spectra, including the u-oko dimer (sce for example
figures 13a and 16b).

Hence the primary difference berween 4 and B type species

o
could depend on whether there is mizing of the low emergy Il = I
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transition with the high energy II ~ d charge transfer transition
or not.
() oree band
The changes in the Soret band do not parallel those found in the
visible region, which indicates that different factors determine
the positions and intensities of the bands in these two regions.
The Soret intensity decreases as the degyee of aggregation
inereases i.e. the extincrion coefficient decreases in the order
M >D>p. The monomers tend to have their hmax at 400 nm while
the dimers and higber aggregates tead to have their max at
385 - 390 nm. The exception to this are the p-oxo dimers which
have their wmax at 397 nm. These changes on dimerization and
aggregation must result from interactions between the hemin uaits.
The p-oxo dimer may differ perhaps bacause of a diffevent Lype of

intersction or a lack of T - T interaction.

On the basis that the hemin species in alkaline solution of
moderate ionic strength is dimeric, the existence of equilibria
between monomers, dimers and higher polymeric forms bave been
found in aqueous alkaline solutiom. These equilibria are pH
independent (pH > 8),

The visible spectra of the species studied hexe as well as
others in alkaline non-aguecus and mixed aqueous organic solvents
show that they all fall into two series characterised as follows:

A series with bands at about 610 nm and between 480 and 500 nm as

expected for high spin Pe(III).

B series wirh bands at 570 - 600 nm (most likely being vibrational

overtones) with no obvious bands at about 500 mm. These are not
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quite those expected for a low spin Fe(III) which have bands between
530 and 580 om. 57093

The changes in the Soret region showed mo correlation with
those in the of region.

A type spectra have been found for monomers and dimers (hence
labelled M, and D,) while B type spactra have been found for
monovers, dimers and polymers (hemce labelled My, Dy, By

Hence the following equilibria exist between the five types

of hemin found in aquecus alkaline solution:

monomers dimers polymers
My D,
» - » —
MB DB

The equiiibria are all pH-independemt but obviously depend on
the hemin concentration and the different forms are stabilized by
conditicns as follows:

i observed in agueous alcohols and in aqueous solution im the

'y
presence of caffeine and micellar SLS. S

PR observed in TX, CTMAB detergent micelles in aqueous solu~
:ion.l“

D, + observed in aqueous solucion, where it is stabilized by
sucrose and at low concentratiens of SLS.

D, : observed in DHSO,%? in aqueous solution at lov concemtra-
tions of TA and CTMAB, with pyridine and pyridinium sales3?
and with caffeine.

PB : observed in aqueous solution containing high concentrations

of electrolytes,3¢
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Correlations between the spectral types and magnetic suscepti-
bility exist. The species giving A type spectra have magnetic
susceptibilities of around 5,9 BY which is what is expected for
the high spin species which would have five uapaired electroms.

Yor examplelhemin in aquecus alkali gives a value of 5,8 as

2
long as the hemin concentration is not greater than 2 x 1074 M 2%

or if 302 sucrose is present.5®

The species giving B type spectra which have been measured,
give values around two BM which m.y arise either from the low spin
species (with one unpaired electron) or from antiferromagnetic
coupling of two high Fe(III)s via an oxo bridge. For example
bemin in the presence cf high concentrations (“2W) of electrolytes
gave values of 2,6-2,9 847% Hemin in 20% pyridine containing
0,24 HaOH gave & value of 1,97 and the p-oxo dimer gave a value
of 2,4 BY at room temperature decreasing with temperatura, 20
Unfortunately determinations have not been carried out on M, and
My so it is not certain that ¥, is high spin and My is low spin
although the former is probably true. It is not clesr that the B
type species are necessarily low spin or antiferromagnetically
coupled. A& high spin species,in which mixing of T~ I and charge
transfer transitions is unfavourable because of symmetry or energy
differences,is a possibility. An equilibzium has been Eound
between high spin and low spin ferrihemoglobin and ferrimyoglobin
containing By0, HO™, ¥y, inidazole, NCs™ and W0, as ligemds
(together with the protein histidine).?> Even cyanocatalase is
507 high spin. ® So a mixture of high spin and low spin is alse
a poussibility for the B type species. Thege equilibrium mixtures

demonstrate the ease of high spin to low spin conversioun.
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Whether or not the conversion of an A species to a B species
involves a high spin-low spin equilibrium or a change in mixing of
transitions, the mecal ligand bond length as well as the distance
of the metal from the ring plane are likely to be significent.

In considering possible s uctures for the species found,
the nature and number of ligands as well as the spin state must be
considered. In aqueous alkali, possible ligands are W0, OB~ and
bridging 027 The complexes could be five or six coordinate but
in practice as the sixth ligand would be H,0 these two camnot be
distinguished. As discussed above, both high spin and low spin
(or aven a mixture) are possible. In addition the dimers and
polymers may be held tegether by a L-nxo bridge, by coordination
of carboxylate from another hLemin, by hydrophobic interactions or
by donor-acceptor interacticns. As no evidence has been found
for carboxylate dimerization,”® this will be ignored. Hydrophobic
and domor—acceptor interactions give rise to interactions batween
the porphyrin rings and will resvlt in ring-ring dimers.

As the equilibria were all pH independent, all the species
have OH or its equivalent coordinated. In each case H,0 may be
an additional ligand.

Hence the monomeric spacies can be Fe ~ OH and H,0~Fe-OH.

The dimeric species may be Fe-0-Fe; K,0-Fe-0-Fe-OH,;
(Fe-OH),; (H,0-Fe—OH), (for the y-oxo dimers and ring-ring
dimers respectively).

Coordination of H,0 may alter the metal~ligand bond length
as well as the distance between the metal and ring plane and
enable the transition betwesn A and B to be effected at least in

the case of the monomers and the ring-ring dimers. The u-oxo
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dimer is unlikely to change its spin state on coordination of HZD
as antiferromagnetic coupling generally predominates over
ferromagnetic coupling in p-oxo dimers. >

Hence R'KA is likely to be Fe-OH while MB could be HZO-Fe-OH.
BA is likely to be (Fe—OH)2 while DB could be Fe-O-Fe or
(B,0-Fe~DH),. Py could concain Dy units held together by cations
and pussibly involving ring~ring interactions between these units,
because evidence for hydrophobic bonding was found from the
effoctiveness of differsnt ions.

The formation of an My type species in some de':ergen:
micelles is rather puzzling, as A type species are found in their
ahgence. TPossibly the low dielectric constant in the micelle
interiox, by preventing charge delocalisation, induces a short
Fe-Q bond which enables the tramsirion to occur. SLS may differ
perhaps because move solvent is included in the mir:lle intarior.

Heuce thie study has providad further informaticn un the
nature of species and the equilibria exhibited by hemin in
alkaline aqueous solution. Five different types of complexes
(including monowers, dimers and polymers) were found to be in pH
independent equilibria. The species found demonstrate a complex
interplay of coulombic, hydrophobic, donox-aceeptor and possibly
hydrogen bonding interactions.

This provides s framework for further studies on the nature
of the equilibria and pbysical properties of the individual
complexes

Monomeric hemin in 2 predominently mqueous environment at
pH > 8 can be obtained in the presence of caffeime or in micellar
detergents. These are superior to mixed aquecus solvents as pH

still has its normal meaning.
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CHAPTER &  HEMIN IN AQUEQUS ACID SOLUTION

4.1 Introduction

The previous chapter dealt with hemin in aqueous alkali (above the
pKas of the coordinated hydroxide and propionic acid side chains)
vhere hemin is soluble and hepce true thermodynamic equilibria can
be studied. Only five types of complexes were found!

By contrast the acid and neutral region (pH<8) is complicated
not only by these pKas but also by the imsolubility of hemin, with
all solutions being metastable (see later).

Hence 2 study iu this vegion presemts the problem of how to
get the hemin into solution as well as how to study it

Three approaches can be used to get hemin dissolved in aqueous
acid, dilution into aqueous acid from hemin dissolved in aqueous
alkali ot organic solvents {e.g. from pure DMSD to 0,1% aqueous
DMSO)gz, and from hemoproteins (e.g. hamoglobin)  dissolved in
vater, can all be used,

Previous work on equilibria in acid has shown two pKas, one
at about %8 ang tne other ar abour 7,5,10,318:34,92,96
These probably refer to dimers or possibly even higher aggregates
in the slightly acid region and the number of protons amd the
nature of the species has not been identified

To improve the conditionr for study, either the rate of
aggregation reactions must be slowed down, as reported earliex in
the presence of silicxte,ll or else a rapid method of study must
be used, such as stopped flow. When using stopped flow pH jumps
(i.e. rapidly mixing unbuffered hemin at about pH9 with a buffer
of the required pH), 1t must be borme in mind that any observed

pKa may not be a true equilibrium between metastable specias but

|
|
|
|
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may include the pH dependence of an irreversible aggregatiom
reactien,

The aims of this chapter are to improve the understanding of
the nature of the complexes and equilibria observed in neutral
and acid aqueous solution with particular emphasis on identifying
the simple monomeric aquo complex and determining at least an
approximate pRa for the coordinated water.

4.2 Results

4.2.1 Aqueous solution alome

4,2.1.1. Moderate iomic stremgth ( = 0,1)

Preliminary experiments in which equal volumes of hemin in dilute
(10™%-107%) NaOH and double strength buffers were mixed to give
4 final concentration of “2x16” M hemin gave a fairly stable
species (i.e. < 2% decrease in the Sovet intemsity in one winure)
and this enabled it to be studied by ordinary spectrophotometry.
The changes in the Soret absorbamce were rapid im the pH range

3 - 6 and hence this region was studied by stopped flow
spectrophotometry.

8pectra at pHl of xhe Soret region (350 um to 450 nm) were
obtained by adding typically 1pf of 2 8,8 x 107 M hemin stock
golution in 0,1M N2OH to L0 ml of water followed by the addition
of 10 ul double strength pH 1,1 buffer to give a final hemin
concentration of 4,4 x 307 /M and using a 10 cm pathlength cell.
(Addition of the hemin stock directly to the buffer yesulted in
precipitation.) 1In all cases the new spectrum appeared within
five seconds and showed little change with time (i.e. < 2% decrease
in the Soret intensity in two minutes). The spectrum showed a

reasonably sharp Soret band and the species is possibly monomeric.
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The Mmax was at 397 nm with an extinction coefficient of 120 % 3,
the latter being stroag suppor: for a monomer. On standing for five
hovrs, however, € dropped to 80,

As the hemin concentration was increased above 2 x 107 0M a
decrease in the extinction coefficient was observed as well as a
more rapid decrease in the Soret absorbance with time (at 2 x 107N
hemin a M0Z decrease occurred in a minute). Hence a Beers law
study was carried out to investigate these differences. (At higher
hemin concentrations the absorbance found 10s after mixing was
used.) Figure 4.1 shows the plot of shsorbance at 397 mm (the
Soret Amax) against the hemin concentration. (The dataare given

in appendix 3 table la.)

o 5 10 15 20 25
10% fhenin}, ¥

Figure 4,1 Beer§ law plot of hemin at pH 1,1; p = 0,1

L= 1 emy 25%.
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This shows a marked deviation from linearity. It could be shown
(appendix 3 table 1b) that this deviation was due to the equili-
brivm (4 -~ 1)
M = D [CIERY)

and the equilibrium constant was found to be 1,1x10° M™%, This is
considerably less than that found for the alkaline dimer (Knalog)
indicating a different type of dimer, with weaker interactions.

The spectra of both the monomer and dimer have the Soret maxi-
mum at 397 nm but the dimer has a lower extinction coefficient as

well as a shoulder at about 360 mm. (See figure 4.2 and table 4.2.)

L 360 380 koo 520 TRY
»{nm}
Pigure 4.2 Spectra of hemin at b gh and low concentrations at
pH 1,1 (Soret region) u=0,1; 25°C
—— 1,4 x 10" hemin; ¢ = 10 ca

~em 2,2 % 107M heming £ = 1 cm
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In the stopped flow experiments, equal volumes of
4,30 x 107% ¥ hemin in 107"M XaOH snd double strength buffers from
pH 1,1 to 11,0 were mixed to give s fimal concentration of
2,15 x 10"% hemin. The change in absorbance (where evideat in
the time scale used) was monitored at 397 nm.

¥ changes in absorbance with time were observed between
pH 7,8 and 11,0, Below pE 3, the traces showed the end of a
rapid rise in absorbance (extending for approximately lm s
(the mixing time of the instrument is 1 m s)) which then remained
steady for at least 100 m s. The abscrbance at pH 1 - 2 (0,515

corresponds to an extinction ccefficient (at 397 nm) of

120 x 10> oY ew™® (2 = 2 cm) in agreement with the results of

rhe Baars law plct at low hemin concentratioms.

P 2 & traces showed an inatial vapid rise
to a maximum (vhich usuzlly occurred at appreximately 2 m s
after mixing) followed by a slower £all. The meximum values
are recorded in table 2 appendix 3 together with the steady
values in the cther pH rvegions. The variation of these is
shown in figure 6.3a. This shows the occurremce of two
spparent pKas at pH 2,8 and pH 6,4. The data were evaluated

in terms of various equations involving interconvarsioms of

monomers
with the
the data

possibil

and dimers, dimers and dimers and monemers and moncmers
involvement of one or more protoms, but unfortunately
were not good enough to distinguish between the various

ties. This is probably due to s significant amownt of

an aggregated species or dimer in the intermediate pH region

which would invalidate the equations used to traat the data
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6,9

A <Y

4oz a b) 0,05 caffeine; 3,09%107%M nemin

05 ,o, (x....x carbonate buffers)

/GI
N
a,7
0,6
B
e
0,5 T e e
2 3 4 5 6 o 7 8 9 i 1"
0,5 §
a) without nuﬂﬂo»:m"-amx_o.mx hemin
a
397
0,4 4
0,3
0;/!
0,2 . e iatht - Teta it S . O
3 B 5 3 o 7 8 ] 0 1

Pigure 4.3 Variation in absorbance of the Soret with pH in the

absence and presence of caffeine; 25°C; u = 0,1




However, further experiments varying the hemin concentrations at
pH 6,4 (see table 4.1) showed that the pKa in this region apparent-
ly involves the comnversion of a dimer at high pH to a momomer at
low pH.

Table 4.1 : Variation of [hemin] at pH 6,4. (25°C; y = 0,1)

(Fe) Bygr (0H6,4)  Agg (pHIL,0 Ago,(pHS,00* ~log K.°
G Gay  Gay
16x120"% 1,720 1,518 3,078 6,59
8x10™ 8y 0,83 0,746 1,512 6,69
ax10”8 0,478 0,383 0,774 6,59
221078 0,267 0,203 0,383 6,69

2 ~ caleslated using Sy, (pH5,0) = 96x10° 87 (on a permole Te

basis) (see later).

S

A plot of log vs log [’Ee]mT {zee derivation in

appendix 1b) gave R, = 0,98; slope = ~1,08 (sd = 0,10)

intercept = +6,89 (8d = 0,51) =

pl(ab = 6,64 £ 0,05

b K, refers to the equation 2 + D + 2K

The spectra of the intermediate at pH 5 over the range
340 - 450 nm,determined by stopped flow spectrophotometry at

-1

several wavelengths, shows a maximum at 397 mm (e = 96x10° if B

cm.
with a shoulder at about 360 nm. With the exception of the extinc—

tion coefficient of the Amax this is similar to that of the dimer

found at pR 1,1 (figure 4.2b) and may represent a mixture of acid




monomer and acid dimer. The spectrum of the pH 1,1 species is
identical to that found by ordimary spectrophotometyy at low hemin

concentrations (Amax at 397 mm, » 120 67! co™h) and because

€397
of the fairly high extinction coefficient probably represents a
monomer.

The similarity in the spectra between the pH 1 dimer and the
pH 5 stopped flow species, as well as between the pH 1 monomer and
the pH 5,5 ~ 7 species at very low ionic strength (see later}
suggests that these are variants of similar species. Hence the
first pKa at 2,8 is likely to correspond to the deprotonation of
the carboxylic acids as these would mot be expected to have 2
marked affect on the spectra while the second at 6,6 corresponds
to the deprotonation of coordinated water which should have a
marked effect on the spectra.

Ursutcessful attempts were also made to pH jump from the
monomeric forms at pH 2 and in peutral water (see low ionic
strength studies) by stopped flow. In the case of the neutral
water the concentrations necessary were too low for meaningful
differences to be detected while in the pH2 case, the stock
solutions decomposed too fast to enable a sufficient number of
quantitative experiments to be made.
4.2.1.2. Low jounic strength
Spectra in the Soret region at low concentrations of hamin
(0,8 x 107° 1) in very low ionic strength solutions (u % 107°) at
pH 7 show a shatp baod at 398 with an sstinction coefficient of
122 £ 3) x 168 ¥  enl, %7 hich is very similar to that found
at pH 1,1 (section 4.2.1.1), This species obeys Beers law up to

4,1 % 10°% M and shows second order decomposition to give a new




L el (f.e. similar to the

species with Mmax 398 nm (2 = 73 ¥
oH 1,1 dimer)®’ The addition of buffers or salts transformed this
low ienic strength species at pH 7 (before decomposition) into an
aggregate (broad flat bands were found).)’

In this study 1ud of a 9,18 % 107 M hemin solution, dissolved
in 0,1 NaOH, was added to 25 ml of water to give s final concen-
tration of 0,367 x 107° 3 hemin. The pH was varied by adding
traces of H;\’OB or NaOR, and was measured with a pH meter immediate-
ly after recording the sbsorbance (% = 10 em). Between pH 5,5 and
7, €495 vas found to be 122 * 3, and the absorbance was found to
decrease fairly slowly (<4% fall in = minute). Above pH 7, the
extinction coefficient was lower,while at pi 10, the alkaline
Sut ™

dimer was found (max 387 nm and € = 61,3 x 10

387
{the slight shift compared tc the spectrum in moderate ionic
strength alkaline presumably reflecting a slight change in
structure because of poor shielding of the carboxylates at low
ionic strength). The approuimate pKa is A8. Below pH 5,5 the
absorbance at 397 nm rapidly decreased, probably due to the
protonation of the carboxylates which would decrease the solu-
bility. Hence this species with a fairly sharp Soret can only
be obtained over a fairly narrow range of pH (5,5 ~ 7) at low
ionic strength and is very likely the aquohemin monomer with
dissociated carboxylates, which converts slowly to the aquohemin
dimer.

4,2.2 Aqueous golution studies in the presence of caffeine

The aqueous solution study of hemin in the presence of caffeine
consisted of a stopped flow pH study, snalogous to that carried

out for the hemin dimer, as well as a qualitative study in the




presence of silicate which slows down aggregation.
The stopped £low pH study inm the presence of caffeine was
carried out at 402 nm, the Soret maximum of the alkaline monomeric

hemin-caffeine adduct (3.2.3) and the final . min concentration

was 3,09 x 10°% M. The variation of A with pH is shown in
402 nm

figure 4.3b. (The experimental data are presented in table 3

appendix 3.)
™ Q

A,
Plots of log y-—f versus pH hetween ph 2,5 and pH 3,8 for the

first pKa and between pH 5,2 and pil 6,0 for the second were linear

(figure 4.4) as would be for a monomer-monomer conversion
(see derjvation in appendix 1b). The slopes and intercepts were
as follows:
ist pKa : slope = 1,04 {sd = 0,06)
intercept = -3,13 ($d = 0,19)
R = 0,9
(4, = ©,700; a, = 0,915)
2nd pKa ¢ slope = 1,90 (5d = 0,08)
intercept = -10,66 (Sd = 0,44)
R = 0,99

a, = 0,530; A, = 0,700)

{Carbonate buffers were found to decrease AM)2 by 4% relstive to
phosphate buffers (see table 3 appendix 3 and figure 4.3b) which
may be due to some specific interaction of the carbonate. As
the absorbances were constant between pH 7,8 and 11,0 using
carbonate buffers, the absorbance at pH 7,8 in a phosphate buffer

was taken as A, for the second pKa.)
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The fact that good linsar plots were obtained indicates that
unlike in the alkaline dimer system, negligible amounts of dimers
and higher aggregates were present up to 20 ms and the equations

used were valid.

Hence both pKas toa equilibrium.
The first pKa had a slope of one which indicates the imvolvement
of one proton {reaction 4 - 2) while the second had & slope of two
j indicating two protons (reaction 4 = 3).
Mo X+ E (Ka) G- 2)
o+ M 2R (Ray) 4 - 3)
To enable comparisons te be made more readily, the second pKa cen
be formally split inte two reactions both involving one proton loss

(reactions 4 = 4 a & b) and wich the same pRa (Kay)

+

A B UL ) (4 - 4a)
UL R o (4 - 4b)

1

Tt can be seen that Ka, = (Kay)!

The derivation (appendixz 1b) shows that the pKss for reac—

tions ¢ - 2yand & - sre given by & intercept)of the plot of
Py

o
Bk

log versus pH, Hence
pKay = 3,1
pKa, = 10,7 - pK32 = 5,3
Hence the first pKa involves deprotonation of one group with
a pKa of 3,1 while the second pKa involves the deprotonation of
two groups both with pKas of 5,3. The assignment of pKas to
Fe~OH,~Fe-0H (one) and -GOOH+C00™ (two) cam be made in two ways:
a) the two carboxylates have a pKa of 5,3 while the Fe'OHz hasg &
oKa of 3,1 which is much lower than previous pkas reported'?»9%:98

and the corresponding pKa in the alkeline dimer (V7) (the




pKas of the carboxylates being normal), 5

b) A cooperative interaction between Fe—OHZ and one carboxylic
acid which results in them having a common pKa at 5,3 while the
second carboxylic acid has a pKa at 3,1. (Only one pKa (7,6) for
hemin in 40-80% IS0 was found and this was explained as being
due to coopevative imteractions between the ionisable graups‘)gz

Certainly the hydrophobic character of caffeine would favour
the neutral (ignoring side chains) hydroxchemin over the aquohemim
which has a +1 charge and hence may account for the pKa of 3,1.
Caffeine camnot be acting as a strong donor 30 as this would tend
to favour the aguo complex.

The spectra of the acid species at pH 1 and 4,6 over the
range 340 - 450 mm were determined by stopped flow spectrophoto-
metry at several wavelengths, Both species had Amax at 402 nm
while the respective extinction coefficients were 151 and
96 % 10> ¥ en™l, Comparisons of the Soret of the corresponding
species in the absence of caffeine show that caffeine is bound in
both cases (by & shift in the Amax and in the case of the pH 1
species by an increase in intensity).

Silicate was added to hemin-caffeine to prevent its aggrega—
tion in acid solution. ' Figure 4.5 shows the effect of pH when
0,74g/100 ml silicate was added to hemin-caffeine and the pH
varied,

These changes are reversible and show approximate isosbestic
points. The pKas were 7 and n3. The sharpness of the Soret and
the reversibility shows that silicate has in fact prevented
aggregation. This is a kinetic effect as silicate did not reverse

the aggregation in a partially aggregated hemin-caffeine solution.

R
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Figure 4.5 Spectra of hemin caffeine ir the presence of sodium silicate at
various pHs; 7,95x1070N he. . 0,07 caffeine; 0,74g/100  sodium

silicate
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In contrast, silicate did not prevent the aggregation of
hemin in the absence of caffeine on acidificatiom, as seen by the
broad flat Soret band obtained. This could be because the rate of
aggregation of hemin in the absence of caffeine is much faster than
in the presence of caffeine and hence the viscosity of silicate is
less effective in the former case. This ties in well with the
stopped flow studies where furrher reactions after the pH jump of
the alkaline dimers prevented pKas from being calculated.

The Amax and € for the Soret in the presence of caffeine with
and without silicate are similar at pH "5 but not at pH 1. Ti:s
latter discrepancy may result from interactions betwees the charged
hemin species at pH 1 and the silicate/silicic acid (a weak acid).

4.2.3 Comparigson with other published spectra

A number of other spectra im neutral and acid aqueous solutions
which are similar to those found above have been reported and are
collacted in table 4.2,

Table 4.2 : Spactra of hemin complexes in acid im the Soret region

Gonditions A Reference
/om
a) Monomers
PHL,1-2;<2%10 M heminju=0,1 (stopped 397 120 this study
flow and ordinary spectrophotometry)
pHS5,5-7 ;o,kxlo‘su hemin;palo > 398 12223 this seudy
PHO,8;<1x10™% hemin (obeys Beer’s 88 12203 97

Law up to 4,1xl0 %) 1A10™%

PH6,8; 1,23%10” 5% hemin, water 98 ni20 95




€
Conditions /Qm 103l Reference
-1
cm

Hemin plus albumin, peroxidase, 397 130 99
hemoglobin, myoglobin, catalase;
pH AL
Hemoglobin; 3x10”0M plus 0,0m¢ HCl; 398 120 95
pH2,06
50% agueous ethanol pH 1 398 134 9%
0,054 caffeine, pH 1,1 402 151 this study
ditto plus 0,74g/100ml Nasilicate 399 102 this study
0,054 caffeine pH 1,6 402 9% this study
ditto plus 0,74g/100ml Nasilicate 402 9% this study
(# 5,7)
b) Dimers (pex Fe)
P 1,1351,5%10”%4 hemin;um0,1 397 78 this study
PHS;=0,1;2,15x10"°) hemin(stopped 197 96 this study
£low) (probably at least partly
dimeric)

s -5 =6, : y 97
PH6,8;url0 ;1107 M hemin on stand- "398 73
ing{second order formation)
Hemoglobin(3x10_621) at pH2,06 on 393 280 95

standing(second order formation)




€

s 2
Conditions fom 110°%1 Reference
cm—l
{per Fe)

Hemin; p v 1 397 81 99
Hemin in 0,01% DMSO concaining 396 80 92
0,5M H, 04;m7x10‘5u

Hemin ($107/M at ph6,98;1~0,1 394 265 3la

In the absence of caffeine, the monomers obtained under
varicus conditions are remarkably similar, as are most of the
dimers. Caffeine shifts the Soret slightly to the red and at
pH 1,1 increases its intensity. The presence of sodium silicate
has no effect on the spectrum of hemin-caffeine at pH "5 but does
at pH 1,1.

4.3 Piscussion

4.3.1 Tn the absence of caffeine
Table 4.2 shows that the same spectrum with Amax 397 nm

(¢ = 120510° ¥ cu™}) can be observed under a variety of condi-
tions from p 1 - 7. The fairly sharp Sovet and relatively high
extinction coefficient (figure 4.2) support the propesal that
these species are monomeric.

This table also shows that a second type of spectrum, attri-
buted tc the dimer, with Amax 397 nm (¢ = 80x10° ¥"% en™?) can also
be observed from pH 1 — 7. This study has shown that these two
species are related by a simple monomer-dimer equilibrium at pH 1.

= 1,1 % 10° ¥H.
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We conclude that, the monomer is the mouomeric aquo complex
and the dimer is the dimeric aquo complex because of the difference
from the alkaline hydroxy dimer. Other species with broad Soret
bands at about 365 nm reported in the region ph 2 - 8,92:96
must be higher aggregates.

The ionisation of the carboxylic acid groups, which normally

have a pKa of about 52 has no significant effect on the spectra

of either complex, at least in the Soret region, which is consis~

tent with the negligible effect on the specirum of esterificanion.“

Their pKa is about 3. (Previous values reported at 41,5 22726
probably involve dimers and polymers.) This lowering of the pKa
may not be genuine because of the probable significant concentra-—
tion of the acid dimer in the intermediate pH range, but if it is
genuine this may reflect specific hydrogen bonding of water to the
carboxylates, as found in the crystal structure,’C which would
stabilize the carboxylates relative to the carboxylic acid groups.
It is possible that ouly ome carboxylate is ionised at this pKa,
although the results do suggest that two are involved

Although ionisation of the carbexylic acid groups does not
affect the spectrum significantly, qualitative observatioms indi-
cate that it does have a marked effect on the rate of aggregation
which is greatest in the region pH 3 — 7 (see stopped flow results).
One would expect aggregation to occur most readily with the un~
charged complex (e.g. Fe-OH, with one carboxylic acid ionised)
whose concentration would probably »e at a maximum at ~ pH 5. It
is interesting to note that similar dimer spectra are found at pH1
(u=0,1) and pH7 (u 7 10™%) where the carboxylates are protonated

and ionised respectively. This suggests similar dimer species at
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these two pHs which may, of course, be a comsequence of the ienic
strongth as well as ionisation, (At low ionic strength, the repul-
sion of the carboxylates must be minimised by placing them as far
from each other as possible.)

The pKa for the coordinated water involves a monomer-dimex
equilibrium at A7 (which corrected for the alkaline monomer—dimer
equilibrium is "8) at moderate ionic stremgth, but N8 (uncerrected)
at low iomie strength, By comparison the pKa of hemin in 447
aquecus ethanol (which is & monomer-monomer equilibrium involving
one praton) is 6,5 — 6,6{'6 Other pKas reported at "~/ probably
jnvolve acid dimers and polymers. 02213:34,92,96

The monomeric species in 507 aqueous ethanol is high spin
(u = 5,41 BM) 9 and because of the similar spectral characteris—
tics, the monomeric species in the absence of ethanol probably is
us vell aud may be the same species as H,0 is a better ligand
than ethancl. Tt is not certain whether this species is five or
six~coordinate  {a high spin bis aquo ivon porphyrin (FeTPP) has
been reported) 22 but as five coordinate species appear to have a
brosder and less intense Soret than the six coordinate species, 2%
we may tentatively conclude this is thé high spin bis-aquo complex.

it is curious, that in both the stopped flow studies and at
low ionic strength, a dimer initially splits to give monomers,
which then form new dimers,The different dimevization constants
of the acid and alkaline dimers indicates that they have differeat
structures. Presumably formation of one type from the other
proceeds most readily via the monomer.

4.3.2. In the presence of caffeine

Tt has been shown that caffeine forms an adduct with the aquo and




hydroxo hemin, both of which are monomeric. Hemin-caffeine shows
two pKas both involving moncmer-monomer conversions. The one of
3,1 involves one proton while the other #t 5,3 involves two, thus
accounting for all three protons required. There is a problem in
assigning these pKas to particular groups. The pKa of coordinated
water may be lovered to 3,1 (compared with that in 44% aqueous
ethanol which is 6,5-6,6) by the hydrophobicity of the caffeinme
which would favour the hydroxo species. The two carboxylic acids
would then have normal pKas. The other possibility requires
cooperative intt;.ractions between the coordinated aquo/hydroxo

and one carboxylic acid/carboxylate for these groups to have the
same pKa of 5,3 (this must be the case in 607 DMSO where only one
pKa was Found}’as well as a decrease in the pKa of one carboxylate

in the absenca of caffeine and

ingerictions of water

betwson the carbozrlic acid/earbexylate groups, o0

In the absence of caffeine, ionisation of the carboxylates
did not have a marked effect on the spectra, but in the presemce
of caffeine they do, whatever assignment is chosen. Possibly
caffeine could hydrogen bond to the carboxylic acids, o (but not
carboxylates of course) in such a way as to affect the steric
properties of the porphyrin ring and hence its electromic proper-
ties, for example by affecting the degree of doming or core
expansion. *°°

The fairly sharp Soret band at pH 1,1 may, as in the absence
of caffeins, indicate the bis-aquo hemin.

The presence of silicate prevented the aggregatisn of the

hemin~caffeine adduct in acid aqueous sclution but not the




hemin dimer im the absence of caffeine. Reversible changes and
igosbestic points were found. Approximate pKas were u3 and V7,
not too different from those in the absence of silicate. The
spectra all showed bands at 3610 nm which indicated high spin
Fe(III). The Soret spectra were not affected by the presence of
silicate except at pH 1, where the charged aquo hemin may be

interacting with the silicic ascid.
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CHAPTER 5 - HEMIN COMPLEXES WLTH INIDAZOLE AND ANALOGUES
5.1 Introduction

The aquecus solution chemistry of the imidazole/histidine monomeric
complexes of hemin is of interest because these complexes are
models for hemoglobin, myoglobin and peroxidase (if ome histi-
dine is coordinated) and cytochrome by (if to histidines sre
coordinated) .

A lot of work has been done on imidazole and analogues in
non-aqueous solventst ' “> > unere the iron porphyrins sre monome-
rie. These studies shov that K| (i.e. the equilibriua constant
for binding the Firse ligand) is less than K, (for the binding of
the second ligand) and hence the mono-imidazole complex is mot
nommally observed.  Because of the insolubility of histidime in
non-aqueous solvents, o work has been dome on it, but histanine
has been studied. 2

Some work on inidazols and analogues with hemin in aqueous

16,44

solution has been dome. This includes a quantitative study

on the binding of N-methyl and N-ethyl imidazole,**® which is
reportedly simple, i.e. isosbestic points were found and the
monomeric bis-imidazole complex which absorbs at 412 nm was the
product, but as will be seen below, this is not the whole story
Inidazole also gives an analogous complex which absorbs at 412 mm,
but this decomposes to give a second product which has its Soret
at 435 nm, % beyond that of other Fe(ITI) complexes (except those
with two Soret bands).’’ The nature of this complex is still in
doubt. Histidine gives the 412 nm species but not the 435 om

L bbd -
species. The equilibrium constant has not, however, beem

quantitatively determined, although some determinations of the
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ligand concentration required to half saturate the hemin have
been made,

We have therefore undertaken a more detailed study of the
coordination of some of its derivatives, in particular histidine,
in aqueous solution.

It soon became spparent that several additional minor
equilibria, mot previously reported, are evident. These may be
due to hydrogen bonding or donor-acceptor interactions. Also
coordination has interesting effects on the pKas of Lhe side
chains and this can be used to model meighbouring acid groups in
hémoproteins. The study was therefore extended to histamine and

pilocarpate (figure 5.1,

<]

N

Figure 5.1 Imidazole and analogues: R = H imidazole;

2
R =-CH, —éﬂcoa histidine; R =-~CH,~CHyNH, histamiue;
2 2 2

CHZOH
R =~CH,~CH ~— (iH—CHZ— CHy  pilocarpate
coo
The aims of this chapter are:
1. To determime the bimding constants for histidinme, histamine

and pilocarpate and to establish the structure of these
complexes from the stoichiometry.

2. To study the effect of coordination oun the pKas of neigh-
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bouring pendant functional groups.

3. To gather further information on the peculiar 435 mm complex
of the parent imidazole.

4. To elucidate the nature of the minor equilibria.

5. To test for the occurrence of mono-imidazole hemin in aqueous
solution, stavting with monomeric hemin-caffeine,

6. To compare the spectra of cytochrome by and the bis-imidazole
complexes in order Lo see the similarity in electronic
structure batween the hemoprotein and model complexes.

5.

T

Results

5.2.1 Preliminary experiments

Most experiments wer: dome abave phS, to avoid aggregation which
occurs below this pH (Chspter 4). Most of the quantitative
studies wera dome up to pHll, because of the high concentratiocas
of ligand (and hemce a high ionic strength, which favours aggre-
gation (Chapter 3)),required to vvercome the competition from
hydroxide.

The addition of imidazole to hemin resulted in the formation
of the 435 nm species (figure 5.2) via the 412 nm species with an
isosbestic point for the 412 nm ta 435 nm conversion at 430 nm.
The formation of this species is relstivaly slow (at 8 x 1070 i
in the presence of 1M imidazvle it took about an hour for the
equilibrivm to be established), High hemin concentrations
and low imidazeole concentrations, shifted the equilibrium
tawards the 435 nm species

D w=2 412 om &= 435 nm.
The 435 nm species shows vibrational overtones at 356 om and

396 nm.
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560,
> (am)

Figure 5.2 Spectrun of the 435 mn species; 7,12 x 107 M hemin;

1 imidazole; pH12; 25°C; 2 = 0,1 cm.

@
Gallagher and Elliotc = veported that “graphical analysis

of the data (for the alkaline dimer to 435 nm species conversion)}
gave a steep titration curve that approximated to the ideal curve

for a reaction in which four walecules of ligand react with the
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dimeric hematin without splitting the dimer™,

The effect of the hemin contentration supperts the proposal
that this 435 nm species is dimevic, The reversible formacion af
the 412 om species on adding more imidazole, supports a dimer
rather than an aggregate as the formation of the latter tends to
be irreversible. However, the shift in equilibrium towards the
normal 412 mm species by an increase in imidazole concentration
suggests that the dimer contains less than four ligands.

The addition of low concentrations of detergent (V10 M CTMAB)
reversed the Sormation of this imidazole dimer to give the 412 mm
species. This suggests hydrophobic interacticns are imveived in
h.lding this dimer together, for detergent to have had any e€fect.

Low concentiations of N-methyl imidazole showed small changes
with isosbestic points & 520 nm and 580 nm, while ar higher
concentrations, the 412 mm species was formed with isosbestic
points at 507 and 588 nm (figure 5.3),

The 412 nm species, which has been shown to be the monomeric
bis-Nemethyl imidazole hemin, *** siowly converted to the 435 mm
species at 2 x 107 X hemin with an isosbestic point at 384 nm,
but as found with imidazole, could be suppressed by an excess
of ligand. It is possible that this conversion is favoured by
iomic strength and this may be the reason why Mobr and Scheler
who were working in very lov ionic strength solutions apparently
4id ot observe it. The equilibria obssrved with N-methyl-
imidazole are:

D == adduct = 412 un (monomeric bis imidazole bemin)

ir

435 nm (dimeric imidazole hemin)
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330 " (nm) A00 £30

Figure 5.3 Changes in the spactrus of hemin on adding N-methyl
imidazole at pHil; 5,6 x 1070 hemin; 25°¢;

¥ o= 0,01; £ =10 em

— OM; .... 0,0254; 0,038 ~———- 0,063M;
0,108; 0,144; —— 0,194 N-methyl-~imidazole.

2-methyl-imidazole destabilizes the 412 nm species as shown
by its incomplete formation even at concentrations approaching
saturation, but Forms an adduct at lower concentrations. Figure
5.4 shows the effect on the spectrum in the Soret regiom at lower

concentrations. Little change occurred in the visible region.




Figure 5.4

350 400 450 500

Changes in the spectrum of hemin om adding

Z-methyl-imidazole; 4,5 x 100y hemin; pH1Z
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The spectral changes are similar to those observed on adding
adenine and guanidine (Chapter 3), which suggests a donor-acceptor,
hydrogen bonded or hydrophobic adduct). No 4353 nm species was
observed. Steric hindrance to coordination can accouat for the
destabilization of the 412 nm species and perhaps also the 435 am
species.

Histidine, histamine and pilocarpate all show swall changes
in the spectra at low concentrations, analogous to those observed
at low N-methyl imidazole concentrations and at low 2-methyl
imidazole concentrations. The iscsbestic points were at
(400 nm; 610 nm); (401 nm; 502 um; 614 nm); (392 nm; 498 nm and
590 rm) respectively.

At high ligand concentrations, the 412 nm species was formed
with isosbestic points at (392 nm; 500 nm; 585 mm); (39 um;

502 nm; 582 um) and (332 am; 498 mm and 590 nm) respectively,
The Amaxand £(imax) are tabulated in talle 5.1. Histamine shows
further changes characterised by an initial increase up to 10
minutes (\2% increase in 1 minute) followed by a slow fall
{n16% decresse in ten hours) in the Soret intemsity. No 435 nm
species was observed with these ligands, presumably because of
steric hindrance.

Imidazole and histidine were both added to hemin-caffeine
(in alkaline solution). Figure 5.5 shows the spectral changes
observed ar low ligand concestrations in the visible region.

The absorbance at 612 nm decreased while that at 570 nm
increased. In the Soret region the sbsorbance at 402 um decreased.
These changes are similar to those observed on forming the hemin—

caffeine dimer (Chapter 3). For some reason imidazole and




550 600 50 700
X {nm)

Figure 5.5 Changes in the spectrum of hemin-caffeine on adding
low concentrations of imidazole; 7,3 x 1070M hemin;
0,05M caffeine; — 0 M; soo C,05M; O,07M;

-—- 0,084 imidazole.

histidine may stabilize this dimer. There is no evidence for
significant concentratiocns of the mono-ligand adduct being
present (Amax for aquohemoglobin 405 mm; 500 nm; 541 mm (shoulder);

581 um (shoulder); 629 nm °7 ).
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Figure 5.6 Spectra of 7,9 UM monomerie bis-histidine hemin (---) aud

) at pH 8,5 and pH 7 respectively (former

cytochrome by ( 7

solution contains 0,24 histidine); 25°C

|
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Figure 5.6 shows the spectra of cytochrome by and the monomeric
big-histidine hemin (see later). (Wote thal the proteim solution
is slightly turbid.) They are similar which supports the assign-
ment as the bis-histidine complex with coordination occurring
through the imidazole (as does the negligible effect of glyelae
and acetate on the spectrum). There are subtle differences in the
position and intensity of the Soret intensity which must reflect
the effect of t* ein. (Table 5.1 surmarises the Amax and
£(max) for ti systems.,

Table 5.1 : The Ama: ad €(Amax) for the imidazole and analogous

complexes with hemin (the 412 um species)

Ligand/Protein max ® (£ (Amax))® Reference
imidazole 412(112;530(11);556(9)° 16
N-ethyl imidazole 411121);338(12) ;560(10)% 44a
histidine 411(110);532(10) 3557(8) this study
histamine 409(113);530(20) ; 560(3) this study
pilocarpate 411(311);554(10,1);560(8,5) this study
cytochrome by 413(108);532(13,4) ;560(11,8) this study
imidazole methemo~ 412{105);535(14,7);562(12,5) 87

globin
& in am Pinx 102 4 en™t © read off spectra

All suow similar Amax and extinction coefficients as would
be expected for complexes where the iren is coordinated to the
same group.

Hence all these bases show a simi'ar pattern in alkaline
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solution, viz:
FeOH - caffeine
N
adduct
D &= adduct &> 412 om species &= 435 nm spacies
¥ (histamine)

aggregation(?)

A1l equilibria were set up rapidly except those between the
412 nm and 435 nm species and the aggregation with the histamine
species.

No evidence was found for any significant concentrations
of the mono-imidazole complexes.

It is useful to divide these equilibria inte major (vhich

involve changes in the ccordination sphere) and minor omes (which

nay inovelve bonding, donor-acceptor or hydrophobic

The D & adduct and adduct & 412 nm species will now
be studied more quantitatively with histidine, histamine and
pilocarpate as ligands. These were chosen in order to see the
effects of the side chains on the equilibria. (Note ~ the
instability of the histamine complex makes the quantitative
results unreliable.)

5.2.2 Quantitative determinatioms of the biading constants

5.2.2.1 Low ligand concentrations

The D & adduct equilibrium was studied at 590 nm, which is the
isosbestic point for the mext equilibrium.

The results are given in full in the tables in appendix 44
and summarized in table 5.2. The data fitted & D == D' equili-

brium but ot 4 D = M equilibrium. Figure 5.7 shows typical
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AA
plots of log p—y versus log [ligand], vhich are linear as is
o
required if a D => D' aquilibrium holds (appendix 1).
A
o8 =
1. pH 11,0
W histidine 136 ubf hemin
% histamine 90,5 M hemin
. ® pilocarpate 90,5 iM hemin
0«
-1 4
-l -2 -3 <4
Log[tigand]
oy

Pigure 5.7 Plots of log

T _g versus log [ligand] at pH 11 for

nistidine, histamine and pilocarpate at low [ligand].

In addition the slope gives the number of ligande bound per dimer.

In all cases the slope was one, i.e. the equilibrium was
D 4+ L &= DL &)
Table 5.2 : Summary of the titrations of hemin with low fLY

25%; u=0,5.

Ligand o hemin],/ slope® log Klb
bistidine 8,50 68x107° 1,05 2,040,2
8,50 136x10°° 1,03 2,140,2

10,00 136x107° 0,95 1,940,2

11,00 13651078 1,06 1,840,1

avs 1,02 1,90,2

o4




Ligand o8 Premi. /3t slope® log ¥,
histamine 8,50 90,5x1078 0,91 2,6%0,1
10,00 90,5x107° 1,16 2,740,1
11,00 90,5x107° 0,86 2,420,1
o 0,98 2,640,2

pilocarpate 8,50  90,5x107° 1,06 2,2340,03
10,00 90,5x1076 0,9 1,840,1
1,00 90,5x07¢ 1,03 1,90,
Av: 1,00 2,040,2

a A_AD
siope of plot of log 73

vs log [L) (see appendix 1 for deriva~
tion

P K, refers to the equation D + L == Dok (units of ¥ )

Within experimental error there is no effect of pH which
indicates no loss of OH o uptake of H'. Hemce the X,
equilibrium can be written:

(FeOH), + L === (FeOM),++<L ®))

5.2.2,2 High ligand concentrations

The tirration at high ligaad concentrations was carried out close
to the isosbestic point of the first equilibrium, snd was done at
413 um, 409 nm and 410 nmw for histidine, histamine and pilecarpate
respectively.
In order to obtain the bis-ligand complex. one hydroxide per
iron must be lost and hence the equilibrium K, would be expected.
(FeOH),++°L + 3L = 2Fel, + 20K ®)

The presence of this equilibrium camn be tested fun two ways,
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viz. by varying the ligand concentration and by varying the hemin
concentration. The derivacions in appendix 1, show that a plot of
log "ﬂz]2 versus log {L] should Se linear with 2 siope of three
if this ;:uilibrium holds. This is in fact so, with the exception
of histamine which is unstable. (Table 5.3 ; figure 5.8; Tables
in appendix 4Bi).

Table 5.3 ; Summavy of the ligand titracion results with hemin

at high ligand concentrations; 25%C; i = 0,5

Ligand o slope? tog K,
histidine 9,0 3,15 3,1 -1,7; 1,2 (+0,D)
histamine 9,0 2,3 ~12,1 {20,3)
pilocarpate 9,3 2,9 - 8,8 (20,3)
pilocarpats 10,2 3,0 - 8,31 (+0,03)

2 ot plot of log

® &, vefers to the equilibrism (Fedi)y=+eL + 3L ¢ 2Fel, + 208

,% histidine; pH 9
© pilocarpate; pH 10,3

-0,5  -1,0 -1,5 2,0

Figure 8 Plots of Log —yzp- versss lug [ligand] at high [igand]

for histidine and pilocarpate




If the hemin noncentratiun is varied, then if the proposed
squilibrium holds, a plot of log [Felyy, o versus log {Fel,,
il-a) (where o is the degree of transformation) should be linear
with a slope of 0,5 (appendix 1), This is true for all systems

except histamine which is known to he unstable (see table 5.4;

figure 5.9 ; tables in appendix 4Bii).

5,8

log

DFelror

‘log Lre],_:m (1)

Figere 5.9 Plot of log ng].mT @ versus log [FaJTOT(h:) at

high {ligand] for histidine




Table 5.4 : Summary of the dilution plot results with hemin at

high ligand concentratious; 25°C; 1 = 0,5

ol [Ligand} /st slope® log ¥,°
2) histidine
8.5 0,03 0,4 -i1,6
9,0 0,05 0,5 11,1
10,0 0,1 0,550,5 -9,45-9,45
11,0 0,03 9,5 5,8
11,5 0,20 0,5 8,6
12,0 0,20 0,5, -8,2
b) histamine
8,5 0,05 0,2, -12,7
9,0 0,05 9,3 “z,2
10,0 0,10 0,330,2 ~9,73-9,7
11,0 0,10 0,5 5,1
c) piloearpate
8,5 6,005 0,650,4;0,4  -9,5;-9,5;9,7
9,0 0,005 0,5 -9,0
10,0 0,025 0,5 8,4
11,0 0,05 0,530,5:0,4, =7,43-7,5;-7,3

5

of plot of log [FeJToTa versus log rrejm.[(l-m

b

refers to the equilibrium (FeOH),++<L + 3L == 2Fel, + 208"

Log K, is not independent of pH which means that sowething

is happening te the ligands.

However, if cerrecticns are made

for the Ionisation of the -¥H, and ~OH groups (free and
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coordipated respectively), the hinding constant becomes pH indepen-
dent (see table 5.5) (derivarious in appendix 5).
Table 5.5 : Correctiom of the binding constants for the pKas

of the ligands

pE log K;  log K, log KK, log K, a
histidine? 5,5 2,0 11,8 -9,9 6,4
9,0 - -11,2 -9,2 -7,2
10,0 1,9 94 7,5 7,2
11,0 1,8 ~8,8 6,8  -68
11,5 - -8,6  -6,9 -6,7
12,0 - ~8,2  -6,3 -6,3

histamine® 8,5 2,8 12,7 -10,3 -5,2
2,0 - -12,2 ~9,5¢ =6,2
10,0 2,7 - 9,7 -7,1 -6,3
11,0 2,4 - 8,1 -5,5 5,4

piiocarpate’ 8,5 2,2 ~9.6 7,6 EX
9,0 - - 9,0 -7,0 -7,1
10,0 1,8 -84 6,4 -1,0
11,0 1,9 - 7.4 -5,4 -7,5

Average:=7,2:0,4

Ky vefers to the equilibrium (FeOH), + 4RX &= 2Fe(RK), + 2087

where X = Ni, for hisridine, histamine; X = OM for pilocarpate
-

b pka of 2, (free) used was 9,33 c

used was 9,76 4 [Ka of -OH (coordinared) used was 10,117

pEa of -NH; (free)
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Hence, the conjugate base in all systems is stabilized by the
residual positive charge os the iron(III),

A slight differsnce in the spectrum above and below the pKa
of the coordinated pilocarpate was found. Balow the pka at
CH 8,5 the bands were found at 411 nm (111 m * e V); 534 mm
10,1 o o) and 560 nm (8,5 wyF em}) while above the pRa
at pH 12 the bands were at 413 nm (113 m(™ " cn 1); 531 am
(10,7 @™ ca™) and 559 mm (9,0 mi™t cm l). The latter are more
similar to cytochrome b5 than the former (table 5.1). Hence
neighbouring group interactions in the cytochrome bs could account
for the difference of the bis-bistidine complex speccrum from
that of the protein.

The differences in the binding constants are fairly small
(20 amownt to a maximum diffevence of 1,3 kJ mole 1) and are
probably due to varying hydrogen bouding a.d coulombic effects.

Comparisons of the binding constants in other agueous or
mixad aqueous solvents can be made if the binding constant is
broken into two parts, i.e. monomerization followed by ligand
binding.
(PeOB), = ' ZFeOH gt

FeOH + 2L x=> Fel, + OH K

Hence KK, = (&P

K is 3 1,25 1,8 and 0,9 M! for histidine, histamine and
pilocarpate. These compare well with the values of K found in

44% agueous evhanol (1 ¥ 1y 47

-2 48,49 .

and in micellar detergents

1072 to 10t w7,
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5.3 Discussion
The quantitative study of the equilibrium between dimeric bemin and
histidine, histamine and pilocarpate in alkaline solution has shown
that the main product (412 mm) is the monomeric bis-ligand hemin.
The pH dependence of the equilibrium constants further indi-
cates that the pKa of the —Nﬂz of histidine and histamine is
reduced from about 9,5 to less than B on coordination while the
pKa of -OH of pilocarpate is reduced from about 15 to 10, on
coordination. This can be ascribed to tne stabilization of the
conjugate base by the residual positive charge on the iran
We have confirmed that imidazola forms the usual 412 nm species
which converts to an unusual 435 nm form. This equilibrium has
been shown to be shifted to the right by increasing hemin concen—

tratica but te the

nereasing the imidazole concentratiom,

Bbus appressed it which may be a

way of studyiang the normal bis-imilaz hemin in aquecus soluticn.
Thig equilibriu~ was also observed with N-methyl imidazole ani was
affected in the same way. However, it was not observed with

2-methyl imidazole, histidine, histamine and pilocarpate sugg

ing
that steric hinderance prevents its formation. We conclude that
the 435 nm, species is probably dimeric but has less than four
imidazeles per dimer.

Adduet formation of the ligand with the dimer has been
observed in the systems tested. Quamtitative studies of this
equilibrium (from the alkaline hemin dimer) with histidine,
histamine und pilocarpate showed a pli-independent addition of one
ligand to the dimer. Because hydroxide was not lost, it was

concluded that the ligand was not coordinated buf is forming a
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hydrogen bonded or donor-acceptor adduct.

The reaction between the monomeric hemin-caffeine and low
concentrations of imidazole or histidine shows the formation of
additional complex(es) before the normal 412 om specizs. These
intermediates show spectra similar to that of the dimeric hemin-
caffeine. There appears to be no significant amount of the mono—
imidazole complex. Hence ene of the roles cf the proteim in
peroxidass, for ewample, is to stabilize the mono-imidazole form,
as k) < K, in aqueous solucion as well as in organic solvents.52:43

The spectra of the bis-histidine and other bis-ligand

complexzs (with analogues) are very similar to that of cytochrome
bg. The differences may be explained by neighbouring group
interactions as shown by the slight spectral changes above and

below the pKa of -OH on coardinated pilocarpate.
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CHAPTER 6 - STUDY OF THE REDUCTION OF B, " BY DITHIOTHREITOL

12

6.1 Introduction

BlZa is a useful model for hemoproteins in which one imidazole is

coordinated, Hence the monomeric hemins and Bl"a will be studied

in parallel. reduction is discussed here while t™at of the

B12a
monomeric hemins is discussed in Chapter 7 (as move is known about

8. 3.2 An understanding of reduction is necassary to understand

12a
the rate of O, uptake (Chapters 8, 9).

Thiols have been used as the reducing ageats because they are
mild and because they are implicated in the mechanisw of cyto-
chrome P 430. 5 It is well known that thiols readily coordinate

to B. and that the rate of reduction to Co(II) increases with

12a
pH, but no Co(I) has ever been cbserved. ° A quantitative

&4

study on the reaction of B with cysteine has largely

12a
focused on coordimation, bur it was noted that reduction required
nother cysteime in addition to the one coordinated, and was only

observed above pH 7,2.

Dithiothreitol (Figure 6.1) can reduce 3, ' but no
CK
HOC s
HO OH
1 ~2R* ‘ +2e”
HSCHyCHEHEH S H HooH ]
THy

Figure 6.1 Dithiothreitel
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quantitative studies have been carried out with this thiol ox
apparently with any other dithiol, Dithiols are of interest as it
is known that some proteins contain two thiol groups close to each
other which appear to act in concert,®® one of the functions of
these groups being to trausfer electroms

Tt was showm that the raduction of FeTPP by tkiols im toluene
results in the qatitative formation of the disulphide. >
This wes also shown to be the case in the oxidation of thiols by

e

0, catalysed by squocyanoccbinamide in aqueeus solution
bence will be assumed to be the same here.

The aims of this chapter are to study the kinetics of reduc-
tion of lea by dithiothreitol quantitatively and to propose a
wechanism. By comparison with the results of Nome and Fendler on
cysteina®’ the effect of the neighbouring thiol group will be
examined.

In congidering the mechaaism, it must be borne in mind that
it may be inner or outer sphere and that the homolytic fission of
the Co-8 bond may be assisted by another thiol group to give the
two-centre thres—electron bond species (figure 6.1) or may be
unassisted to give the thiol radjcal.

6.2 Results
6.2.1 Qualitative changes
In preliminary experiments, the spectral changes which oceur on

adding dithiothreirol to B, under N2, were investigated between

12a
pH 1 and 12. 1In all cases Co(lI) corrinoid was obtained. Below
pH 3 the product bands were at 315 nm; 400 nm (shoulder); and
470 om which are the bands of the base off Co{(II) corrinoid

(315 nm; 405 um; 470 nm) 7 (i.e. the benzimidazele group becomes
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protonated (pka 2,9) 'O0 and dissociates from the cobalt). Above
pH3, the product bands vere at 312 um; 405 nm and 474 nm which are
the base on Co(IL) corrinoid bands (312,5 am; 405 m and 473 nm).”

The intermediate spectra differ in acid (pH § 6) and alkaline

(pH 2 7) solution.

S
300 400

AN
Figure 6.2 Spectral changes occu. * .g on addition dithiothreitol to
By, at PH4,0 under N,; 6,5%107°M BIZa;1x10‘3M dee; 25°C;u=0,1
— BLZa5 ++++30s and 3,5 minutes after mixing; ~~- final product

(after 40 minutes)
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Figure 6.2 shows typical changes occurrimg in acid soluticm,
which do mot show isosbestic points except in the lattexr part of
the reaction at 332 nm; 392 nm; 498 nm. (Initial bands were found
at 350 om; 410 nm; 500 om; and 526 nm and are those of the
aquocobalamin (351 nm; 411 am; 500 om and 527 nm.) 102 1 ternediate
bands are evident at 370 nm; 532 nm and 552 nm which correspond

to those of the thiolatocebalamin (370 mm; 532 mm; 552 mm). 0%

0,6

300 400 500
ACam)
Figure 6.3 Spectval changes occurring on adding dithiuthreitol to
-5, ¢,
Bgq 2t PHB,Q under N,33xl0 M By, 32x10 M det; 25%C;0=0,1

3,5 and 10 minutes respectively after mixing;

T Brpal
wwwm final product (after 40 minutes}

g,
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Figure 6.3 shows typical changes occurring in alkaline solu-
tion where isosbestic points are found at 337 nm; 372 nm; 490 nm
and 568 nm throughout. Yo thiolateccbalamin bands are evident.

The initial bands at 357 am; 420 am; 514 nm and 536 nm at pH > 8
carrespond to those of the hydroxocobalamin (358 nm; 421 nm; 516 am
and 537 o), 02

6.2.2 Quantitative kinetic studies

The kinetic studies were carried out using UV-visible spectro-
photometry. The absorbance changes at 474 mm (a 312: band) were
followed as a function of time,under pseudo first order conditions
in By, , under anaerobic conditions. Al the rums gave pseudo first
order kinetics.

Most of the runs gave monophasic kinetics over four half
1livés and in these cases kobs was determined from a plot of

19(3,-4) ve t fwhere A, = absorbance at infinite time, A =

absorbance  time t, © = time) (i _ = -slope). At pH 4 and §

obs
the runs were bipuasic while at higher dithicthreitol concentra—
tions at pH 6,0 they were triphasie (lcwer dithiothreitol concen-
Erations at pH 6,0 gave biphasic kinetics). By curve stripping, 'O

the observed vate constants can be eve’uted for the different

phases.
There was an induction peried, t . . nath of which was
Gependent on the oxygen concentraticv. i3 was minimised by

flushing the solutions with N2 and wauiciaing the reacting system

under N, and was reduced to < 20% of the raaction time.

2
The standard deviations within a run were within 2% while the
deviation between gifferent runs was within 6% when there was

minimal or constant trace metal contamination.
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The dependence of the rate on pH and on the dithiothreitol
concentration was determined in these studies,

The qualitative studies indicate a difference in spectral
changes iu acid and alkaline solution.

In acid, the Buaﬂchiolate was formed rapidly followed by a
relatively slow canversion £o Byp .

In alkaline solution, there were isosbestic points between
the initial and final species which implies the absence of any
significant amount of intermediate. The reduction could be outer
sphere but if it is inmer sphere, as at low pH, the coordination
of thiolate must be slow and the reduerion fast.

Hence to understand this system,both regions must be studied.
However, the regicn below pH 3 is not of much interest. The
spectra indicate that in this region, the base oif By, was the
product and because of the strong trams effect of RS~ ° , the
By, -thiolate may also be base off. The purpose of studying the
kinetics of 111zg was to simplify the system because of the
presence of only one coordination site and at pH < 3 this may

no longer be the case.

6.2.2.1 pH profile
Table 6.1 and figure 6.4 show the variation of kobs with

pH.
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30
102
o
Kobs,
-
s
c
20
x
10
lll
!
l"
N ,
bt . A
-»Ea-é. - s
2 i 6 3 W0

pR
Figure 6.4 Effect of pfl on k_, for the reduction of By, by
dithiothreitol; 6,5%10 2t Bloat 1x107¥ deey 257¢

B

(under M,); § k5 % kcbsl ;A Faps,

p=0,1
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Table 6.1 : The effect of pH on the rate of reduction of Elza by

ditbiothreitol, (xus} = 6,5x10"5_\1;[dcc] = 1xw“2.\x;

25%; 1 = 0,1
2 - 2 “ .
B 10 kcbs;s {R) Region

1,10 1,93 (0,9986)
1,20 7,17 (0,9988) R
2,00 1,93 (0,9987)
3,06 1,35 (0,9984)
3,33 1,38 (o,9939>:] B
4,00 1,96 ; 0,66 (0,930)°
6,00 14,9 31,88 (0,999°
7,00 9,10 (0,9992)
7,00 8,72 (0,9995)
8,00 18,32 0,9994)
5,25 22,08 (0,9982)
8,40 26,66 (0,9999)
8,50 27,20 (0,3968;
8,50 28,12 (0,3980) o
8,60 24,74 (0,9964)
8,75 23,15 (0,2933)
9,00 17,65 (0,3999)
10,00 5,79 (0,9988)
10,52 2,01 0,9933)
11,00 1,03 (0,9990)
11,50 0,35 (0,9984) }
12,00 0,11 (0,9987)
12,88 0,11 (0,9986) o
13,74 0,11 0,9990) |

obtained from -slope of semilog plot
obtained from curve stripping of semilog plot 103

[ ‘ it
R is the correlation coefficient
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As the kinetics are complex betueen pH 4 and 6, the kinetic
study in acid will be Focused on the pH 3 region where the kimetics
are monophasic (region B). The othe: tegion of interest is between
PE 7 and pR 12 (region C). At pH 3 12,k ; becomes pll independent
(region D).
6.2.2.2 pH 3 region (region B)

A comparison of the k. at pK 3,04 and pH 3,33 ble 6.1) indi-

s
cates that in this regiom, kobs is independent of pH, i.e. indepen—
dent of boch H' and O concentrations. Table 6.2 shows that &,

is also independent of the thiol concentration.

Table 6.2 : The effect of the dithiothreitol concentration on the
rate of reduction of B‘Za by dithiothreitel at pH 3,20;

6,5 x 107K B,.5 B = 0,15 25°C.

2a
10° [dichiothreitol] ¥ wlk, st R
= obs s
1,0 1,47 0,998%
2,5 1,42 0,99%
5,0 1,42 ©0,9993
10,0 1,00 0,9996
Even at 1x107M Cus0, and 1x107M EDTA the rate was unaffected

(k. was 1,35x107% s™F and 1,39x10"2 s”* respectively) unlike the

obs
effect of the same concentrations in the alkaline region (see
later).

The k for the reduction of B.
obs
-1

122 by mercaptoethanol at pH 5
was found to be 3x107> s - with 0,38M mercaptoethanol. The

thiolatocobalamin wae sbserved within 20s (bands at 370 nm; 533 nm
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and 553 o), indicating a slow reduction, but relatively fast
coordination.

6.2.2.3 pH 7 - 12 region (region C)

a) Effect of ph

The pH profile of the rate of reduction of B by dtt in this

12a
region is hell-shaped implying two opposing pH effects, for exam—
ple between the conjugate base of one reagent and the conjugate
acid of the other. Both By, and dit ionise in this pH region
with pKas 7,6 9 and 9,12; 10,15 50 respectively. Hence the two
possibilities are Co-B,0 + BS™ or Co-OH + RSH. As RS is more
effective than RSH as s reducing agent and Co-GH, more effective
than Co-CH as an oxidising agent, the first alternative will be
focused on.

k,ye Can be corrected for both the fraction of aquocobalamin
and thiolate present at each pH. TFigure 6.5 shows the plot of
kbbs corrected for the fraction of agquocobalamin present (kcorz)
as a function of pH. The midpoint of the rurve lies at pH 10,1.

Correcting for the presence of thiolate present at each

pH is more tricky because of the two thiol groups. It was found,

however, that dividing by either the fraction of ~§-R-SH or

§-R-S_ present did not give a constant value at all pHs in this
region, but that dividing by (the fraction of S-R-§% + the
fraction of "S-R-§7) did.  The implication of this is that B,
daes not diseriminate betveen S-R-SK and S-R-§  im the rate

determining step. The k corrected for both the fraction of

obs
aquoccbalamin present and the fractiom of thiolate (both types)

is shown in table 6.3.
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30
k
corr,
-
s
2t
io
% % 2
2 13 6
pH
Figure 6.5 Variation of k. (i.e. kj  corrected

assuming only aquocobalamin reacts) with pH

(Conditions as in figure 5.3)
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Table 6.3 1 Correction »f kcbs for the fracticn of aquocobalamin

and then for the fraction of thiclate

2 oA LB

o 0o, corr,® corr, ®
7,00 8,91 0,112 14,85
8,00 18,32 0,643 9,05
8,25 22,08 1,21 10,0
8,40 26,66 1,95 12,0
8,50 27,66 2,47 12,5
8,60 24,74 2,72 11,5
8,73 23,15 3,51 11,4
9,00 17,65 4,65 10,3
10,00 5,79 14,48 15,6
10,52 2,01 16,75 17,0
21,00 1,03 25,8 25,8
11,50 0,33 27,8 27,8
12,00 0,11 27,5 27,5

- - B where K = 107748 :nd refers to the

3 D
ST /4, ]

dissoeiation of a proton rom aguo-cobalamin

bos eorr

= X,
€0t frgnrs * Fréirg

w7

b

where £, il *
ReH-RST mK 1,

1

fsers 7 frepersT -
()
(K and K, ave the first and second acid dissoniation constants for

the thiols on dithiothreirol, pK, = 9,12 ; pE, = 10,15 °%




o) Effect of the dithiothreitol concentration on k .-

The effect of the dithiothreitol concentration on Kb is shown in

table 6.4
Table 6.4 : The effect of dithiothreitol concentration on the rate

of reduction of B,, by dithicthreitol at pi 8,6 in the

122

presence of EDTA; 6,5x107°M B, ; 210 M EDTA;

128

us 0,13 25%

10 fdi thiothreitol], 5 koS R
0,1 0,0169 0,9991
1,0 0,102 0,9996
2,5 0,305 ©0,9995
5,0 0,519 0,9995
7,0 0,708 0,999
10,0 1,08 0,9993

The plot of kobs against dtt concentration is shown in
figure 6.6. It is linear with slope = 10,5 ML &' (sd = 0,3).
The slope is a second order rate constant and can be

corrected for the fraction of aquocobalamin and both types of

thislate.

kogry (slope corrected for the fraction of aquocobalamin)
=nswtet

¥ [€3 corrected for fraction of RS ~ RSH + RS™ - RS))

cOrT corr
=489 1t 57t
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2 & 6 8 10
loz fatgy R

Figure 6.6 Dependence of the tate of reduction of By, by
dithiothreitol on the dithiothreitel concentration at
oH 8,6 (in the presence of 2x10™> ¥ EDTA);

6,5¢107° y Blag 5 25% 5 4 = 0,1 (under 9,)

P
The lirear dependence of kobs on the dtt concentration ig
consistent wich both an inner and outer sphere mechanism. However,

104

k:ﬂrr falls within the range of second order rate constants

reported for the coordination of various ligands (200 - 2000 ¥ *

571y even when halved because two thiol groups are present and this

lends support to an inner sphere mechanism.




¢) Lffect of CusO, and EDTA cn the rate
Table 6.5 shows the effect of CuS0, and EDTA on the rate of
reduction at pH 8,5, Tt can be seen that CuSoA increases the rate
by approximately a factor of two while EDTA decreases it by about
the same amount. Both show a limiting effect
Table 6.5 ; Effect of GvSO, amd EDTA on the rate of reduction

of B, by dithiothreitol at pH 8,50; 5x107 dee;

6,5%10 >4 B

1243 0,1 (under N,)

-1 4 -1
KopgS 10" fEDTA], M Kope §
0 0,13 [ 0,13
1,0 0,17 2 0,088
4,0 0,20 4 0,063
10,0 0.21 [ 0,064

. -6, . -3 -1
At pH 9, 6210 M cysteamine reduced By, (k. 1x107 7,

even in the presence of 510™hw EDTA (i, 9x10™ 571} in conflice

105

with Cavallini's results. As found above Cu(II) increased the

rate (k.. in the presence of 5x10™ €us0, was 2x10™% s7H.
Similar results wexe found with cysteine, mercaptoethanol and
penicillamine. These results show that trace mrbals such as Cu®®
do increase the rate, but are not essential as EDTA did not
totally inhibit the reaction. Hence there are intrinsic reactions

between B, and thiols.

122
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6.3 Discussion
The kinetics of the reduction of 3y, by dithiochreitol diffex in
acidic and basic solukions.

In acidic solutions, spectral studies show a rapid formation
of Co'lethiolate, followed by a relatively slow formation of Coll
This implies that the rate of coordination is greater than the
rate of reduction and that the reaction is most likely inmc-
sphere.

In alksline solutions, ne Col ’-thiclate intermediate is
evident vhich means either that the rate of coordination is slower

than the rate of re.iction or else the reaction is outer spherve

the acid vesiom, the fosus will be on the pH 3 region

(region B). Above this pd, the kinctics become complex, while
below this pil, more than one coordination site may be available

i

(the bass off B,, is formed and the base off Coll*-thiolate may

12r
be involved bocause of the strong trane effect of thiolate)
(region A).

In the alkaline region, the focus will be on pHs between 7 and
12 (region C). At pH » 12 (region D), the rate becomes independent
of pH.
pH 3 region (region B)
At pH 3 spectral studies show thut the rate determining step is the
reduction of Colli-dtt to Co'F as thiolatocobalamin was formed
rapidly but converted to Co{IT) slowly. The rapid rate of

coordination of dtt requires that B react with the undissociated

12a
thiol rather tham the thiolate whose concentration is very small
at pH 3 (binding of thiolate would require the rate constant for

binding to be  2x10° which is one hundred fold larger than other
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reported values for coordination to aquocobalamin).
binding of thiol is probably followed by a rapid proton less to
give the golll-thiolate. Supporting this is the appavent pH
independence of the By, ~cysteine spectrum. 64

The quantitative studies shu d that the rate was first order

in By, , 2o ovder in dec and independenc of pH, and k=

=3
(1,35 £ 0,1) x 10 ~ 5 ~. Because of the rapid coordination of
dtt, the yate law can be written as:
11T
ate koo oo dee}
The rate of reduction of By, by mercaptoethanol is considerably

1 gith 0,38 mercaptoethancl).

5 -
1 .

slover (at pH 5k, vas 35107 s
Tuis implies that the second thicl group (presumably undissociated)
must be responsible for increasing the roce of Teduction. Support-

. 64 :
ing thig §5 the repert by Nome and TFendler that a second thiol

the reductien of B, by cysteine and also

it

bilize the radical.’”
9 1 1

voiteals wh
(For the equilibrium RS + RS~ =% RST-SR ki = 3xl0
5 -1

kr = 8x10° s = feor cysteine.)

Possible mechanisms are:

H
co™* +(5 858 roduces

C el + s
s I | |8

R =44 b (6
co —l_ +Co ) %

fast U
\c oIl fast

\ donation of H atom from SH

group to corrin ring
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Mechanism ¢ is unlikely hecause of the strong donor effect of
88" on the Co and bence a high electron density on the ring.

In mechanisms & and b the furcher reactions ave fast 100

(k for reaction of two thiol radicals is 1,7x10° w'% ;6%

proton transfers are usually rapid) and hence the kinetics cannot
distinguish between them. Hovever, as the protonated disulphide
is not known, mechanism a is the preferred ote. (Some of the
complications in the pH 4 - 6 region could be due to the pKa (5,5) °0
of the dtt radical.
pH 7 - 12 vegion (region C)
In this pH region, spectral studies showed no intermediate in the
reduction of Bioa by dithiothreitol. This could either be due to
an outer sphere mechanism or else an inmer sphere mechanisn where
coordination is slow while reduction is fast.

The pH profile is bell shaped and this can be explained by
the major reaction being between agquocobalamin 2nd thiolate, with

. aquoccbalamin not distinguishing between § ~RSH and ~§ —RS .
(The reaction could be inner or outer sphere.)

The rate is firet order im By, and thiol and this is comsis=
tent with either rate determining coordination in an imner sphere
mechanism or an outer sphete mechanism. Wheu the second order
rate constant obtained is corrected for the fraction of aquo-
cobalamin and thiolate a value of 489 M\ ™ is obtained. This

value is within the range of rate ronctants for coordinatiom

(200 - 2000 1" §7%) previously reported. 1% rnie is support for

the inner sphere mechanism but does nov rule out the outer sphere

mechanism. However, the immer sphere mechanism is preferred

because this is the mechanism operating in acid.




The rate of reduction ac high pH is considerably faster than
at low pi. This implies that a second thiolate group, rather than
2 second thiol group, results in a lower activation emergy im the
reduction step. Tn the alkaline region at pH's where the S ~—RS™

concentration is low, ccordination cf dtt could well be £cllowed

by a tapid proton loss from the second thiol group, resviting im a

rapid reduction step. The radical intermediate *~]Jis kinetically

more stable than -|) (the bimolecular decay rate constants are

HE'

1,7x20% 3 671 and 1,7x107 w7 €70 respectively 58 ) and this

stability could result in a lower activation energy for the
fornation resction of the former.

The effect of Cu’® in this pH region and not ic the pH 3
region could well be a consequence of relatively slow coordination
in this pH regiom, which enables the Cu - dtt complex to reduce

*he B., by an outer sphere mechamism. In the pH 3 region, the

122
high electron density oa the corrin ring in the Co(IIT)-thiolate
complex would inhibit an outer-sphere reduction.

pH 12 - 16 region (region D)

The rate was pH independent in this region and no thiolatocobalamin
was gbserved., This indicates that direct reaction between hydroxo~
cobalamin and thiolate (mecst likely §_§) either by outer sphere

electron transfer or via coordination, as at other pHs. However,

there is insufficient evidemce to decide.

It ecan be cuncluded that the main redox reaction involves
caoordination of thiolate to Co(IIL}. The reduction is not simply

R$™—Co(IIL) —> RS’ + ColII)



but must be assisted by a second RSH, or better RS to give
REVSHR or REGR.

This emphasises the importance of having two neighbouring
-§K groups (as found in the thioredoxins).”

Catalysis by copper(fI) was also found when the rate of

cooraination vas slow compared to reductiom.
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CHAPTER 7 - REDUCTIION OF THE HEMIN-CAFFEINE ADDUCT AND THE

BIS~HISTIDINE HEMIN COMPLEX BY THIOLS

7.1 Introduction

As bemin is the actual prosthetic group of hemoproteins, it would

obviously be of interest to study its reduction under conditions

=

where it is monomeric. In chapter 3, it was shown that the
caffeine adduct of hemin in alkaline solution (hemin-caffeine) is
monemeric as long as the hemin concentration dees not exceed
1,55107M. In chapter 5, it was shown that the complex with
histidine at high histidine concentrations was the moomeric bis-

histidine hemin (referred to here as hemin-histidine). The reduc-

.

tion of both these complexes will be discussed.
Most studies of the reactions between iron porphyrins and
thiols have focused on model studies of oxidised cytochrome P-450,
where cysteine coordination in the resting and substrate-bound
59-61

oxidised forme can account for its observed spectral properties.

The other ligand in the resting state could be H,0 or histidine,
59

with recent model studies supporting the former. In addition

to these model studies, a study of the reduction of FeTP? by thiols

in tcluene has been :epoz:ed.ss

As was meationed in chapter 6, reduction could occur via an
I inner or outer sphere mechanitm end if the former, could go via
the mono and/or bis thiolate complexes and may or may not be
assisted by the second thiel functiomal group in the molecule
In addition, dithiothreitol has a number of hydrogen bonding sites
and could hydrogen bond to the propionate side chains of the
pornhyrin aud to the ligand, histidine. Hence dithiokhreitol can

i act as a ligand, as a veducing agent and can hydrogen bond.
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08 that the reduction of

It has been shown in our Laboratory
the bis-histidine hemin complex by cyclic voltametry requires the
simultaneous uptake of a proton between pH 8 and 10. It was showm
in chapter 5, that on coordination of histidine to hemin, the pKa
of the —NF; groups drops from 9,3 to less than 8 becanse of the
stabilization of the conjugate base by the residual positive charge
on the Fe(TII). WNo residual charge is present on the Fe(II) and
hence the pKa should be clese to its normal value. Therefore on
reduction between pH 8§ and 10, a proton must be taken up by the
—N‘Hz. This should also be the case if the bis-histidine complex
is reduced by thiols and this will be investigated.

Hence the aims of this study are to elucidate the mechanism
of reduction both by quantitative kinetic measurements and from
the spectral changes. In addition the effect of different thiols
and the praseace of copper(II) on the rate of reduction will be
examined qualitatively, the former to establish the effectiveness
of dithiols as opposed to monothiols, and the latter to see whether
copper(II) is uecessary for the reduction of hemin, as it is
involved in the mechanism of reaction of cytochrome ¢ oxidase.

7.2 Results

7.2,1 Hemin-caffeine

Only qualitative experiments were carried out with hemin-caffeine,
as preliminary experiments showed that the kinetics of reduction
by dithiothreitol were gemerally biphasic. Curiously the pseudo
first order rate constants increase with hemin concentration,
suggesting reduction via a dimeric species whose rate of formation
is fast.

The addition of thiols such as dithiothreitol (dtt}, mercapto-
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ethanol and cysteine to hemin-caffeine, resulted in a Final species
with bands at 396 tm (shoulder), 414 ms, 425 m (shoulder), 536 om
and 571 nm, which corresponds well to those reported for heme-
caffeine (416 mm, 434 om (shoulder), 537 mm, 569 mm) »° No bands
due to heme c (412 um, 542 om, 560 am) wvere evident!%%(deme <
could be formed by addition of the thiol across the vinyl groups
on the porphyrin ring.) Isosbestic points were found at 412 mm
456 nm, 523 um, 586 nm, 670 nm, but the original hemin-caffeine
spectrum did not pass through the last three which indicates the
presence of an intermediate. Because of the shoulders of the

Fe(III)OH caffeine and the Fe(II) caffeine at 360 nm and 450 mm

respectively, the intermediate could mot be identified but presu-
mably is the monothiolate hydroxo complex (see later).

It was found that different thiols reduced hemin-caffeine at
different rates. at pH 10,0; in the presence of 0,13 caffeine at
25%, the approxinate half lives for the reduction of 1x10™M
heain by 4x107% thiol (under Ny) were 17s (dithiothreitol);
lx10]s (mercaptoethanol); 7x103s(cysteine); It can be seeu quite
elearly that the dithiol, dithiothreitol, reduced hemin-caffeine
markedly faster than either of the monothiols. This was alsa
found to be the case for the reduction of Blza (chapter 6) where
it was attributed to a second thiol group which is nearby in the
dithiols, assisting the homolytic fission of the Co~5 bond,
resulting in a fairly stable RS———SR radical.

The addition of CuSO, and EDTA had no effect on the rate of
reduction by dithiothreitol, cysteine and mercaptoethanol under
the conditions ocutlined above (i.e. rate varied by < 5%). However,

no reduction of hemin-caffeine by 1,2v10 M penicillamine
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320 400 506
A(om)

Figure 7.1 : Spectral changes on adding penicillamine to hemin-
caffeine in the presence and sbseace of CuSO,. ALL solutions in
BH9 buffer at 25°C; 1=0,1; (catfeine)=0,05M; — no penicillanine;
(hamin)=7,6x10 0; xxxx plus 5x107°M penicillamine S hours after
addition to hemin-caffeine (no CuSO, added); --— 5x10™°M penicill-
anine + 1x10™" CuSO, betveen 155 aud 3 min after the addition of
0uSO, -+.. Ix107 GuSO, added to 1x10™ M penficillanine betueen

15s and 3 min after mixing (o hemin)

#
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((GH,) ,C(SH)CRONM, ) CO,H) was observed up to an hour after mixing
in the absence of Cu(IT). When 1x10™“ CuS0, was added, the half
time was less than two minutes for the formation of the %8 bands
of heme-caffeine (537 mm, 569 nm) (see figure 7.1) Unfortunately
the Cu-penicillamine complex (reportedly [fu(1) Cu(ngL,,of}®") 0
absorbs in the UV-visible xt 7320 nm, 380 nm (shoulder) and 510 mm.
These bands are evident in the presence and absence of hemin-—
caffeine when Cu(II) is present. This Cu-pemicillamine complex
could be reducing herin-caffeine by an outer mechanism, an immer
aechanisn being unlikely because of steric hindrance.

The bands of heme-caffeine decrease with time, and this could
be due to either aggregation and/or decompesition but has not been

studied further.

saticaki:

12267 thiol (dithischreitol,

ethanol to 10" hemin at pH 10, a final spectrum with bands at

rsteine and mercapto-
421 am, 526 nm and 556 nm (see figures 7.2a, b) was found.

Table 7.1 shows the band positions of the bis-histidine,
bis-histamine and bis-pilocarpate complexes reduced by a few
grains of dithionite at p 8,5 (0,24 ligand; 7,3 x 107 M hemin).
(Reduction is complete within 5s. Reoxidation by 0, is rapid
(complete within 1 minute on shaking in air).) The bands of
reduced cytochrome b5 are also included as are those of the

monothiomate and bis-thiolate complexes.
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Table 7,1 : Baud positions of species relevant to the reduction

of hemin-histidine by thiols

System fnm Ref,
bis-histidine hemin reduced by 421;5263556 this study
thiols; Aix10~ M hemin; 0,4
histidine; pH 10
bis-histidine hemin reduced by 421;525;556 this study
dithionite; 7,3x10“6n heming
0,24 histidine; pH 8,5
bis~histamine hemin reduced by 47135265556 this study
aithisnite; 7,3x10 M heming
0,24 histamine; pH 8,5
bis-pilocarpate hemin reduced by 42235293556 this study
dithionite; 7,3x10_6M hemin;

0,2 pilecarpate; pH 2,5

reduced cytochrome by 422,5;525;556 80

pH 7,4; reduced by dithionite

reduced cytochrome by 4233527556 this study

pH 7; reduced by dithionite

imidazole-thiol~hemin in CH,CL,  ~360;428;538;568 59

sthanol-thiol-hemin in A360(sh);415;530;561 59

C‘.{ZCI2 + CH3CHZDH

resting P~450p, in aqueocus 360(sh) ;41835385568 8

Y2

solution

bis-thiol hemin in CH,CL, 37734755565 59
377;467;550 59

P—Asomz plus l-octanethicl in

aquecus solution
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It will be clearly seen that the reduced bis-histidine, bis-
histamine and bis-pilocarpate hemin complexes all have very similar
bands to those of reduced cytochrome bs which indicates that they
are Fe(II)L,. It makes no differsnce to the final spectrum whether
hemin-histidine is reduced by thiols or dithionite. Certainly
the final bands are not those of the oxidised hemin with thicl
coordinated. It must be noted that ac high hemin concentrations
(1x10™%) in histidine (reduced by dithionite) the 526 am and
556 nm bands are enly found by themselves in saturated histidine
(0,84) and as the histidine concentration is decreased they
decresse in intemsity while new bands at 558 nm and 580 nm appear.
They also decrease with time (8% per min at 0,06Y; 4% at 0,6M)
at a particular histidine concentration while the hands at 558 nm
and 580 nm increase showing that the Fe(IT) bis-histidine complex
is unstable. At ©,06¥ histidine only these new bands are evident.
These bands correspond well o that reported by Shack smd Clark'®
for the heme dimer (360 - 580 sm). Hence Fe(II)L, tends to
aggregate,

In the spectrum of hemin-histidine reduced by dithiothreitol,
cysteine, ethanethiol andmercaptoethansl, there were no bands due
to heme ¢ bis-histidine (which would be at 414 nm, 520 om and
549 we), 10°

Figures 7.22 and b show the spectral chauges observed on
adding dithiothreitol to hemin-histidine at 2°C at pH 10,0 at low
4x10™) and high (0,1) dichiothveitol concentrations. Isosbes—
tic points were found both at low dithiothreitol caoncentrations
(at 402 um, 433 am, 509 um, 534 nm, 544 nm and 566 am) and at

high dithiothreitol conceatrations (at 402 nm, 430 om, 509 nm,
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535 nm, 544 nm and 566 nm) which were the same within experimental
error. The initial spectrum {i.e, before the additien of dithio~
threitol did not pass through these isosbestic points, which indi-
cates the presence of a rapidly formed intermediate. There were
no major bands of coordinated thiolate species (see table 7.1) but
these could well be masked by those of the reduced species.
However, shoulders at 360 um and 440 nm are present and as these
are found in the monothiolate complexes (with imidazole or ethanol
coordinated) but not the initial or final species, these are
possible intermediates (in this case with histidine or HZOIOH-
coordinated). There is mo spectral evidence for the bis-thiolate
complex. Similar shoulders at "360 um as well as isosbestic

points between the inte

mediate and final product but not the
starting species were found at rcom temperature with 10”7
dithiothreitel (at Ligher concentratioms, the reaction was too
fast to follow with the spectiophotometer at 25°C); and 4x107 %
mercaptoethanol, cysteine and etbanethiol. Only & small smount of

the 360 nm band wes found with cysteine, indicating a shift in the

- equilibrium towards the starting species.

4 found wish hemin-caffeine, the Fe(IT) bands decreased with

time and could be due to ion and/or ition, but hag
not been studied further, In light of the studies at high hemin
concentrations, is is probably aggregation. Care has been taken
in the quantitative studies to emsure that this subsequent reac—
tion is negligible during the reduction reactiom. Dithiothreitol
was chosen becauge the reduction was much faster than the wuhse-
quent reaction. The overlap with the subsequent reaction ruled

out quantitative studies with the menothiols.
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Different thiols reduced hemin-histidine at different rates.
The reduction of 1x10 M hemin in the presence of 0,4&f histidine

at pH 10; 25°C under N, by 4x107N thiol occurred with the

following half lives: 18s (dithiothreitol); 1x10%s (mercapto-
ethanol); 2,4x10° (cysteine). These vates aze similar to thuse
found with hemin-caffeine and also show the greater efficiency
of the dithiol compared to the monethiol,

The additioy of CL'SOA and EDTA had no effect on fhe rates of
reduction at pH 10 by thiols, including penicillamine, (Rate
varied by < 5% in che presence of 1x10™ Gusa,, or w107 h E0TAL)

7.2.2.2 Quastitarive studies with dithiotiareirol as the

reducing agent

The kinetics were followad by stopped-flow U¥-visible spectro~
photometry. The absorhance changes were menitored at 556 nam which
is a peak position of Fe(II) his-histidine protoperphvrin where
the absarbence changes are foirly large and are maimly due to the
conversion from the monothiolate complex to the product (see
figures 7.2a and b). All runs had an inducticn period, the length
<f which depended on the oxygen. This was minimised to < 10% of
the reaction time by thorough flushing of the solutions with u,
before mixing and maintaining them under ¥, during the reaction.

Condirions were such that the runs were pseudo first order in
hemin and in fact plots of lnkAm-At) versus time were lincar over
at least four half lives. All results will be reportea as k.
which is (~slope) of the above plot. Repeat runs gave results
within 8% of each other (the reported values are the average of
three repeat runs) while the standard deviations within 2 run were

within 1% and the correlation coefficients » G,999.
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The dependence of the rate on the hemin, thiol end histidine
concentrations as well as the pH was determined quantitatively,
at 5,6x10'5M and 3x10 7N hemin with 2x10 M dte, in the

presence of 0,4 histidine at pH 10,0 was 2,132107 5% ana

Eobs

.
2,15%107> &) respectively. Hence 2s required by pssudo first

order kinetics, k is independent of the hemin concentration.

obs
The dependence of kohs on the dithiothreitol concentration
was studied over a 500-fold concentration range because of the

complex dependence found,as shown in figure 7.3 and table 1

(appendix 63,

8
3
07 Kyl
R
(T
¥ )
N g
2
o 2 4 6 8 10
102['dn_'], N

Figure 7.3 Effect of the dithiothreitol concentration on the
reduction of hemin-histidine by dithiothreitol;
3x10™7M hemin; 0,4 histidine; pH 10,0; u = 0,5;
25%C. Line is theoretical curve calculated from

proposed ratc law and calculated parameters.




137.

The histidine concentration dependence was studied at high
and low dithiothreitol conceatrations. The effect on the rate
could only be studied over a two-fold concentration range. The
histidine concentratina had te be > 0,24 to engure over 987 forma-~
tion of the monomeric hemin-bis-histidine complex. This was
necessary to avoid complications from reactions of other species
(see chapter 5). The solubility of histidine prevented the use of
concentrations greater tham 0,44 at 25°C. Thus, the study was
restricted to concentrations of histidine between 0,2 and 0,4M.

Figure 7.4a shows the effect on k of the histidine

obs

concentration at low dithioth:ii:.l conecentration., It can be

seen that kobs is inversely proporticnal to the histidine concen-
tration. The zero intercept indicates that no reaction oceurs at

infinite histidine cencencrarion, whi cnter sphere

reduction of the bis qe s 2t

Figure 7.4b shows the a2ffect on k of the histidine

obs

cencentration at high dichiothreitol concemtration. It is quite
clearly independent of the histidine concentration. (Data at
both high and low dithiothreitol concentrations are given in

tables 2a and b, appendix 6.)

The effect of pH at low dithiothreitel concentratioms,
where the kinetivs are simpler (see later) was determined.

Table 7 (appendix 6) gives the experimental data as well as these

values corrected for the fraction of bis-bistidine preseat

initially. (as the pH increases, OH competes with histidine

as 2 ligand to Fe(IID)).
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Figure 7.4 Effect of the histidine concentration on the

reduction of hemin-histidine by dithiothreitol;

31075 hemin; M 10,0 ; y = 0,5; 25° (wndex W)
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Figure 7.5 shows the effect of pH on these corvected values

&
corr,

pH

Figure 7.5 Correction of k for the fraction of hemin-histidine

obs
present initially; 3x10°M hemin; 0,4 histidine;

4x10” % dee; 25%;

The maximunm in the pH profile occurred at pH 8,5 and the inflection
in the downward limb occurred at pH 10. A bell shaped pH profile
is indicative of two opposing pH effects, and was found with By,
where aquocobalamin reacted with the thiclate (chaptex 6). In
this system, however, the decrease from pH 8,5 to 8 could be a
congequence of some apggregation of the starting species.

7.3 Discussion

Both spectral and kinetic results must be counsidered in deciding
on the mechanism. Broad possibilities are inner or outer sphere
reduction. Outer sphere reduction of the bis-histidine hemin can

be ruled out because no reduction occurs at infinite histidine
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concentration (figure 7.4a). Outer sphere reduction of thiclate
complexes is not Likely, as their greater electron density compared
to that of the bis-histidine complex would make reduction more
difficult. Hence reduction must occur via an immer sphere mecha—
wism. The bis-thiolate complex has been reported °°  but can
be ruled out as a significant intermediate in this system as none
of the expected bands (see table 7.1) were observed. The inhibi-
tion by dithiothreitol at high dithiorhreitol comcentratisns,
however, requires 2 species contsining two thiolates which reduces
more slowly than the species containing one thiolate. If the
second thiolate is hydrogen bonded, this would explain the kine-
tics and would be in accord with the observed spectral changes
(hydrogen bonding would not be expected to affect the UV-visible
spectrum significantly).

In the inner sphere mechanism, either coordination or reduc—
tion cam be rate limiting. However, rapid Eormatien of the inter-
mediate followed by relatively slow reduction was observed (see
figures 7.2a and b). Hemce reduction is rate limiting, which is
consistent with the mathematical analysis (see appendix 7). Since
good first order kineties were Found even where a mixture of
species must be present, a rapid equilibration of the Fe(ILI)
species must occur, togecher with slow reduction steps

In deriving a rate lav the following assumptions were made
1} The reverse reactions of the reduction steps are negligible

because of the low ions of radicals d (the

second order rate constant for the dithjothreitol radical is
1,708 wh 57hy,

Z) The ligand binding and disseciation reactions of the Fe(IIL)

.




complexes are rapid and hence do not appear in the rate law,
as they occur after the rate determining step(s) (the first
order rate constants for ligand dissociation from Fe(TT)

porphyrins are of the order of 10% "+, 1%

A wechanism which can account for the observed kinatics and
spectra is given in equations (7 - 1) = (7 - 4) (ignoring the pKas

of the dithiothreitol), where dtt' is the oxidised radical form.

k.
Fe(ITD) (his), + dtt f» Fe(11D)(his) (dee) = his (7-1)
k,
Fe(I1T) (his) (dee) —— Fe(ID)(his) + dtc L25%s products  (7-2)
k.
Fe(T11) (his) (dee)+dre s2=> Te(11T) (his) (dee)»+++ (det) (7-3)
k~3

X,
FeITT) (his) (dee)+++(dee) ~o Fe(I1) (his) -+ -dervart "28F prod. (7-4)

(The reduction of the hydrogen bonded adduct is mot likely to go
via an outer sphers mechanism because of the bigh electron
density.)

A rate law was derived (sec appendix 7} which predicts three
phases.”zAs &ll the kinetic runs were monophasic, two of these
must be rapid and these are the thiol binding steps because the
rapid formation of an intermediate is seen. The menophasic rate
law can be shown to be:

Rate = kobs fhemin~histiding] where

- dre} z(dtt!z

z + v[dte] + wider]

and x = klkz(k-:! + kh)
¥ o= kkak,
2 = ey + ke (his)dlk g + k)
Vo= kgky +k(ky Ky kR )

wom Ry (see appendix 7)




142.

Valves for x, y, 2z, v,  were found using a simplex optimi-
zation routine. Figure 7.6 shows the theorstical curve where
% = 43,%; y = 1346; z = 0,282; v = 432; w = 57020, The theoreti~
cal values lay within 53 of all the experimental points.

Values of the microscopic rate constants cam be caleulated

if approximations are made.

2,36 x 1072 s71; 613 and 132 ¥ respectively. (If ligand

‘* If the ligand dissociation steps are rapid compared to the
i reduction steps then (k, + k_;[hish)nk_ Mhis); (k_y + k,)Ak o3

1

i {kyk, + & (k, + &, + k_yT]tkgk , and cthe values of k, (= 5);

i x

: Sk o=t (=Y mi =2 = -1
: k, R e (= 7 [his)) and Ky 0 ) were 0,102 s
IS

)

!

dissociation is slow compared with reduction, the dependence of
the rate on the histidine concentration at low thiol concentra-~

tions cannot be accounted for.)

: values are ressanable. The binding constant for the
secend thiol, &y (132 ¥, is comparable with those found for
the histidine (and analogues) adduct with the alkaline hamin

dimer (chapter 5) (79 - 400 M 1) and is consistent with a weak

interaction such as hydrogea bonding (there is certainly no

shortage of suitable sites
The dependence on the histidine concentration can zlso be
accounted for with this rate law. At low dithiothreitol concen-

crations, the [dct)? terms are unimportant and hence
TR <1 ke g [dee]
obs © z¥sfdtt k_lﬁisik-g*klk.g dte]

%,
.1 -1 . 1
B fhis} + —
Koo FrKpLREE 51 %,
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Figure 7.6 Plot of - versus histidine concentration
obs

3x1075N hemin; 4x107°M det; pH 10,05 y = 0,43
25°C (under N,)

1
Ksobs

37,5 M 5 and intercept = 7 st (figure 7.6). This results in

The plot of

versus {his} is in Fact linear with slope =

% =K, = 467 and k, = 0,14 ™" which is in fair agreement with
the values found above (612 and 0,10 s . respectively). This
inverse dependence of the rate on the histidine councentration
shows that the intermediate is in fact the thiolate-histidine
hemin complex as the thiolate-aqudtiydroxo hemin compiex would
not give this resule.

At high dithiothreitol concentrations, the z term becomes
negligible and hence
kR leee] + Kok faed]?

“obg z
kyk_pldec) + klkS[d:g

1
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kabs is independent of the histidine concentration which is what
was observed, (The results are not good enough to rule out the
loss of histidine in weaction (7 =~ 3) but the similarity of the
ispsbestic points at high and low dtt concentrations make this
possibility very unlikely.)

Hence the proposed rate law can acecunt for the spectral
changes and for the observed depandences on the dithiothreitol
cuncentration and the histidine conceatration as well as of
course the hemin concentration.

1he effect of pH on the rate is too complex to analyse what
with two parallel reduction steps and pKas of thiol and histidine
(-¥H3) probably being significant, as well as heving limited data
We merely note that the apparent pKa of 10 in the downvard limb
could be associated with the pKa of dithiothreitol or possibly
an uptake of a proton on reduction as found by cyclic voltamerry,l08
7.4 Conclusions
Hemin~histidine like Bl!a is reduced by thiols via an inner sphere

mechanism. Reduction was found to be rate limiting. The simple

monothiolate complex reduced with k = 0,1 s, compared with that

1

of By, in alkaline solution k>0,3 s = (coordination was rate

12a
limitiog at alkaline pis). Hence the rate of reduction of By,
is faster than that of hemin-histidine.

Presumably the Easter reduction by the dithiol compared to
the monothiols, reflects the hamolytic fission of Fe-§ being
assisted by a second thiol group (which is close at hand in the
dithiol) as found for the By, reduction by cysteine. 64 nig
suggests a method of preventing the reduction of Fe(III) in the

resting P-450 form, by the coordinated cysteine, i.e. by the
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protein preverting a second thiol approaching the active site and
in doing so, only permitting the spparently unfavourable formation
of the RS to accur, which cannot diffuse away being part of the
protein and hence can recombine with Fe(II).

Fe(TI) bis-histidine has a very similar spectrum to that of
reduced cytochrome by and thersfore is a good model as far as the
electronic structure is concerned, Curiously the reduction of the
bis-histidine complex requires protom uptake, 1°0  which follows
from the change in pKa of the —wﬂ; of the coordinated histidine,
while the reduction of cytochrome b, requires wa* /K uptake.

But whether a proton or cation is required on reducticn of a
hemoprotein depends on the pKas of the neighbouring groups in the
active site. 'O

4 cleavcut exmwple of catalysis by copper(II) in the reduc~
tion of FeOH-caffeine by penicillamine was found. Some catalysis
by Cu(II) was found in the reduction of By, but the effect in
the former case ig wore dramatic becausas no reduction oceurs in

the absence of Cu(Il).
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CHAPTER 8 - THE CATALYSIS OF THE AUTOXIDATION OF THIOLS BY

COBALT CGRRINOIDS
8 ° introduction
It is well known that cobalt corrimolds such as By, are good
catalysts for the autoxidation of thiols, s The only quantita-
tive k'  ic studies are those of Peel who used mainly aquocyano-
cobinamese (factor B) T e unfortunately the presence of CN ,
which will poison some of the cobalt, complicates the interpreta—
tion of the results.

The aims of this study are to establish a gemeral mech-aism
fer the autoxidation of thiols catalysed by cobalt corrinoids
through a quantitative study of Bi9g (as it has effectively only
one potential ¢ ordination site) and a monothiol. Cysteime was
chosen because the reduction of By, by cysteine has been
studied. o4 With less detailed study the effect of changing from
= nono to 3 dithiol (viz. dithiothreitol) on the rate will be
investigated. (The reduction of 3192 by dithiothreitol was dis—
cussed in chapter 6.) The effect of replacing the axial benzimi~
dazole by H,0 will be examined by studying the diaquocobinsmide
catalysed autoxidations of cysteine as well as those of mercapto~
ethanol and ethanetbiol. It is also of interest to see ta what
extent cobalt corrinoids might serve as models for the reactions
of hemoproteins with 0, and to what extent one can model the high
turnover nurer and suppression of H,0, formation characteristic
of cytochrome ¢ oxidase, 13

The stoichiometry has been shown by Peel to be

2RSH + }0, ~—+ RSSR + H,0

and will be assumed here.
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8.2 Results
8.2.1 B, plus cysteine
Figure 8.1 shows a typical plot for the rate of DZ uptzke catalysed

by 51,,5 in the presence of cysteine in an 02 saturated solution.

4
10°(0,),
Ed
s thiol By, thiol
e 3

6

4

2

[ 0 60 S0 100

time,s

Figure 8.1 & typiea) experimental plot for 0y uptake in the

presence of B), and cysteine in 0, saturated buf

12a

o8 10; 2x1072M eysteine; 2,5x107 % B o

1245 250

It shows the uncatalysed as well as the catalysed autoxida-
tiom of cysteine. The lag period due to mixing is < 3 seconds,
and hence no build up can be seen within this period. There is
clearly no effect of the order of additiou on either the initial
rate or the course of the reaction. In gemeral, the initial rates
will be reported.

By contrast, the plots of rhe diaquocobinemide cat. sed
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reactions are autocatalytic (figure 8,2).

104@2)‘ grlicial rare
B thiol A catalyst
¥ . Y
8 N
- meximum vate

6

2

b 40 60 ER 100 1% ] T30

Figure 8.2 4 typical experimental plot for 0, uptake by thiols
catalyses by diaguocobinamide; pi 9,5; 2x20 M
meresptoethanol; 1x10” ' diaquocobinamide;

0, saturated buffer; 25%

Figure 4.3 shows the pH profile in 0, sacurated buffers,
without EDTA, both wirh and without By, (data in fable 1, sppen-
dix 8). The catalysed reaction has a maximum rate at pH 10 and
hence further studies will concentrate on pR 10. The uncatalysed
rate reaches a plateau in the alkslime region, probably because

of complete formation of the thiolate.
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initial rate,

-1
1o, s
2,
.
1.9 P
1,4
5
!
0,5.
o ‘®
e G e
0
4 5 13 H 13 ° 10 11
i
Figur. .3 The pH profile for the autoxidation of cysteime
catalysed "7 B, ; 2xIC ¥ cysteine; 1x10 "M B

12a*

12a%
0, saturated buffers; 25%

Table 8.1 shows the different rates (and order in oxygen)
in air and 02 saturated buffers as well as the effects of

superoxide dismutase, Cu(II), EDTA on the rate.
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Table 8.1 : Effects of conditions on the rate of Q2 uptake by Blza
5,

2 _
plus cysteine; pH 10,0; 2x10 M cysteine; 2,2z10 M

o
Blpgi 257G W= 0,1

Initial rate/uNo,
Added reagent

Adr ssturated buffer 0, saturated buffer

2

@ S
none 2,32 (n=0 initially) 3,95 (@ = 0,5)

a a
2z10 M superoxide 2,27 (a = 0) 2,45 {n = 0)
dismutase
1x10"% EDTA - 1,84

B

“ EDTA 1,15 (n = 0) 1,66
2x10774 CuSO, - 3,51
2 . R -
st JTa piec ol ing rat. versus leg(0,)

It can be seen that there is an additional reaction in 0y
saturated buffers which is suppressed by supercxide dismutase and
thus involves supevoxide. Hence air saturatad and not 0, satura-
ted buffers will be used. EDTA suppresses the reaction by about’

50%, as was the case in the reduction of B. by cysteine under

12a
N, (chepter 6). Hence 2x10°i EDTA will be used to supprass
reactions catalysed by traece metals. Little effect of Cu(II) was
found at the concentration used. The half order dependence in 02
found in 0, saturated buffers is similar to that reported earlier
for the rate of 0, uptake Ly Cu{Il) plus ascorbate e as

well as Fe(III) plus cysteine ” but it is not part of the
intrinsic reaction in this case as it was suppressed by superoxide

dismutase.
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Figure 8.4 (and table 2, sppendix 8) shows the effect of the
B12a concentration on the rate and the rare ls quite cl-arly first
oxder in B;, with only a small amount of uncatalysed rate (given

by the intercept).

initial rate,
1
L
sz
4

0 2 4 6 8
10518y 9}, X

Figure B.4 The rate dependence on the Blla concentration
for the autoxidation of cysteine catalysed by
Bi9a in air saturated solutions containing

3 3,

2x107°M BDTA; 5%107°M cysteine; pH 103

u = 0,1; 259%C,

Figure B.5 {and table 3, appendix B) shows che effect of

the cysteine on both the rate of 0, uptake 2s well as reduction.

#,



152.

[

o, uptake

a,1

reduction
©=0,38

0 2 4 4 B 10
lf)lfcysteine]] o

Figure 8.5 The rate dependence on the cysteine concentration
for both the autoxidation of cysteine catalysed by
B,,, (in air saturated solutiens) as well as for
the reduction of Bisa BY eysteine (undex N2> in
solutions containdng 2x1067 TDTA; 1,94%107H B, ;
pH 10; 1 = 0,1; 25%.

The slope for the reduction is 0,38 W' s compared with the

tangent at low cysteine concentrations to the 0Z uptake curve

which has a slope of 15,8 M* s % giving a ratio of 42 between

the rate of 0, uptake and reduation, The turnover number {i.e.

cquivalents £/ B, x 5)) s 20,9 at liniting thiol

a
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concentrations,

Nome and Fendlers results 6

indicate that at pH 10,
coordination is rate limiting but reduction involves RS~ +
(RS - Co(III)), Even if the stoichiometry of the reaction is
ignored, the rate of 0, uptake ic faster than the rate of reduc-
tion (if the stoichiemetry is taken into account the asymtotic
rate of 0, uptake increases by a factor of four). Quite clearly,
a diffevent dependence on thisl concentration is found for O,
rne Auetion vhich is rather surprising.

‘etra of the steady state at high and low eysteine
concentvations were run 15 seconds after mixing. The spectrum in

the Soret on could be taken within a mianute while the complete

spectrum took 2 minutes. At low thiol concentratioms, the uptake
of °z under the same conditions was complete within 2,5 minutes
while af high thiol concentrations it was complete wirhin 1,5
minutes. In both cases, the Soret baud was at 357 am while at low
thiol concentrations, the «,® bands were at 420 nm, 516 nm and

536 am. These correspond to the bands of the hydroxocobalamin
(356 am, 421 nm, 516 am, 537 om) 0% As hydroxocobalamin builds
up, it must precede the rate determining step which must involve
Co~0H or Go-OH, (pKa 7,6). 7 There were no detectable hands dus
to Co(II) (312 pm, 405 nm, 473 nm) s or thiolatoccbalamin

(371 um, 425 nm, 534 nm, 554 om). Loz However, as the 0, is
depleted Co(II) is forced (bands at 372 nm, 470 wm), but with no
sign of the thiolarocobalamin bands which is consistent with
zither coordination being slower than reduction, or an outer spheve
wmechanism,

All experiments in air are zero order in 0, at least initially.
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5,

At high cysteine concentrations (>8x1072M) at 2x10 "M B there

12a’
was a slight lag period which was, however, within the mixing time
of 3 seconds. This was not observed at lower thiol concentrations
where a smaller volume of thiol was added. The independence of
the rate on OZ agrees with the spectra which indicate that the

rate determining step is one of the reduction steps.

The effect of catalase was investigated at high and low

cysteine fons in en air pH 10,0 buffer con-

taining 25107 EDTA (1,95107% By, ). 4t low cysteine concen-

trations (5x10 "), the rate decreased from 1,22mMO,

0,78 130, &1 (auplicate experiments run) (i.e. a 36% decrease
in rate) on addition of 3700 units of catalase. At 0,1M cysteine

hovever, th. rate was unaffected by catalase (4,45 w0, s

1 with catalase).

without catalase; 4,47 W0, s~
In neither case was the order in 0, affected. It appears

thao the amount of H,0, detectad decreases with thiol concentra-

tion, Qualitatively the activity of catalase was not affected

by the presence of 0,1 cysteine, up to ten minutes

8.2.2 EIZa plus dithiothreitol

Figure 8.6 ( 7d table 4, sppendix 8) shows the pl profile for rate
of 0, uptake in air saturated buffers.

It shows a maximum like that observed for the Blza-'cysteine
system in 0, saturated buffers as well as for the reduction of
5123 by dithiothreitol under N,. However, the maximum m:mn:s‘at

pH 9,2 unlike the B,, -cysteine system (pH 10) and the raduction

12a

system (pH 8,5). Other experiments were carried out at pH 10.
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initial rate,
-1

10,
2,0

-
S
ES

3

10 1
pH
Figure 8.6 The pH profile for the autoxidation of

dithiothreitol catalysed by BIZ& in air saturated

buffers; 1,%4x10 H By 1x10™% dichiothreitol;
w = a,1; 25%,

Figure 8.7 (and table 5 in sppendix 8) shows the effect of

the dithiothreitol concentration on the rate. The same saturating

effect which was observed with cysteine is evident here but has
not besn taken far enough to level off, because the rates are too
great. The rate of veduction by dfthiothreitol has been

included and 25 found for Blla plus cysteine, is slower than the

rate of 0, uprake. It has a slope of 5,2 W * a™" compared with

that of the tangent to the origin of 0, uptake curve which is
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inizial xate

(L B
1

0,5

0,4 n=66

0,2

107 [aithiothreitol], M

Figure 8.7 The rate dependence on the dithiothreitol (dtt)
concentration for both the autoxidation of dtt
catalysed by Bloa (in air saturated solutions)
as well as for the reduction of BlZa by dtt (under

15, - o
4y); 1,94x107M By, 5 pH 103w = 0,1; 25%C.

66 47 571 d.e. a 12 fold difference, which is less than that

found for the By, -cysteine system (a 42 fold difference) whic'

is largely & consequence of the difference in the reduction rates

(14 £o0ld) rather tham 0, uptake results (4 fold) in the two

systems (ignoring the fact that dtt has two thiol groups).
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The turnover number is > 2,2 equivalents/(M ElZs % s) which is

larger than that for B), plus cysteine (3 0,9 equivalents/

12,
[CRIPIEI NN

Figures 8.8a and b (and tables 6 a and b in appendix 8)
show that at both high and low ditbiothreitol concantrations, the

wate is first order in 313“.

initial rate,
N -1
.AMOZS

10

5 10 15
105{51281 M
Figure 8,82 The rate dependence on the Bioa concentration
for the wutoxidation ot dte catalysed by Blla
in air satuyrated solutions at a low dtt

concentration (1x107M) at pH 10,0; ¥ = 0,13

25%.
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mx:x: rate,
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20
16
12
8
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L +
3 i 3
Fisure 8.8b The rate de on the Bl’a ion for
the autoxidation of dtt catalysed by B in air

12a
saturated golutions at a kigh dtt concentration

(2x1072) at pH 10,0; u = 0,1; 25%.

As the dithiothreitol concentration incresses, the order in 0,
changes frem 0,5 to zero. Conditions affecting the rate and
crder at low thiol concentrations were superoxide dismutase and

catalase. At 1 mM dithiothreitol (1,94x10N Bl,,5 PH 10 air

saturated) 2x10 %M superoxide dismutase reduced tle rate from

1,52 mozs‘l to 0,87 m:ozs“l (2 427 decxease) and changed the

order from 0,5 to zero while 5700 units of catalase reduced it to
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0,50 180,51 (a 607 decrease) also thanging the order to zero.
In addition 3%16™" Cuso, increased the rate to 3,37 u:{ozs“1
(%.e. doubling the rate) but did not affect the order. At
2307 dithiothreicol (3,9%107 % B, ) 2:10™% superoxide dismu-
tase and 5700 units of catalase decreased the rate by less than
37 in both cases without changing the order. The effect of EDTA
was not studied .

The steady state species at both high and low dithiothreitol
concentrations is the hydroxocobalamin as shown by bands at
357 um, 420 nu, 516 mm and 536 om (literature 358 nm, 421 nm,
516 om, 537 ). ""  Hence the rate detsrufning step involves
reduction as found with By, plus eystaive.

8.2.3 Diaquocobinamide plus monothiols

Qualitative experiments indicated that thiols reduced the
diaquocobinamide much faster than Blza at pH 9,5 at least. Hence
at least one step in the reaction has been speaded up. Figure
8.2 shows a typical autocatalytic plot characteristic of
diaquocobinamide plus thiols. The maximun rate is always

1,5 - 2,5 tioes greater than the initial slope (see tables 8 and
9 in appendix 8). Only the initial slopes will be used unless
otheryise noted.

Figure 8.9 and table 7 in appendix 8 show the variation in
race with pH in the presence of ethanethiol, mercaptoethamol and
cysteine. Ethanethiol reacts about ten times faster than cysteine.
We cannot be sure that part of the effect is not due to impurities
guch as st but the results are still of interest in establishing
an upper limir to oxidase activity of cobalt corrinoids. All
thrze of the thiols shov a maximum at pil 10 (as did B

124 P18
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eysteine) in spite of the diffevent pKas of the thiol group

b
(ethanethiol 10,6; mercaptosthanol 9,4; cysteine 8,5).

initial rate
-1

2 A
Py
i [
) 1
1 [
i t
: n by
1 t
\ t
1 1
{ 1 N
H s
10 . \
'l 1
. v
. )
8. + 3
f i
{
R & ethanethiol
4
5
!
'
i
4 mercapto—
- athanol
3
cysteine
12

Figure 8.9 The ph profile for the actoxidation of ethapethiol,

mercaptoethancl sud cysteine catalysed by

t - -2
diagquveobinanide (1x077H); 24107 chiol; 0,

saturated buffers; 25°C.

———
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ethanethiol
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i
. 20
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4
5 < mereaptoethasal
cysteine
4
: 0 05 S wo 15 2,0 7.5
4 107 fdiaquocobinanidel, X
Figure 8,10 The rate dependence on the disguocobinamide contentra-
tion for the sutoxidation of ethanechiol, mercapto-
ethanol and cysteine at pH 10; pH 9,5 and pH 10 respec~
tively, catalysed by diaquocobinamide; 2x10™ 2 thiol;
0, saturated buffers; 25%

Figure 8,10 and table § in sppendix 8 show that the reactions

are all first order in diaquocobinamide and that there is some

: wncatalysed reaction.
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autoxidation of ethanethiol (pH 10), wmerceptoethancl (pH 9,5) and

cysteine (pH 10) catalysed by diaquocobinamide (1x107 ) in O,

ssturated solutions at 25°C.
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Figure 8.11 and table 9 in appendix 8 shows the effect of the
thiol concentration on the yate, All show a saturating effect.
Table 8.2 shows the effect of EDIA, CuSO, and crtalase on the
rate of 0, uptake in the presence of mercaptoetbanul.
Table 8.2 : The effect of EDTA, CuSO, and catalase on the rate of
0, upteke in the presence of mercaptoethanal (2x10"%9

and 1x10° 2 diaquocobinamide at 25°C; pH 9,5

Added reage:t Tvitial rate Maximum rate
/12‘:025'1 /)JMOzs_l
none 4,00 15,7
121077 EDTA 5,32 15,2
1210”2 EDTA 4,00 15,7
1x20™% Cuso, 8,32 13,7

1m0 cuse 7,80 10,5
1x20” 3 cuse, 7,40 8,6
~100 units catalase 4,00 46

There was no effect of EDTA indicating a gemuine reaction,
Any catalysis by Cu(II) was small compared to that of diaguo-—
cobinamide. In the presence of catalase, the rake was zero order
in 0, at least initially. This is the only evidence for the
indepandence of the rate on 0, concentration. Hemee it is probsble
that redvetion is still the slov step, as found for the Bua systems.
No spectra were run of the steady state, as the diaguocobinamide

concentrations used for the 0, uptake studies were too low.

8.3 Discussion

All reactions studied share several features in common such as the
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sharp pH maximum at Wi 10 as well as the saturation effect cf the
thiol, which suggest a common basic mechanism. The pH profile
appears similar to that observed for reductiou but the two are
probably only indirectly related (see below).

Absolute values of catalytic activity observed vary over the

range » 0,9 equivalents 2"/00 co % 8) for B 2, Plus cysteine to

1

920 for diaquocobinamide plus ethanethiol,

All reactions are accompanied by additional reactions as
revealed by the effects of superowide dismutese, EDTA and auto—
catalysis.

8.3,1 BlZa

Experiments at pH 10 (maximum in the pH profile) show that the

main features to be explained are:

1. The rate of O, uptake initially increases with cysteine snd
dithiothreitol concentrations, then becomes independent
(figure 8.5 and figure 8.7).

2, Free Hz°z is produced at lew but not at high cysteine
concentrations,

3, The rate depends linearly on the cobalt concentration, and in
the absence of accompauying reactions, is independent (at
least initially) of the 0y concentration, while spectra show
the presence of hydroxocobalamin during the steady state.
Hence the rate determining step involves the reduction of
Co(III).

4. The cbserved Tate of O, uptake is, however, greater then the
observed rate of reduction of Co(III) under N,. Even ignoring

the stoichiometric requirement for four thiols to reduce DZ’
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the asymptotes in figures 8,5 and 8,7 indicate that the rates

of 0, uptake are still 42 and 12 rimes greater than the rates

2
of reduction for cysteine and dithiothreitol respectively.

We therefore suggest the following mechanism: It is kmown
that Co(II) revers'~ly forms an adduct with 0, which has only been
detected at low temperatures |2 (reaction 8 - 1)

Co(IT) + 0, &= Ca(ID)O, &-1
The autoxidation of Co(II) is greatly accel--ated by reducing agents
such as quinols, thiols, Fe(I1)(CN), through reactions such as
reaction (8 - 2). /0

Co(I1)0, + RSH ~—+ Co(IIDO,H + RS 8-2

Furthermore, thiyl radicals are kaown to reast rapidly o

according to reaction (8 - 3) (for cysteine,kf is 3,1x10” ¥ L 571
kr 8x10° s73) while the hydroperoxide complex can dissociate
according to reaction (8 - 3) te aive free Hzoz’ which (together
with any subsequent HO') can be further reduced by Co(II), RSH,
R3SR.
RS + RST ~= RSiR ®-3
Co(IITIOH + H0 — Co(ITI) + Hy0, 53-8
Hence the anion radical RESR can be formed in the in.ediate
vicinity of the cobalt. This is expected to be a much more powerful
zeducing agent than RS and by analogy with the electron transfer
reactions observed in Cu containing electron transfer proteins with
RER on the protein, |0 will probably reduce Co(IIT)OK” or more
Likely Co(ITI)OH, according to reaction (8 - 5) by an outer sphere
mechanism .
RS;SR + CO(III)OHZ — RSSR + Co(II) + HZO (8 - 5}

It can also undergo rapid disproportionation according to reaction
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8-6%  and courd 1y reduce other aueh as

Co(I1)0,, B,0,, OH.

2R§8R — RSSK + ZRS™ -6
The veaction (8 ~ 7> does not eccur, at least in air satura-
ted as distinet from 0, saturated buffers as shown by the lack of
effect of superoxide dismutase.

2‘*&35R+02 [ )]

This stheme immediately explains the main experimental

RSSR + O,

observations:

1. The main reductant of Co{III) is not RS but more powerful,
faster RS':SR.

2, As the cysteine comcentration increases so will the steady

state ions of all the abi ioned i iates

so we may expect:

(a) an increased rate of removal of RSSR by reactions

than (8 - 5), hence a fall~off in the effect of the thicl

iom is as .
(B) an increased rate of reduction of Co(ITI)OH (and
presumably also free Hz°z> by RSH and RSSR, leading to

the suppression of the formation of free Hzoz’ as

observed,

We therefore suggest that the observ 1 rate of 0, uptake can
be considered to represent the sum of:
A,  the abovementioned reactions in which are

shown in Eigure 8,12,




167.

(v)

Co(III)0H,
(a)
BSSRA coltn)

Figure 8.12 Scheme of reactions occurring in the autoxidation
of cysteine catalysed by By,
8. the further reactioms of 2,0, together with smaliler
contributions frem
G.  the reductiom of Co(III) by cysteice (RSH) itself

D.  the uncatalysed reaction of 0, with RSH

ALl four groups of reactions wil® . loubtedly interact
because of the existence of common intermediates such as H,0, and

BSSR. In particular, raaction (e} is

ired mot only to start
reaction (A) but also, simce ome can never expect all of the RSSR
formed to be used in raducing Co(III),it is neeawd to keep reaction
(A) going, i.e¢. there is bound to be an intimate relationship
between reactions (a) and (C) even though the bulk of the "cur:snt"
is carried by (A). This could explain why both the averall oxidase
scrivity and the rate of reduction show similar sharp pH maxima
around pH 10,

These remarks apply to the By, ~dithiothraitol system as weil.

However, the RSSR is a cyclic monomer formed by the interaction
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between the two —-SH groups in the dithiol. The greater difference

in the rates of reduction of 51 o by dithiothreitol (V14) compared

2
with the rates of 0, uptake (%4} is support for the importance of
the RSSR in the latter, in carrying the reaction, as this would
blur the distinction between mono and dithiols.
8,3,2. Diaquocobinamide
The much more limited data again show a saturation effecc with all
three thiols (see figure 8.11), a first order dependence on diaquo-
cobinamide (see figure 8.10) and at least with high mercaptoethanol
concentratrions, the initial rate is incependent of the 02 concen—
tration and doss not produce Hy0,.

It is reasonable to aseume the same basic mechanism as for
B, gq Plus cysteime but in this case the mach higher turnover number
(920 equivelents ¥ 1/(Cox5)) for ethanethiol for example can be
covrelated with .c much higher rate of veduction of diaquoccbina-
uide compared wit. By, , even by monothiols. This turmover mumber
is greater than that for electron transfer between cytochromes a

) .md between cyto—

113

and a; (750 equivalents /(M catalyst % s
chromes ¢ and a (450 equivalents 27L/(M cats .5t x 5)).

8.4 Conclusions N

A1l the above evidence is consistent with - i« mechanism which

involves the cycle of steps (a) -~ (d) of fin: . 3,12 (which in turn
contains two different types of veduction s .f Co(TII)} to Go(II)

i1 anions (RSSR)

and of Co(I11)0, to Co(III)O,H ) and with T
playing a key role.

In the case of By, and low cysteine concentrations, the

a
reaction produces H,0, but this formation of Hy0, 2s “seen" by

catalase can be suppressed by increasing the cysteine concentratiom,




169,

presumably merely by imcreasing the rate of reduction of coordina-
ted cD-ozg' (aa! also perhaps fres 8,0,), without any dramatic
increase in the turnover number.

The turnover number can be dramatically increased by inereas—
ing the rate of reduction of Co(III) to Co(IT) by changing from a
cobalamin to a cobinamide, The following maximum turnover numbers
were found:
B

122
B,,. + dithiothreitol : > 2,2 equivalents "1/(M catalyst x s)
122 ¥

+ cysteie : 0,9 equivalents 2 °/(M catalyst x ) :

diaquocobinamide ~ cysteine: 78 equivalents 2°L/(M catalyst x s)
(initial rate)
diaquocchinauide + ethanethiol : 920 equivalents % /(M catalyst
% s) (initial rate)

The rate could possibly be increased still further by increa~
sing the rate of supply of reducing equivalemrts to both Co{III)
and Co(I1)0,, for example, by very efficient outer sphere electron
transfer but the rate of 02 uptake in the diayuocobinamide plus
ethanethiol system is already greater tham that of both electron
transfer between cytochromes ¢ and a (450) as well as between cyto-
chromes a and a, (750), 12

These results provide interesting parallels to the hemoproteins.
It has been shown that the 02 adduct of hemoglobin which is not an

118

active catalyst, reacts with reagents such as quinols and

phenylhydrazines 27

to give Fe(IXI) and H2°° by steps analogous
to (c) and (@), i.e. this can probably be comsidered to be the basic
mechanism common Lo iron porphyrins which cannot form dimers (as

for example when bound in & protein) and cobalt corrinoids which

bave a coordination site available for coordinating 0, to the M(II).




Terminal uxidases such as cytochrome ¢ oxidase also contain
ivon porphyrins but differ from hemoglobin in their high catalyrie
crivity (maximuw rate of electyon transfer from cytochrome a to
sy is 750 equivaleats 2/ (mole 87} catalyst x seconds) and in not
forming free HzozilaAlthougn the mechanism of reduction of 0, by
cycochrome a3 is not known, it is generally agreed that the initial
step involvas coordination of 02 to Fe(LI) cytochrome 24 end it is
rearonable at least to start, by assuming the occurreunce of the
basic steps (b), (¢), (d). Our results with cobalt corrinoids
show that both the high turnover number and the suppression of
the formation of K,0, can be achieved by manipulation of this
basic mechanism, It {s probabie, howaver, that the Fe(IIT)OH
complex is converted to the "ferryl" (Fe0)* complex, analogous

te compound T of catalase and peroxidase before fuvther reduction.




CHAPTER § -+ TVE CATALYSIS OF THE AUTOXIDATION OF DITHICTHREITOL

BY THE MONOMERIC BIS-HISTIDINE HEMIN COMPLEX
9.1 Introduction
This chapter will extend the study of the catalysis of the
astoxidation of thiols by looking at the caralysis by the bis-
histidine hemin complex in an attempt to elucidate the mechanisa,
Catalysis will involve, at least imitially, reductiom of the
complex by dithiothreitol, the kinetics of which were discussed
in Chapter 7.
9.2 Results
The effect of the &i-hicthraitol, OZ, hemin and histidine concen-
tratioas on the rate of 0, upceke were investigated. 4s the pR

studies were not informative in the reduction studies, they have

cen Zone hers,

w the effect of the

rate on the dithiothrzitol cencentration.

This profile is similar to that found for the reduction of
bis-histidine hemin by dithiothreitol (figure 7.3). The
parameters used to fit the latter, do not fit the former, but
there are parallels, To ensure readiiy measursble rates, the
reduction studies were carried out at a hemin conceutration five
times greater than that used in the 0, uptake studies, The

3,

maximum rate occurs at 2,4x107°M in dithiothreitol in the

reduction and at 5x107%

M in the 0, uptake studies, i.e. a factor
of five different, In addition there is approximately a two fold
difference in both systems between the maximum and limiting rate

However, the inmitial rates of 0y uptake/concentration of bis-

bistidine hemin ars all larger (3 ~ 6 times larger) them k-
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found for the reduction, as found for the By, -cysiine system
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Figure 9.1 The rate dependence on the dtt concentration for its
asutoxidation catalysed by bis-histidine hemin,

621070 eming 0,4 histidine; pH 10,05 y = 0,5; 25°C

Because of the comwplex dependence of the dithinthreitol con-
centrations, other effects were studied both at high and low
dithiothreitol concentration.

9.2.1 Low dithiothreitol concentrations

At low dithiothreitol concentrations, the O, and dithiothreitol
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concentrations were very similar. Hence the dependence of the

rate on the 0, concentration could not be determined.

Figure 9.2 and table 22 in appendix 9 show that at 3x10™

dithiothreirol at pH 10 the vrate is first order in hemin.

3
initial ratq
w57t

2

1 b

10%Thentid), ¥

Figure 9.2 The rate dependence on the hemin concentration for the
autoxidation of dtt catalysed by bis-histidine hemin at
a low thiol concentration (3x107%0); 0,41 histidine;

pl 10,05 u = 0,5; 23%C.

Figure 9.3 and table 3 in appendix § show that the rate is
independent of the histidine concentration as is the uncatalysed
rate,

In 0,4M histidine at pH 10 using 26,3 1 hemin and 3x10™%
dithiothreitol, 5000 units of catalase reduced the rate from

2,70 180, s™* to 1,77 10, &7}, fie. a 34% decrease in rate.

:Qéh




initial rate|
3

o,
catalysed _ % ¥
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uncatalysed OO
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Figure 9.3 The rate dependence on the histidine concentration
for the autoxidation of dtt catalysed by bis-histidine
4 -
hemin at a low thiol concentration (3xi0 D; 2,62107°%

hemin; pH 10,03 » = 0,5; 25°C.

The uncatalysad race is oaly 21% that ~alysed, which
suggests that at least soma of the hydregen | . is being
generatad by the catalysad reaction. Unfertunately the range of
concentrations of hemin which con be studied is limized by the
dimerizarion of bis-histidine hemin (chapter 5) as well as the
range of rates which can be studied by this technigue.

The -spectrum of 1x10” M hemin in the presence of 0,4M histi~
dine and 3510 dithiothreitol in air saturated pH 10,0 buffer in
the steady state ("1 minute after mixing) showed shoulders at
360 nm and 440 tm characteristic of thoge of monothiolate hemin
(ses chapter 7) in addition to a band at 412 nm, characteristic of
the bis-bistidine hemin, In sddirion, reoxidarion of the Fe(II)
bis-histidine complex was complete within 5 s. Hence reduction is
the slow step and coordimation of RS~ is fast.

However, at 310 dithiothreitol, Ky (= pomretllf oy

rate
hemin concenfrafion

was 2 cimes greater for the U, uptake (0,08 s 1) (from slope of
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figure 9.2) compared with reduction (3,4x107 % s ) which requires
that the reduction is carried out by a faster and presumably move
powerful reducing agent, as was the case with the cobalt

corrinoid catalysed reactions, but the difference is not as marked.

9,2,2 High dithiothreitol concentrations

Three regions are evident at high dithiothreizol concentrations
(figure 9.4). At low hemin concentratiocms, the rate is half order
in oxygen (from a plot of log rate va log (0,)).

4

seitial Tatd

maximua

N
initial

initial

0 10 20 30 40
108 [hemin] /3

Figure 9.4 The rate dependence on the hemin concentration for the
autoxidation of dtt catalysed by bis-histidine hemin
at & high thiol comcentration (5x10 M); 0,44 histidine;

PH 10,05 1 = 0,3; 25°C.

As the hemin concentration is increased, a zero order in O,

dependence is found initially. The proportiom of the reaction that

¥
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is zero order increases with hemin concentration. At high hemin
concentrations, the reaction is autocatalytie initially,
becoming zero order.

At the hemin concentrations where the rate is half order in
oxygen, the rate of the uncatalysed reaction (which is half order
in oxygen) is significant, sud the half order dependence probably
does not reflact the true situation in the hemin catalysed
resction, Tt is possible that the zere order dependence on the 0,
concentration does reflect the hemin catalysed reaction but too
little data is at hand to be certain.

Figure 9.5 shows that the rate is secend order in hemin
suggesting the involvemest of 2 dimer (data in table Jb, appeadix

9.

initial rate,
gt
2
®
. ]
0 2 8

4 4
10 [hemin] % 1

Figure 9.5 Plot of initial rate of 0, uptake {corracted for the
uncatalysed reaction) versus Memin] 2 at 2 high thiol

concentration (5x107M) (conditions as in Figure 9,4,




Because of the complexity of the kinetics under these conditions,
no further studies were done,

9.3

A% tow dichiothreitol conencrations vate s [re}’ fo)' [rs®t
[big]°. The spectrum of the sready state shaws the presence of the
monothiolate hemin (bands at 360 nm and 440 nm) and veoxidatien is
rapid, indicating that reduction is the slow step while the
coordination of RS~ is fast. (In contrast coordimation of &S~ to
Bya, 15 slow.) The greater rate af 0p uptake compared with
reduction (2 fold difference) suggests that a strong reducing
agent such as RSSR is largely responsible for reduction, as pro-
posed for the Blza—t‘;steine system, IF it reduces hemin by an
outar sphere mechaznism as it must do with Bzza’ to overcome the
slow coordination step, the independeaca pf the rate on the histi-
dine concentration, suggests that RSER dacs not discriminate
between the bis-histidine and monothiclate complexes., The maximum
tyrnover nuwher (corrected for the uncatalysed rate) is 0,3 equiva-

Lents 27/ (4 henin % s) seven fold smaller chan wich 3, and

2a
dithiothreitol.

Ar high dithiothreitol coneentrations

vate o [r)? 037" frsl®

This change in rate law may suggest either a change in the rate
determining step or 2 change in mechanism but as it was complex and
a strong interaction between the catalysed and uncatalysed reaction
appeared probable, no further studies were made, MHowever, the
complexity as well as the change in the rate law shows the variety
of reactions which can oceur and correlates with the range of

reactions found betwesu 02 and hemoproteins
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CHAPTER 10 — SUMMARY AND CONCLUSIONS

In chapter 3, hemin was studied in aqueous alkaline solution. Five
distinet types of complex were found. These were movomers, dimers,
and polymers with spectra falling into two types - A (typical high
spin) and B (p~oxc type) but the latter type was even given by
monomeric species, These species vere related by equilibria which
were independent of pH but which depended on the hemin concentra-
tion and the ionic strength. The dimerization constant for the
usual dimeric hemin (i = 0,1) vas found to be 3 10° ¥ L. In
addition, the formarion of the moncmeric hemin-caffeine adduct was
confirmed ané the complex found to contain ome OH  ligend, It was
also shown that some detargent molecules at lease, can form

adducts with dimeric alkaline hemin, well below the critical

-1

wicellar concentration (K * 10° 1 per mole detergent bound).

The large dimerization constant, the stabilization of the monomeric
species by caffeine, micellar detergents 3717 and organic
solvents 2% as well as adduct formation with single detergent
welecules re—emphasizes the known fact that one of the roles of the
protein is to stabilize the momemer” and that it cam do this by
hydrophobic and/or donor-acceptor intéractions.
Chapter 4 dealt with the study of hewin in aqueous acid,
where hemin rapidly aggregates, However, unstabl. monomeric and
dimeric forms of the aquo-complex at pH 1 were formed by rapid
dilucion from pH B and the equilibritm between them vas studied

5 w1y, Ccomparison of the

{the dimerization constant was 1,1 x 10
spectrum of the monomer with that of hemin in acidic aquecus
athanol, indicates that it is probably a six coordimate, high spin

bis~aquo complex with the Soret maximum at 397 nm and an extinction
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cocfficiont (at 397 mm) of 120 * 3 o * cm ', Since the same spec—

trum was also observed in very dilute solutions at low ionic
strength on rapid dilution to “pH 7,%7 the pKa for the coordinated
HyO is > 8 compaved with that of 6,5 in 44% aqueous ethanol 4
(organic solvents would be expected to stabilize FeOR rather than
FeOH, because of i%s lower charge (ignoring the side chains)).

In chapter 5, the coordination of imidazole snd its analogues
to hemin was studied, In addition to the ¢xpected equilibria
leading to the formation of the bis-ligand complex, additional
equilibria involving adduct formation and aggregation were found.
However, no significant formation of any monomeric mone-ligand
complex was evideat, even when the starting complex was the

caffeine adduet of hemin in alkaline solution. This was also the

42

cas: in organic so tont wita the binding

snastant for ¢

second (%,) which has becn ascribed to the change rom high spin
to low spin iron(ITT) on coordinating the second ligand.*? Henee
a second rols of the protein in hemoprateins such as peroxidase,
which have one bistidine coovdinated to en Pe(III), is to stabilize
the monohistidine complex,
Quantitative determinations of the equilibria involved as a
function of pH showad that
1) dimeric alkaline hemin reacts with histidine, histamine and
pilocarpate to first give an adduct (possibility hydrogen
bonded) containing one base per dimer and then to give the
wonomeric bis-ligand complexes
2)  on coordination, the pKa of the pendant ~OH of pilocarpate

is reduced from 15 to 10 (and a difference in the spectrum
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noted #zove and below pH 10), and that of the pendant 'NHZ of
‘histidine and histamine from "8,5 to < 8, which was ascribed
to the stabilization of tae conjugate base and/or the

destabilization of the conjugate acid by the residual posi-

tive charge on the irom.

This latter f£inding provides a mechanism for proton ~r cakion
uptake on reduction cbserved with some hemoproteins,? reduction of
course eliminating the residual positive charge and allowing the
pKas of the neighbouriag amino acid residues te revert to their
normal values. For example, prior to reduction, the pendant -NH2
group of histidine should be deprotonatad in the pH range § - 10,
but on reduction at these pls should become protonated thus
picking up s proton, This was in fact found on reducing bis-
histidine by cyclic voltamecry in this pH range. -OF

In chapter 6, the study of the rate of reduction of B. to

122
B.,. by ditliothreitol over the pH ramge 1 - 13, revealed sa
interesting interplay between the rates of coordination of the
thiolate to the Co(IIL) and reduction to Co(II). Significant
differences were found in the acid region between the rate of
reduction by the dithiols, dithiothreitol and the monothisls
cysteine ™% and morcaptoethanol, It was concluded chat over the
pH raoge 3 - 12, coordination always precedes reduction snd that
the mechanism probably involves a one electron reduction of the
cobalt by the coordinated thisl, assisted by the second thiol
(uhich is faster if dissociated (i.2. RS™) than if protonared
(i.e. RSH}), to give the cyclic disulp lde radical amion (|~ or
its conjugate acid (pKa 5,5) as the immediate product. Mo redox

potentials are known Pox the one electron oxidation of thiols but
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it would appear that the RS /RSSR couple is a better reducing
agent than RS /RS, The absence of a sacond neighbouring cysteine
in eytochrome P-450 may explain why the Fe(III) is not reduced by
the coordinated cysteine, as occurs in protein free hemin,

In chapter 7, the reduction of the monomeric bis-histidine
complex of hemin by dithiothreitol was shown to procead via the
rapid fornation of an intermediste, identified by spectra and
analysis of the rate data as the histidine thiolate complex, which
then underwent a first order reaction to give Fe(II), i.a. the
mechanism was inner sphere snalogous to that of B, , and no decec-
table outer sphere electvon transfer was Sownd, In addition,
inhibition by dithiothreitol at high concentrations was comsistent
with a second dithiothreitol forming an adduet (possibly hydrogen
bonded) but not coordinating {as UV-visible bands expected for the
bis-thiolate complex were not evident)®® to give a species which

reduced more slowly than the histidine-thiolate complex. The much

slower reaction with cysteine and mercaptoethanol suggests, by
analogy with By, , that a second thiol group is requived

In chapter B, the detailed study at pH 10 of the oxidation of
cysteine by 0, catalysed by Elza’ revealed that the rate deter—
mining step in the catalytic cycle was the reduction of Co(III) but
that this was forty-two times greater than the rate of reduction
by cysteinel It was shown that all the vesults could be explained
by a scheme invelving a Tapid reaction of the tramsient Go(II)C,
with the thiol (RSH) to give CO(III)UZH- {and hence HZDZ which was
detected by catalase) and the radical RS’ which reacts rapidly with
a second thicl to give the disulphide radical anion (RS3R) which

is the main reductant of Co(IXI}. It was alsc shown thatr the
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formation of free H,0, could be suppressed by increasing the thiol
concentration. The caralysed oxidation of dithiothreitol shoved
very similar Features but was not markedly faster. The cobinamides
(vhich lack the benzinidasole ligand of By, ) have 2 much grester
catalytic activity, reacting about 920 equivalents L /(M catalyst
% o) which is faster than cytochrome c oxidase due to the faster

13 ence Co corrineids are able to

reduction rate of Co(IIl).
model both the suppression of H,0, Eormation and the high turnover
aunber, though in cytochrone a,,Fe(ITT)0,E may convert to Fea]>.
Evidence was also found for Cu(II) catalysis which is of interest
as aytochrome ¢ oxidase contains copper.

In chapter 9, the oxidation of dichiothreitol catalysed by
bis-histidine hemin was studied, The kinetics were complex which
is of interest in light of the variety of reactions between hemc~
proteins Jand 0,. The rate dependence on the thiol concentration
showed similar features to that found for the reduction, yet once
again was faster. As at low thiol concentrations, spectra in the
steady state showed the presence of the movothiolate, reduction
must be rate determining and hence by analogy to BlZa involves
reduction by R$SR, Bis~histidine hewin is not as good a catalyst
as diaquocobinamide or even BlZa’ which once again shows the
influence of the protein in cytochrome oxidase in increasing the
rate.

In this thesis, some of the structures, ligand binding, redox
and catalytic reactions of hemin, and to a lesser extent cobalt
cortinoids, in aqueous solution have been investigated and some
pointers to the role of the protein in modulating these reactions

have been g’ sen,
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APPENDIX 1 : DERIVATION OF EQUATIONS ROR THE EQUILIBRIUM

STUDTES (CHAPTERS 3, 4, §)

Equations *°  required to analyse the data for the binding

of ligands and the loss of protons (pka) are derived in this
appendix in parts (a) and (b) respectively. In each pari, eguations
will be derived for monomer-monomer, dimer-dimer and monomer-
dimer interconversions.

The following abbraviations have been used here: M for the
hemin monomer; D for the hemin dimer; L for the ligand or a species
interacting with the porphyrin ring; n for the nusber of “ligands"
bound; (Fe)yoy for the hemin concentration in terms of the concen-
tration of the iron porphyrin units; 4 for absorbamce with A_ and
A, referring to the absorbance of the imitial and Einal species
respectively.

a) Ligand birding eguations
Eguations required to treat the data if the ligand concentration,
the hemin conciutration or the pH is varied will be derived.

1) Derivation of eguations for binding n ligavds to a monomer

¥ o+ ool &= M, [¢3]
. o,
2. K=
"
. legX = log G&ﬂ - n log (L) W

i) Varying (1) ((Fe),.. constant)

now A = EM(‘M) + E"ﬂ.‘n(“\mﬂ)

and (Felpgn = OO + (B

SO w0 - ()

Sa = ey () ML ((Bedyyy » D)
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= M) (eM—eMLn) *oeML (Fedpgy

A-elL (Fedpyn
oM o=
£ - €N "
AO
nov Ay = eyleygr =P Sy T T
Ay (Fe) = W%
= & ) &, =
ML 70T L Felrgr
0 "
oo = % (Fe.
i-A, TOT
. FETY
oL = T v (Falgy
A~ A
2. leg X o= log - ~ nlog (1) 2y
1ogAm_: = log K + n log(L} 3
A-a,
+*. plot of log z——% vs log (L) should be linear with
»

slope = n and intercept = log K
if OW released {reaction II)
Mo+ ool &> ML o+ dOH an

then equation (3) becomes

"%
i,

ii) Varying (Fe), .. ((L) )

log

= log K' +d(14 ~ pH} + n leg(L) 4)

let o be the fraction of metalloporphyrin combined with ligand

: (4Ln) -
= — (Fe) =@ + QL)
Fepor [Fedpey o

QLY = o (Fe)pg,

) = (1~ o) (Fe)pgn

#



a(Fe)
log K = log mjf(%% -0 log (1)

. olog o (Fe)TOT = log K +n log(L) + log{l-a) (Fe),

TOT

+*u A plot of log a(Fe)yq, versus log(l-0) (Fe)ggy )

should be liwear with slope = 1 and intercept = log X + n log(L}

In general, for dilution experiments where (L) is constant
the slope of log oz(r'e),m,f versus log (1-0) (E‘e)mT =

no. FeP units in prod
wo, FeP Units in react

if reaction (IT) applies then equation
(5) becomes

log G(Fedyqy = log XK' + d(L4=pH) + u log(L) + log(1-c) (Fe)ygy (6)

2) Derivation of eguations for binding n ligends to a dimer

(117)
@w*
"L - n)
<7 log R = log —pi~ = n log(L)
1) Varying (1) ((Fe)pq. constant) .
A s e ¢ ey L)

(Fe)TOT = 20y + Z(DLn)
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A-a, (Fe) oy
=

N W
B A,
A -4 (Fe)
. TOT.
LoDl =2 x —
4, T
Ay -4
.'.lngX‘lugA_Aw—nlog L (7)
Sleg g 2 = log K +n log (1) (8)
W - 4
A=A .
i.e. plot of log g——— ws log (L) should be linar with
~

slope = n

intercept = log K

1£ 08 is involved in the reaction (i.e. veaction (IV) applies)
D 4+ nL == Dlan + d OH vy
then equation (8) becomes

A- A
log o £ = log K + d(l6—pH) + n log (1) (9

16) Varying (Fedyor (1) constant)

s
let o = 2;21‘“’
10T
(Fe)
L) = R
(Fe) por

o = (Q-w 7

log } clFe)
. 10T
log K TETCEE Golgy T n log (L)

a(Fe),
. TOT
V7o log K = 108 gy il log (L)

.log o (Fedyn = log K +n log (L) + log(led) (Fedyyy (10
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A plot of log @ (FE)TOT vs log (l-a) (Fe).m,r will therefore be
linear with slope = 1 and

intercept = log K + n log(L)
1f d moles of OH released then equation (10) becomes

Loga(Fe) o, = (log K' + d(Lémp) + 5 log(L) + log(l-0) (Fedyyy (14)

3) Derivatjon of equations for binding of n ligands and splitting

a dimer to give a monome:

D+ 20L gm= 2¥In W
« - fuw?
@ m®
G
.. log K = log —m - leg () {15)

i) Varying (L) ({Fe),m,r constant)

now A = £ (D) + & (MLn)

MLn
and (Fe)pon = 2(0) + (MLa)

ceoomy = - 2(»)

Fedpor
Seoame @ v ey, e, - 2003]

Coo A= D) g -2eg) F g (Fedpyy

vy - o (e
£y " 2600 o (s_lza - EMLn) (Fe) gon TOT
Am
now A= bgn [Fager] = g, = FeTpor

and A =g
o

A
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- <FE)10T) 2 A7hy g
. x 22y -2n log(L)
TR X ey

- 2n log(L) (16)

A

.'. log K = log
®2
am? 2,

M bl ey

o s

2
a4’ 2Ge)
. log i x—A_A—TOT = log K + 2n log (L)
e X
2
(a-a} 2(Fe)pop

VL log e = oy = log K + 2n log (L) an

2 2
(-4 ) 2(Fe)qgn

. aplot of log —pwR— x grpe versas log (L)
R &
should be linear with slope = 2a and
intercept = log K.
[€S2 2(¥e),
o < T0T N
Blso log ~g—y— = log K log T, +n log (L) (18)
2
. (34
-+ aplot of log ~~—7— va log (L) should be linear with
X
slope = 21 aad
2{Fe)
: TOT
intercept = log K - log —r—
A Ay

ii) Varying (hemin) ((L) constant)
if @ is the fraction of metalloporphyrin [(Fe)yqrl combined

with ligand

o g tam (o) Ep0r - 4 (9
Welpgr Gy 7 e Comor

and (Fedyyy = GLa) + 2(0)
then (Mla) = alfe)y,,
and 20) = (Fedyor - o (Fedyg

(Fe)
B
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2
(@ (Fedpqp)
. log R = 1°gﬁ-‘aﬂ§?;0;7? - In log (L)
= 2 log a(Felpop = log 4(1-a) (Fedyyy - 2n log (L)
=2 log a(Fe)y,, ~ log (1-0) (Fe)pyy - log § = 2 log (L)
10T TOT
(20)

V7. 2 log alFe) = log K + 2n log(L} + log } + log(il-n)(Fe).
Tor TOT

oL log fx(Fe)TDT = 1(leg K # n log(L) + log)+} log(l-u) (Fe).m,r
(21

.'. & plot of log x(f‘e),m,t against log {1~&) (Fe)TOT

should give slope = } and

intercept = } (log K + 2n log (L) + log §)

13i) Effect of pH
if the reaction involves the release of OH (i.e. reaction (VI)
D o+ 2L = IMin + d OH [¢29]

oy’

then log K' = log “ypt— - 2n log (L) ~ d(1é~pt)

end equation (17) then becomes
e )® 2@e)yy

log i oAy~ ¥ —mog— © 1og K' + 20 log(L) + d(l4-pH) (22)
4, -4) A 8 P!

and equation (20) becomes

log a(Felpgy = §(log K’ + 2n log(L) + log § + d(14-pH)) +

${1og (Lt (Fedyyy (23)

b) Derivation of pKa squations

1) Proton loss involying monomeric species only

M o= W' + o’ €3]




na
K, = ‘(LII)TST)‘“ - 1°gxa=1og%9 +n log (89
3 pka = ~log Ghk + o ol

.
— 1og-%l = apH - pKa.

Now & = &, () + £,

(Felpgp = (0 + (1) =3 () = (Felypy = (D)

A= g Wty [weyg - ol

A om0 gy -ey) v oy (Fedpy

A - ey (Fe)
oy = s (Rt

initially () = (Fe)

10T
AQ
A, =& (Fe) = gy =
o = & T0T e
D
Finally (') = (Fe)yy,
Ay = g (Fe)y =3 €, = A
1 » 0T M e
i ToT
i S RS
Lo = x (P
A, TOT

Gy = Eegy -
Ta )
- A

_ o
= ooy §TR
o~ P

= ey (1 -

e

(3] - A A
. H) LR
| ~ A,
log = npH - pKa
A
A= [
i and pka = ~log > o pl




A - A

4 plot of log

slope = n and intercept = -pKa,

2. Proton loss involving dimeric species only

o 2 versus pil should be linear with

D == D + ni
@Y
X = (")
Bas T
A ® s g )
Eedpgr = 2x (0) + 207

(Fed gy - 20)
R L S

= D ey ) oy

(Fe)
A - E‘D 0

P 24
Soom o=

initially (D) = } (Fe)

Tor
Fedyor
DR N £p
finally (D) = } (Fe)pp
. Fedror
"Aw=ED‘—_2—-=>ED'
A=A {¥e)
com - e Ry
(Fe, )'ro’r Ao -4
@) R ) - g
@) . B
Bl -

o pH - pKa

(Fe)
CoA s g @ ¢ e <% ~(u)>

Fedogp
7
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S log pm—g = npH - pKa

A=A
)
B, &

.7, ploc of log

vs pH should be linear with
slope = n and intercept = -pKa.
3) Proton loss imvolving dimerization

2 m== D ¥ ni v

o 2
%, = (n)(}(:)i‘) > log % = -n pH + pa

A =g 00 + g D
(Fe)TOT = () + 2(D) = () = (FE)TOT - m

oA = ey [Fegyp - 20+ gy O]

= D) (5 - %Y + gy Fedygy

F2)rop
€, - ZEM

initially (Fedgo, @) initial

A
. LM
ek R gy (Fedpgy =P gy = e
initially (0) = (Fe)p,

ok, = ey Fedye/2 = gy = wT

101
A - A (Fe)
R
T, - A, 3
& -4,
M) = By 20 = g x Felyy
o Ao
2
a? | AT A) o ? gt 2
B )] z ¥ Wepp  X*FTTa FE

(B, - 8 o TOT
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2
G-a? G o 8l ¥
o S IO L TR TR
ENE LA, o SN
2
s, - 07 2(Fe)
. ' 10T
S leg e % w -npH + pRa
G-y T TAY
o - 0 2(Fedygr
S leg gy = npH s pKa - log g
; ° @ - &° °
' &) .. & plot of log Triog5~ vs P should be linear with
! o 2(5) 50y
i slope = n and intercept = +pKa ~ log 5—— ry
2(Fe) pgy B4
=3 pKa = + log ==z~ *+ intercept.
o T %o

The pKa can be taleylated at each point using
G, - 4) 2(Fe)por
pia = log oW 0 pH + log 3

oS

b) 1If the pH is kept comstant but (I-'e)mT varied then

@, - »?
TaAL)

Log

8
- o

¢
S P S —
[ET NI

versus leg (Fedyo. should be linssr

with slope = -1 and imtercept = npH - pKa - log 2.

.". pKa = npH - intercept - log ) (n determined in a)

[V n?

pKa = log = + apH + log (Fe)TOT + log 2

Note ~ both reactions (IV) and (V) have no (Fe)yq, term in the
. .
final expression and hence log {2k and log ) shourd be

invarianc with (Fe)yqon.

o




APPENDIX 2 ; TABLES OF DATA FOR THE STUDY OF HEMTIN IN ALKALINE

SOLUTION (ALL EXPERIMENTS DONE IN SOLUTIONS

§ITH p = 0,1 at 25°C)

Equations used in analysis of data were:

2
(&8 2(Fepon
jog ¥ = 1og—A°_—Am x [ ~ 2n log (L} )y
Epjp Flyor ~ A @
= =
YRR

tog K = 2 log o (Fe)yq - log(l~0) (Fe)yop = log § - 2nleg(L) (3)

194,




Table 1a : Titration of hemin by caffeine ac pH 8,50;
10,1x107% hemin

107 (caffeine) Moo 1agf(::£feine) og Log &
TOTAL, M (88 )" 2(Fedygy 571y
s

0,10 0,344 5,00 -7,29 0,71
0,30 0,363 -3,52 6,32 0,72
0,50 0,379 -3,30 5,50 0,70
0,79 0,402 -3.10 -5,42 0,78
1,09 0,420 2,95 5,21 0,71
1,57 0,444 2,81 4,50 0,72
2,34 0,472 2,63 4,55 0,71
3,29 0,454 2,48 4,14 5,72
4,76 0,517 2,32 -3,80 0,84

Av: 0,24 0,1

A= ¢, b,
# cale. using equation (1) with n = 2 *intercept = 0,B5(Sd=0,09)

slope = 2,04{5d=0,03)

Table b ; Titration of hemin by caffeine at pH 12,00;
6.

10,2x10 3t hemin
10 (caffeine) hjgo  loa(catfeine) log log K?
ToTas, free PR Te IS T )
A
0,10 0,466 4,00 ~7.18 0,82
0,20 0,481 -3,70 6,55 0,85
0,30 0,492 3,53 6,26 0,80
0,40 0,505 3,40 5,00 0.80
0,60 0,527 3,22 5,66 0,78
0,89 0,553 -3,05 -5,34 0,76
1,19 0,576 2,93 5,10 0,76
1,67 0,601 2,78 ~4,86 0,70
A, = 0,451 A, = 0,723 Av: 0,78 % 0,09
® calc, using equation (1) with n = 2 *intercept=0,46(3d=0,07)

slope=1,90  (Sd=0,02)

vs leg{caffeine)free

)% 20y
AD

%
Plot of log
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fable 2 : Dilution experiments with hemin-caffeine
a) pB 8,50; 1,68x10™ M caffeine

105000, 8 By © Log(Fe)gyr 6 log(Fedyy (10 og ¢ a
(2,12 0,147 0,745  -5,80 6,27 0,52)
4,23 0,287 0,701  -5,53 -5,90 0,69
6,35 0,419 0,647 5,39 5,65 0,72
8,45 0,545 0,603 5,20 5,47 0,7
10,55 0,665 0,560 5,22 5,33 0,74
15,80 0,964 0,500 -5,10 -5,10 0,75
21,03 1,262 0,863  -5,03 4,93 0,72

Av: 0,73 % 0,04

Plot of log(Fe), . o versus log(Fe) ,(1-1)
01 TOT
intercept = -2,19 (Sd = 0,13)
slape = 0,57 (sd = 0,02

2 Caleulated using equation {(3) (n = 2)

by pH 10,05 1,68x10 ¥ caifeine

00y, N dgy 7 lop(Fe)rgy v Lep(Fedgr(1-w) log K °
Ny

(3,79 0,253 0,708 =5,57 -5,%6 0,67)
5,68 0,386 0,695  -5,40 -5,76 0,81
7,57 0,502 0,636 ~5,30 ~3,58 0,83
9,47 0,614 0,613  -5,24 ~5,44 0,81
11,36 0,721 0,573 ~5,19 ~5,31 0,78
15,14 0,922 0,697  -5,12 -5,12 0,73
18,93 1,136 0,471 -~3,08 ~5,00 0,75
22,72 1,333 0,431 -5,01 -4,89 0,72

Av: 0,78 & 0505
Plot of log(Fe)y,y versus Log(Fe)yq,(1-0)

intercept = -2,58 ($d = 0,16)
slope = 0,69 (3d = 0,03)

TOT

Calculated using equation (3) (= 2)
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) 20 mt NaOH; 2,34x1077M caffeine

6 . a
10 (Fe)TOT, M Ay o 1og(Fe)ToT © lug(Fe)TDTO—m) 103.11(
(€8]
3,90 0,281 0,825 ~5,49 “6,.7 2,75
7,79 0,535 0,726 ~5,25 -5,87 0,73
11,69 4,788 0,688 ~5,09 ~5,44 0,82
19,48 1,237 0,574  ~4,95 -5,08 0,74

Av: 0,76 = 0,06
Plot of lcg(Ye)TOT o versus lug(re).mT (1-2)
intercept = -2,37  (8d = 0,18)
siope = 0,51 (8d = 0,03)

2 Caleulated using equation (3) f: - 1)

Calculations in Tabl 2a, b, ¢ carried out using

5,4 = 10% w7t

7.8 % 10% 4L

and equations (2) and (3) (where n = 2}




198.

Table 3a) : Titration of hemin by cetyl trimethyl zmmonium browide

i) 0,1 Naol; 9,72x107% henin

(detergentlyyy,  Agg, log{detergemt) . A, log K *
e free 2 ©ASA
9,3 0,552 ~6,98 1,69 12,27
9,9 0,550  ~6,29 -1,38 11,20
1.8 0,565 6,04 1,00 11,08
3,6 0,535 5,76 0,62 10,90
6,0 0,526 ~5,52 -0,36 10,68
9,9 0,510 -5,33 -0,10 10,56
1z, 0,495  -5,71 ‘0,17 10,59
15,0 0,484 -5,09 0,38 10,56
18,0 0,476 4,99 0.57 10,55
24,0 0,466 -4,81 0,% 10,54
30,0 0,461 4,68 1,19 10,56
avi 10,56 % 0,03
a

a = 2 using equation (1)

0,455 n
s

= 2 (det) 0,9 = 30,0
lope = 1,9 (8d = 0,04)

intercept =10,26 (sd = 0,18)
1) pH €,50 (borax); 9,64x10704 hemin

(stergent) Wi 4455 lopldetergent) Ay log K2
P ey
. vee o
0,6 0,087 6,72 1,35 12,09
1.5 0,093 6,32 -0,92 11,72
3,0 0,105 6,13 0,51 11,75
6,0 0,114 -5,55 -0,31 10,79
12,0 0,13 -5,20 0,17 10,57
18,0 0,152 -4,9 0,64 10,36
24,0 0,165 4,31 0,83 10,45
30,0 0,174 4,68 1,48 10,84
a n=2 b caleulated using equation (1) Av: 10,64 % 0,3
4, = 0,089 4, =0,177 =2 (dat) 6,0 » 30,0
slope = 1,87 (4 = 0,34)
intercept = 9,97 (54 = 1,73)

“2lot of log

versus log

(detergent) free

A



141) 0,1M NaOH; 1,5x10 "M CTAB; 25%C

3 a
107 Fedgp, M Ayqq @ log(Fe)py, o log(Fe)py(1-0) log K

oY
4,44 0,075 0,78  -5,46 -6,00 10,42
6,66 0,109 0,73 -5,31 -5,74 10,42
8,88 0,148 0,76 -5,17 -5,66 10,66
13,29 0,221 0,75 ~5,00 5,48 11,08

Av: 10,7 £ 0,3

using equation (3)
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Table 3b : Titratioo of hemin with triton X-100;
10,0%10”% hemin; 0,1 NaOH
a a,b
(detergent) A384 log (detergent} log log K& °7
WM free _AD
oy
2,67 0,563 -5,92 (-5,71)  -0,769 11,07  (4,94)
6,67 0,58  -5,37 (~5,28) 0,509 10,23 (4,78
11,96 0,553 5,06 (~4,99)  ~0,313 9,81  (4,68)
i 19,90 0,566 4,81 (~4,75) 0,009 9,5 (4,67
i 31,75 0,538 4,59 (~4,34) 0,176 9,36  (4,72)
51,33 0,527 4,36 (~%,32) 0,600 9,32 (4,52)
70,33 0,520 ~4,21 (~,18) 1,106 9,53 (5,29)
Avi 9,85 (4,78)
20,13 £0,18
! fae2@=1) b Caleulated using equarion (1)
3 A, = 0,571 A, = 0,516
i ®am L (det) 2,67 + 31,75 n o= 2 (det) 19,50 = 70,33
] slope = (0,79) (sd = 0,07) 1,93 (5d = 0,30)
intercept = (3,71) (sd = 0,38) 9,11 (sd = 1,35)
]
i
B # Pplot of log versus log (detergent} fres
i
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Table 3¢ ¢ Titration of hemin with sodium lauryl sulphate;
0, 1M NaOH; 11,1x10”% hemin
2 Ahy a,b
(detergent) , 1M A, log(dotergent) log 1w log X
free b
3 0,629 -5,69 -0,68 5,01
& 0,623 ~5,41 -0,21 5,20
9 0,621 ~5,19 -0,09 5,10
12 0,619 5,04 0,03 5,07
15 0,616 -4,94 0,21 5,15
18 0,513 ~4,85 0,42 5,27
21 0,610 -4,79 0,50 5,29
23,9 0,610 ~4,71 0,68 5,39
29,9 0,609 ~4,60 0,80 5,40
41,8 0,509 -4,43 9,80
53,7 0,607 -4,31 1,13
85,5 0,606 -4,22 1,83
Av: (5,25) £ 0,2
a b . :
. n= Galewlated using equation (1)
4, = 0,63 A = 0,605
n= 1 (det) 3+ 53,7
slope = 1,27 (sd = 0,07)
intercept = 6,58 (Sd = 0,34)
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APPENDIX 3 : TABLES OF DATA FOR THE STUDY OF HEMIN IN AQUEOUS
ACID (CHAPTER 4)
Table 1 ¢ Variation in absorbance vt the Soret maximum
(397 m) at pH 1,1; 25%C; u = 0,1
b

168 (hemin), ¥ A

a
597 « 1og(re)T0T 3 Iag(Fe)TOT(l—a) log K

0,71 0,085
1,10 0,136
. 1,19 0,141
1,27 0,148
2,07 0,252
2,45 0,270 0,767  -5,73 6,24 4,92
2,50 0,268 0,705 5,75 -6,13 -5,07
4,31 0,449 0,623  ~5,57 -5,79 5,05
6,52 0,659 0,549 5,45 5,53 5,07
7,84 0,776 0,500 5,41 -5,41 -5,11
9,83 0,060 0,468  -5,34 5,28 5,10
14,36 1,135
18,03 1,343
21,80 1,677
Average: ~5,05 ¢ 0,13
Syyp = 18 % 10° W e

ey =~120x 103077 et

(from assymtotes of Beers law plot)

b g refers to the reaction D = 2
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Table 2 : Variation in the absorbance of the Soret as a Eunction
of pd for hemin with and without caffeine; 25°C; 1=0,1
Absorbance
el -caffeine (397 mn) + caffeine (402 nm)
(2,15x1075% hemin) (3,09x10"5¥ hemins0,05M
1,0 0,514 0,915
1,5 0,514 0,915
2,0 0,514 0,909
2,2 0,510 0,905
2,4 0,480 -
; 2,5 - 0,865
1 2,6 0,467 -
2,8 0,443 0,832
3,0 0,427 0,805
3,2 0,404 -
3,4 - 0,770
3,8 0,381 0,725
4,0 0,380 0,713
4,5 0,380 0,698
5,0 0,380 0,698
5,2 - 0,673
X 5,4 - 0,650
: 5,6 0,382 0,616
3 5,8 - 0,593
: ' 6,0 0,335 0,564 -
6,2 0,313 -
o 6,4 0,300 0,540
8,6 . 0,288 -
6,8 0,264 -
7,0 0,245 0,530
] 7,8 (phosphate) 0,222 0,522
7,8 (carbonate) 0,216 0,511
9,0 (carbonate) 0,215 0,511
[ 11,0 (carbonate) 0,218 0,510
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APPRNDIX &4 : TABLES OF DATA FOR THE TITRATION OF HEMIN WITH

HISTIDINE, HISTAMINE AND PILOCARPATE

ALl titrations dome at 25°C with p = 0,5 (HaN0,)

i;
i
i

A. Titrations at low ligand concenkrations

1. Histidipe

a) pH 8,50; (remin) = 68x10""x

10° )y, ¥ 1og(@)® ) Asg0 log K *
0,80 -3,10 0,277 0,98 2,12
1,59 -2,80 0,277 0,98 1,82
2,38 2,62 0,278 -0,78 1,84
3,95 2,40 0,280 0,51 1,89
7,05 2,15 0,262 -0,30 1,85
10,11 -2,00 0,284 ~0,12 1,88
13,11 1,88 0,285 0,04 1,84
18,99 -1,72 0,288 0,21 1,93
26,70 -1,61 0,201 0,51 2,12
35,60 1,45 0,292 0,63 2,08

Av: 2,0 £ 0,2
4, = 0,275 A= 0,29
Piot of log An_' Z vs log(ais)

slope = 1,05 (S¢ = 0,08)

intercept = 2,04 (8d = 0,17}
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b) pH 8,50; (hemin) = 136x10"%n
3 A A, a
Wy, ¥ logll) GO S50 o5 gy tog K
(Gl
0,79 -3,10 0,547 -0,90 2,20
2,37 -2,63 0,550 ~0,62 2,01
3,9 2,40 0,551 0,54 1,86
7,03 2,15 0,557 0,20 1,95
13,08 -1,88 0,563 0,10 1,98
18,94 1,72 0,567 0,30 2,02
24,63 1,61 0,571 0,54 2,15
30,15 -1,52 0,573 0,70 2,22
Avi 2,1 £0,2
s, = 0,543 4, = 0,579
A - A

Plot of log

vs log(his):
slope = 1,03 (sd = 0,09)

intercept = 2,10 (Sd = 0,21)
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&) P 10,0 ; (hemin) = 126x10 °n
N b 8y~
100 1s) "o bggy  lo gmp log %, 0
0,79 ~3,10 0,580 -1,20 1,90
2,0 ~2,63 0,582 0,67 1,96
3,9 -2,40 0,583 0,51 1,89
7,03 -2,15 0,585 -0,26 1,89
13,08 ~1,88 0,587 -0,05 1,83
18,94 -1,72 0,589 0,15 1,87
24,63 ~1,61 0,590 0,26 1,87
Av: 1,9 0,1
s = 0,579 L= 0,59

A- A
Plot of log
N

PRt

ve log(his)
slope = 0,95

intercept = 1,78

(sd = 0,03)

(sd = 0,06)



4) pH 11,0 5 (hemin) = 136x10"0x

103(1)_[, u tog @ ° K590 log 2_—3 tog k) °
D bl )
0,79 ~3,10 0,578 -1,34 1,76
2,37 2,63 0,580  -0,82 1,81
3,94 ~2,40 0,582 -0,56 1,84
7,03 2,15 0,584 0,36 1,79
13,08 1,88 0,587  -0,11 1,77
18,94 -1,72 0,589 0,04 1,76
24,63 1,61 0,591 9,19 1,80
30,15 1,52 3,593 0,% 1,88
40,71 -1,39 9,395 0,56 1,95
av: 1,8 0,1
A = 0,577 A, = 0,500
Plot of log A”-‘ Z vs log(his)

slope = 1,06  (sd = 0,08)

intercept = 1,93  (Sd = 0,08)




2, Histamine

208,

&) pH 8,50 ; (hemin) = 90,5x10 On
Ak
3 . b o ~l, &
107y, 3 2og(L) Q0 Aggy tos 73 log K,06)
1,00 ~3,00 0,402 ~0,37 2,63
1,99 -2,70 0,410 0,00 2,70
2,98 -2,53 0,413 0,13 2,66
3,96 2,40 0,415 0,22 2,62
5,91 ~2,23 0,617 0,32 2,55
7,85 ~2,11 0,419 0,45 2,56
11,65 ~1,93 0,422 0,60 2,53
15,38 ~1,81 0,424 0,75 2,56
22,63 -1,65 0,426 0,95 2,60
av: 2,6 £ 0,1
Ay = 0,390 A, = 0,430
Plot of log = } vs log{L) :
slope = 0,91 (8d = 0,04)
intercept = 2,40 (8d = 0,08)
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) pH 10,0 ; (hemim) = 90,5%10 %
3 5
107 @ M log) (0 4590
1,00 ~3,00 0,419 ~0,36 2,65
1,99 2,70 0,423 -0,03 2,67
3,% 2,40 0,427 0,23 2,63
5,81 2,23 0,431 0,54 2,77
s 7,88 2,11 0,432 0,64 2,75
9,76 -2,01 0,433 0,76 2,77
11,65 -1,93 0,434 ©,%0 2,83

Avi 2,7 30,1

A-A

9 .
' Plot of L. g3 vs log®) :

slop+ = 1,16  (8d = 0,05)

i intercept = 3,11 (Sd = 0,11)
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¢) pH 11,0 ; (hemin) = 90,5x107
=) a
3 b o -1
107 (Ligs M log(L) () 4590 log inh log Ky &0 )
1,00 ~3,00 0,616 0,54 2,46
1,99 ~2,70 0,419 ~0,30 2,40
3,96 -2,40 0,423 -0,03 2,40
5,91 -2,23 0,425 0,10 2,33
7,84 -2,11 0,427 0,23 2,3
11,65 1,93 0,429 0,33 2,26
15,38 ~1,81 0,430 0,46 2,27
22,64 ~1,65 0,432 0,64 2,29
Av: 2,4 20,1
Ay = 0,410 A, = 0,437
Plot of log — g vs log(L) :

slope = 0,86 (sd = 0,02)

intercept = 2,02 (8d = 0,04)
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3. Pilocarpate

a) PR 8,50 ; (hemin) = 90,5x107%M
T Y
3 b ] -1
10 (L)T, o log(L) () Asg0 log I;—I log K, Of ]
0,50 ~3,30 0,400 ~1,10 2,20
1,00 3,00 0,404 0,76 2,2
1,9 2,70 0,410 0,46 2,2
2,9 2,53 0414 -0,% 2,23
3,92 2,41 0,418 0,16 2,25
Av: 2,23 % 0,03
&, = 0,39 &, = 0,450
A - A
Plot of log o ve L.(L) :

slope = 1,04  {3d = 0,02}

intervcept = 2,35 (sd = 0,05)

yro




slope = 0,9 (sd = 0,02)

intercept = 1,68 (8d = 0,05)

21z,
B) pH 10,0 ; (hemin) = 90,5}(10_6M
Ay a
3 b o -1
0y, M leg®) 00 7 dggy  leg g leg KOO
o § 0,50 -3,30 0,412 -1,46 1,84
i 1,00 -3,00 0,414 -1,15 1,85
1,
5
,‘ 1,98 -2,70 0,418  -~0,81 1,89
= 2,60 -2,56 0,420 ~0,70 1,86
B
18 3,92 -2,41 0,423 ~0,56 1,85
{
sl 5,83 -2,23 0,428 0,37 1,86
H
. 7,69 -2,11 0,331 ~0,24 1,87
9,52 -2,02 0,435 0,18 1,84
13,08 -1,88 0,438 -~0,06 1,82
16,51 -1,78 0,440 o 1,78
19,82 -1,70 0,352 0,04 1,74
23,01 ~1,64 0,443 6,09 1,73
Avi 1,8 20,1
Au = 0,%10 A, = 0,470
A - Au
Plot of log g} ve los(L) :
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¢) pH 11,0 ; (hemin) = 90,5x10"%
3 b Ahy -
1030y, ¥ log(L) (1) A0 log g} log Ky
0,50 -3,30 0,428 1,39 1,9
1,00 -3,00 0,430 1,07 1,93
1,98 2,70 0,432 0,82 1,88
3,0 2,60 0,436 -0,51 1,%
5 -2,23 0,439 0,34 1,89
7,69 2,11 0,461 -0,23 1,88
1,32 1,95 0,546 0,00 1,95
14,81 1,83 0,449 0,14 1,97
18,18 1,75 0,451 0,23 1,98

Av: 1,9 20,1

Ae = 0,427 b, = 0,483

AO
L=k

Plot of log vs log{L) :
slope = 1,03 (8d » 0,02}

intercept = 2,00 (8d = 0,06)

® Ky refers to the reaction D+ xL &= D ver L

Log (L) gy ¥ log(L)Evee o the former is used
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B, Titrations at high ligand concentrations
i) Yarying the ligand ion
1. Histidine ; pH 9,0 (twe duplicate experiments)
a) (Fedpy, = 7,03x1070y b) (Fe)ggy = 6,34x10 %
6 ] (.,)°
! (L)T, K410 log(L)y, W0 (D), 10 (MLZ), 1o (D§ log K,
i o M K3 #
! a) 0,001 0,246  -2,00 3,292 0,446 -7,22 ~1,22
0,02 0,302 -1,70 2,963 1,103 -6,39 ~1,29
0,03 0,369  -1,52 2,570 1,8% -5,86 ~1,30
0,04 0,452  -1,40 2,083 2,866 -5,40 -1,20
0,06 0,586  -1,22 4,554 -4,78 ~1,12
0,08 0,669  -1,10 5,410 -4,14 -1,14
0,10 0,7%  -1,0% 4,115 -4,09 1,09
0,15 YE -, 5,545 ~3,61 ~1,15

Av: ~1,18 £ 0,12

(ML,
[©)]
n = 3,1& (8d = 0,06)
I =-1,00 (3d = 0,08)

A =0,208 4, = 0,807 (Plot of log - vs log(L)

4413
B) 7,02 0,206  -1,70 2,667 1,006  -6,42  -1,32
0,04 0,409  -1,40 1,80 2,740  -5,38  -1,18
0,06 0,516  -1,22 1,152 4,037 4,85 1,19
0,08 0,608 -1,10 0,394 5,152  ~4,35  -1,05
0,10 0,63  -1,00 0,436 5,467  -4,16  ~1,16
0,20 0,692 ~0,70 0,085 6,170  -3,35  -1,25

Av: ~1,18 £ 0,14
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(m..z)2
AL = 0,183 &, = 0,706 (Plot of log —py— ve log(L}
n = 3,09 (5¢=0,12)
I=-1,08 (54 = 0,15)
Overall average of both experiments: -1,2 % 0,1

2. Histawine ; pf 9,0 [(Fe), . = 7,16x10"5]

T0T

5 3 oL,)?

Ly A_,‘Ua,sm 1og<1-)T 107(D), M 10 MLy, Y (n§ Tog K,
©,01 0,257 -2,00 3,399 0,362 -7,41 -1,41)
0,02 0,277  -1,70 3,274 0,611 -6,94 -1,84
0,03 0,301 -1,52 3,125 0,911 -6,58 -2,02
0,04 0,330 -1,40 2,944 1,272 -6,26 -2,06
0,06 0,382 -1,22 2,620 1,921 -5,85 -2,19
0,08 0,448 -1,10 2,208 2,744 ~5,47 -2,17
0,10 0,526  -1,00 1,721 3,717 -5,10 -2,10
0,15 0,584  -0,82 1,360 4,441 4,84 -2,38
0,20 0,651  -0,70 0,942 5,276 -4,53 ~2,43

s av: -2,11 £ 0,3
GiL,)
By = 0,228 4, = 0,802 (Plot of log —zy— vs log(L)

n o= 2,32 (5d = 0,09)

I =-2,93 (34 = 0,12)
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: - -6,
3.} Pilocarpate ; pH 9,3 [(Fe)m,r = 7,25x10 M]
3 (4 © oo
\O‘I(L)T, B0 1°5(L)T 107, 10 (MLz) Tog <u§ log K,
: (9] B S
2,40 0,258 -~2,62 3,358 0,534 ~7,07 0,79
4,79 0,33 -2,32 2,896 1,457 -6,13 0,83
7,17 0,507 -2,14 1,86 3,558 ~5,16 1,26
11,93 0,632 -~1,92 1,087 5,076 ~6,63 1,13
16,66 0,699  -1,78 0,680 5,880 -6,29 1,05
21,37 0,73¢  -1,67 0,480 6,291 ~4,08 0,93
26,06 ©,756  -1,58 0,36 6,558 -3,91 ,83
30,72 0,770 1,51 0,249 6,752 ~3,74 0,79
35,36 0,785  ~1,45 0,158 6,934 -3,52 0,83
Av: 0,97 £ 0,3
2
L)
4, = 0,214 A, = 0,811 (Plot of log ~ry— ve log(L)

n

I

= 2,95 (sd = 0,16)

= 0,85 (8d = ,31)




~
< -
- 217,
®) Bliscarpate g8 102 [l = 748007
w0, A tog(, 10 10fem,) e e
T a0 8ilip 2 Log —y— 198 2
M (€3] 24 "
7,97 0,272 -2,10 3,436 0,587 6,99 0,69
15,9 0,36 -1,80 2,984 1,492 6,13 0,73
33,72 0,432 -1,62 2,458 2,54  ~5,58 0,72 :
31,50 0,516 -1,50 1,98 3,571 -5,18  ~0,68
39,22 0,577 ~1,il L5710 4,317 4,93 0,70
46,88 0,624 1,33 1,28 4,802 ~4,73  -0,74
Av: -0,71 % 0,03
8, 0,226 8, 0,83
2
oy
Plot of log —gi— s log(h)
a o= 2,98 (Sd = 0,04)
' T --0,75 (8 = 0,07)




) Varying the hemin comcentration (Shack and Clark dilution

plots)

1. Histidine

y sl Ty 7 W G < 20,3 (othin af b el
7
3 pH 8,5 1 (histidinelygr, = 0,054
i & j
108 Fedpgy  Aups 5 logFelyga  log(Fedyy (1-a) log K,
: u
8
0,290 0,824 -5,61 6,28 -0,74
5,9 0,525 0,717 -3,37 5,77 -0,77
5,01 0,729 0,641  -5,24 -5,49 0,79
{
11,87 0,914 0,585 5,16 -5,31 -0,81
14,85 1,000 0,337 -5,10 -5,16 0,86
15,5 L2260 0,492 3,06 5,04 0,88
| 20,74 1,366 0,456  -5,02 4,95 0,89
21,70 1,507 0,630  -4,99 4,87 -0,91
5

; Av: -0,82 2 0,09

Plot of log (l:‘e)TOT 3 vs log (Fe)TOT(l-a)

n o= 0,46 (3d = 0,00

1 = -2,8 (3d = 0,05)




b) pH 9,0 ; (histidine)

TOTAL

0,05

106(1~'e)T0TAL A3 3 1og(re)w.m_u Log(Fedporyz log ¥y
a (1)
2,56 0,237 0,765  -5,71 -6,22 -~1,00
5,12 0,421 0,645 5,38 ~5,74 -1,02
7,67 0,575 0,561  -5,37 5,47 ~1,07
10,22 0,725 0,515  -5,28 ~5,30 ~1,06
12,76 0,860 0,474  -5,22 -5,17 1,07
15,30 0,982 0,437 -5,18 -5,06 ~1,10
20,37 1,206 0,379 -5,il -4,90 1,12
Av: 1,06 = 0,06

Plot of log (Fe)

ToT*

vs log(Fe)ppp(i-2)

n

T

0,46 (sd = 0,01)

-2,87 (sd = 0,93)




220,
©) R 10,0 ; (histidime)oon. = 0.1
108 ze) MOA 2 log{Fe) A log(Fedyn.(i-2) log
Toza® Au13 Felpap 3 log(Fedpgp(i-=) log X,
; 1,60 0,160 0,915  -5,83 -6,87 ~1,49
i 6,371 0,851  -5,3% -6,32 ~1,50
; 0,467 0,817  -5,41 5,06 -1,46
§ 0,612 0,800  -5,29 -5,89 -1,33
i
iy 9,746 0,773 =5,21 -5,74 -1,38
0,873 0,747 -5,13 -5,62 1,36
3,991 0,715 -5,23 -5.52 1,38
i 1,108 0,697  -5,35 -5,01 ~1,39
1,222 0,677 -3,91 -3,33 -1,39
1,333 0,650  -4,93 -3,2
Av: -1,51 = 0,08
Plot - mo.(:-‘e)mrz va 1eg(Fe)TOT(l
i a = 0,54 (sd = 0,01)

I = -2,12 (34 = 0,06)




@) pE 10,05 (Ristidine)yo... = 0,14

5
10 (Fe)TOTAL,M A3 log{¥Fe) Lo (Fe)yqp(1-3) logk,

opeen

i ,60 0,175 0,959 5,81 ~7,19 -1,13)
ij 3,21 0,328 0,876  -5,55 ~6,40 -1,40
i\ 4,81 0,468 0,820  -5,40 6,06 -1,44
6,40 0,605 0,788  =5,30 -5,87 ~1,43
8,00 0,729 0,748 =3,22 -5,70 ~1,44

9,59 0,866 0,715 5,16 -5,56 -1,46
11,19 0,965 0,692 5,11 -5,46 -1,46
12,78 1,076 0,668  ~3,07 -5,31 -1,47

0,847 5,03 -5,30 -1,46

A9 5,20 =~5,23 L 4T

Av: ~1,453 % 0,05

S S S
T
aow

5 1
R

I
2 G

o
o

!
&
<

Plot of log (Fe)ya vs log(Fe)p(1-0)

a = 0,47 (8d = £,004)

1= 2,53 (5d = 0,02)

i Av log Ry for pH 10,0 = 1,43 0,07




222.

) ph 11,0 ; (histidinedyo, = 0,054
6

107 (Fe) X Ayq3 o log(Fedpgy @ log(Fe)yyy(i-c) log K,
2,52 0,103 0,167  -6,38 -5,68 -2,88
3,78 0,149 0,150 6,24 -5,49 -2,79
5,03 0,203 0,161 6,09 -5,37 -2,61
7,53 0,284 0,131 6,01 ~5,18 ~2,64
10,04 0,31 0,110  -5,95 ~5,05 -2,65
12,53 0,431 0,09  -5,9% -4,9 -2,74
17,52 0,578 0,076  -5,87 -4,79 -2,7%
22,49 0,718 0,064 5,84 4,68 -2,80
27,44 0,861 0,058  -5,80 4,59 -2,81
32,38 1,001 0,052  -5,77 ~4,51 -2,83
37,31 1,143 0,049  -5,74 ~4,45 -2,83

avi 2,75 % 0,14

Plot of log (Fe)sa ve log (Fe),(1-w)

(sd = 0,03)

(sd = 0,17)




P

223,

£ P15 (histidinelyry = 0,21

5

107(Fe) o o Byqq o log(Fe)pg,d los(Fe)py (1-0) log K,
2,66 0,178 0,473  =5,90 -5,85 -3,55
3 5,32 0,307 0,362  -5,72 -5,47 -3,57
1,97 0,421 0,305  -5,61 -5,26 -3,56
10,62 0,522 0,263  -5,55 -5,11 ~3,59
13,26 0,622 0,237  -5,50 -4,99 3,61
15,90 0,722 0,220  -5,47 -4,91 -3,63
18,35 0,817 0,704  -5,42 -4,83 3,61
21,17 0,911 0,192  -5,39 4,77 -3,61
23,80 1,015 0,188  -5,35 -4,71 3,59
26,42 1,108 0,180  -5,32 4,66 -3,58

av: ~3,59 = 0,04

Plot of log (Fedga vs log (Fe)(i-u)

. a = 0,48 {8 = 0,01)

I = -3,11 (8d = 0,04)




!
-
R g—
226,
g1 pR 12,0 - (histidinedp.. = 0,34

6 .
10 (Ee)TOTAL,M Aus o log(Fe)ppma log(Fe)po (1-0) log ¥y
(1,24 0,060 0,254  -6,50 -6,03 ~4,57)

2,47 0,119 0,252  -6,21 -5,72 -4,29

4,94 0,210 0,186 ~6,04 ~5,40 4,28

7,40 0,295 0,156  -5,94 5,20 ~4,28

9,86 0,382 0,143  -5,85 -5,07 -4,23

12,31 0,465 0,131  -5,79 ~4,97 ~4,21

15,76 0,537 0,125  -5,74 -4,89 -4,19

17,21 0,627 0,116  -5,70 -4,82 -4,18

19,65 0,710 0,113  -5,66 ~4,76 -4,16

22,09 0,789 0,108  -5,62 -4,71 -4,13

24,52 0,868 0,104  -5,59 -4,66 -4,12

Plot of log(Fe)ya vs log(Fe)y (1-x)

a = 0,58 (sd=0,01)

I = -2,88 (5d = 0,06)




R

2. Histamine
ased €y | = 31,9 it el e % 112 wit et

@) pH8,5; (higtamine) . = 0,0

6 . r

W F) gt Yogs & loe(felgga log(Pelgor(i-n) log K,
1,58 0,135 0,670 5,98 -6,28 -1,48
3,16 0,211 0,437 5,86 5,75 1,77
47 0,277 0,33  -5,80 -5,50 -1,90
6,3 0,337 0,271 3,77 ~5,34 2,00
7,89 0,403 0,242 -5,72 ~5,22 -2,02
3,45 0,661 0,213 -35,70 -5,13 2,07
1,58 0,139 0,701  -5,9% 6,32 ~1,40

av: ~1,73 % 0,34

Plot of log(Fe),a vs log(Fe)p(1~1)
n = 0,23 (sd=0,01)

I = =-4,55 (Sd = 0,07)




T

T

226,

b) pH 9,0 ; (‘histaxnina),,mj_ =_0,054

6
107 @)y M Aygg s @ log(Felygen log(Fe)pop(i-o) log K,

2,03 0,139 0,457  -5,03 ~5,96 -1,90
4,06 0,23 0,291  -5,93 ~5,54 -2,12
6,08 0,310 0,238  ~5,84 ~5,33 -2,15
8,10 0,377 0,183  -5,83 ~5,18 -2,28
10,12 0450 0,162 5,73 5,07 -2,31
12,14 0,553 0,150  -5,74 ~4,99 -2,29

Av: =2,15 £ 0,25

Plot of log (Fe)yn vs log(Fe),(1-%)

n = 0,29 (sd=0,00

1 = -4,33 (sd =0,12)




\

227.

<) pH 10,0 3 (hiscamine),rm = _0,iM

6
10 (FE)TOT, M AAOB,S L3 log(FE)TDTI! lag(Fe)TOT(l—m) log KZ

i 2,08 0,218 0,910  ~5,77 -6,73 -1,41
' 4,15 0,405 0,820 5,47 -6,13 -1,51
5,19 0,461 0,711  -5,43 -5,82 ~1,74
6,23 0,540 0,684  -5,37 ~5,71 -1,73
6,23 0,526 0,656  -5,39 -5,67 ~1,81
8,29 0,651 0,582  -5,32 ~5,46 -1,88
s 9,39 0,701 0,534  -5,30 -5,36 -1,9
12,42 0,842 0,448 5,25 -5,16 -2,04

Av: ~1,71 0,33

Piot of log (Fe)Tu vs log (Fes .(1~n)

n o= 0,29 (5& = 0,0L)

I = -3,73  (sd = 0,11)




@) pH 10,0 ; (nistaminedn.. 0,11

6
W0Fdgpr, B Aggs s & log(Fedpyt log(Fe)pgn(1-2) log K,

(1,57 0,173 0,977 ~5,81 ~7.4% ~Q,87)
3,14 - 0,319 0,870  -5,56 ~4,40 -1,62
4,71 0,443 0,776 -5,44 -5,98 ~1,60
6,26 Q,547 0,693 5,36 -3,72 -1,70
7,83 0,622 0,583  -5,33 5,50 -1,86
9,39 0,71 0,547  -5,29 -5,37 -1,91

avi -1,66 = 0,25

Plot ot - ; (Fe)y vs log (Fe)p(1-a}

n o= 0,25 (83 % 0,00)

1 .= 3,93 (8: = 0,04

Av log Ky for pH 10,0 = =-1,69 * =,




228.

e) pH 11,0 ; (histaminedoo,., <= 00w = 0,50
S (Fny 5 -

10 (Fa;wm_, f A405’5 o 1og(17e)TOT:x lag(Fe)TOT(l %) log K,
1,58 0,146 0,756  ~5,92 ~6,41 ~2,13
3,16 0,274 0,685  -5,66 -6,00 ~2,02
4,74 0,380 0,604  -~5,54 -5,73 -2,05
6,31 0,474 0,541  ~5,47 -5,54 ~2,10
7,89 0,561 0,481  -3,41 ~5,40 -2,12
9,46 0,627 0,431 -5,39 -5,27 ~2,21

Plot of log (Fe)yu vs log (Fe)p(l-a)

n o= 0,7 (5d = 0,04)

1 = -2,88 (84 = 0,21)



3. Pilocarpate

ad e L o= 20,8
wsad £ = 23,5
==

23¢.

= 11,8 wit et

a) pH 8,5 ; (pilocarpate) = 0,005M
WP 8 Ay @ loalFedpga log(Felpy(1-o) log K,
.5 0,147 0,794  -5,81 ~6,50 1,88)
3,00 6,245 0,605  -5,73 -5,91 1,65
4,64 0,330 0,506  -5,63 5,64 1,58

5,409,447 -5,56 5,47 1,55

1, 482 ~3,51 -5,33 1,51

¥ |55/ ~5,47 -5,23 1,49
. Lshi =543 -5,15 1,49
kS -5,40 ~-5,08 1,48

cane 3,302 -5,38 -5,01 1,45
L 7,816 5,287 =5,35 4,95 1,45
Daae? 2.937 0,258  -5,32 -4,86 1,62
1,53 1,055 0.297  -5,29 -4,78 1,40

Plot of log (Fe)yo vs log (Fe)(l-a)

(8d =

(8d =

Av: 1,50 £ 0,10

0,01)
0,04)




b) pH8,5; (pilocarpate)

0,005M

106(FE)TOT, MoAy, oo 1og(Fa)pgr Llog(Felyy (1-0) log K,
1,57 0,135 0,684  -5,97 -6,31 1,57
3,14 0,236 0,552  -5,76 -5,85 1,53
4,72 0,326 0,478 5,65 -5,61 1,51
8,29 0,412 0,434  -5,56 5,45 1,53
7,84 0,43 0,402  -5,50 -5,33 1,53
9,41 0,562 0,263 5,47 -5,22 1,48

12,54 0,701 0,317 5,40 -5,07 1,47
15,66 0,827 0,279  -5,36 ~4,95 1,43
18,78 0,948 0,250  -5,33 -4,85 1,39
21,89 1,067 0,229 -5,30 -4,77 1,3
24,99 1,175 0,208  -5,28 -4,70 1,34

Plot of log (Fe),a va

n

I

Av: 1,47 2 0,13

log (Te)y(l-o)

= 0,43 (sd = 0,01)

= -3,23  (Sd = 0,068)




c) pH 8,5 ; (pilocarpate) = 0,005

3
10° el ¥ A « Log(Fodpgya  log(Felyy,(1-a) log K,

410
1,02 0,088 0,688  -6,15 -6,50 1,40
2,03 0,160 0,597  -3,%2 ~6,0" 1,45
3,05 0,218 0,449  ~5,82 ~5,82 1,38
. 4,06 0,271 0,452 -5,74 -5,865 1,37
(5,08 0,321 0,279 -5,77 5,36 1,02}
8,10 0,464 0,33  -5,57 -5,26 1,32
10,12 0,353 0,301 ~5,52 ~5,15 1,31
12,14 0,633 0,271 -5,48 -5,05 1,28
15,15 0,754 0,242 5,44 ~4,94 1,2
18,16 0,866 0,216  ~5,41 4,85 1,23
21,16 0,976 0,198  ~5,38 -4,77 1,21
24,16 1,080 0,180  -5,36 ~4,70 1,18
27,14 1,185 0,167  ~5,34 4,65 1,17

Av:i 1,31 £ 0,14

Plot of log (Fe)Tu vs log (Fe)qp(l-o)

a = 0,43 (sd=0,00

1 = -3,32 (84 = 0,05)

Av log K, for pH 8,5 = * 43 £ 0,12




233,

d) pH 9,0 ; (pilocarpate) = 0,005
5 -
107Dy, M Aypg @ log(Fedpyd log(Fe)pn(i-u) log K,

1,55 0,103
3,09 0,179
4,84 0,247
5,17 0,318
7.72 0,382
9,25 0,464

10,79 0,504

12,53 0,568
13,87 0,617
15,40 0,673

18,47 0,793

21,53 0,911

0,469  -6,16 -6,07 a,95
0,35  =5,57 5,69 0,95 .
0,288  -5,87 5,48 0,94 ’
0,268  -5,78 -5,35 0,99
0,243 -5,73 -5,23 0,97
0,225 -3,68 ~5,14 0,98
0,208  -5,65 -5,07 0,97
0,201 -5,61 5,01 0,99
0,182 ~5,60 4,95 0,95
0,174 -5,57 -4,90 0,96
0,63 -5,5 4,81 0,97
0,156  -3,47 -4,74 1,00

Av: 0,97 £ 0,03

Plot of log (Fe)po vs log (Fe),(l-u)
T T

n = 0,51 (8d = 0,01)

I = -3,05 (84 = 0,03)




. 234,
) e) pH 10,0 ; (pilocarpate) = 0,025
108 (Fedggps ¥ 440 ¢ log(Felgya log(Fe)pp(1-6) log K,
1,55 0,136 0,708  -5,96 -6,34 0,47
3,08 0,243 0,597  -5,73 -5,90 -0,45
4,64 0,332 0,537  -5,60 -5,67 0,42
6,17 0,434 0,496  ~5,51 -5,51 -0,40
7,72 0,520 0,460  ~5,45 -5,38 -0,41
92,25 0,601 0,431  -5,40 -5,23 -0,41
10,79 0,677 0,404 -5,36 -35,19 -0,42
12,33 0,752 0,333  -5,33 -5,12 ~0,43
13,87 0,826 0,35  ~5,30 -5,06 -0,43
15,40 0,893 0,346  -5,27 3,00
18,47 1,032 9,320 -5,23 —4,07
21,53 1,163 0,298  ~5,19 4,82

Plot of log (Fe)ya vs log (Fe)(1-a)

n o= 0,51 (8¢ = 0G,01)

I = ~2,74 (84 = 0,04)




. 235.
£) pH 11,0 _ (pilocarpate) = 0,05
6
10°(Felyons M Ayqq o log(Fe)ype log(Fe)yo, (1-0) log K,
1,55 0,130 0,661  ~5,99 -6,28 -1,50
3,09 0,242 0,393 -5,74 -5,90 ~1,38
4,64 0,337 0,524  -5,61 -5,66 ~1,36
6,17 0,425 0,478  -5,53 5,49 -1,37
7,72 0,502 0,432  -5,48 -5,36 ~1,40
9,25 0,581 0,405  -5,43 ~5,26 -1,40
10,79 0,654 0,378  ~5,3% -5,17 -1,41
12,33 0,727 0,358  -5,36 -5,10 -1,42
13,87 0,798 0,341  -3,33 -5,04 -1,42
15,40 0,864 0,323  -5,30 -4,98 -1,52
18,47 9,997 0,207 -5,26 ~4,89 -1,43
21,53 1,117 0,272 -5,23 ~4,80 ~1,46
Av: ~1,41 * 0,09
Plot of log (Fe)Ta vs log (Fe)p(l-2)
n = 0,5 (8d = 0,01}

I = -2,80 (sd = 0C,07)




236.
g) pH 11,0 ; (pilocarpate) = 0,05M
6 -

i 10 (FE)TOT’ ¥ Ay o 1og(1’e)me 1og(re),m,r(1-u) 1ugKz
k 2,72 0,207 0,566 5,81 -5,93 ~1,49
i 5,44 0,350 0,446 ~5,62 -5,52 ~1,52
i
] 8,15 0,495 0,379 ~5,51 -5,29 ~1,53
) 10,89 0,624 0,338 -5,43 -5,14 ~1,52
3
1\ 13,56 0,744 0,308  -5,38 -5,03 -1,53
', 16,27 0,866 0,288  -5,33 ~4,94 -1,52
i 18,98 0,985 0,272 -5,29 ~4,86 ~1,52
i
i 21,68 1,099 0,257 5,25 -4,79 -1,51
: 24,38 1,216 0,247 5,22 -4,78 -1,50
; 27,08 1,326 0,236  ~5,20 4,68 ~1,52
" Av: ~1,52 = 0,03
1
i
i
[ Plat of log (Fe)ya vs log (Fe),(1-a) -

7

a = 0,50 (5d = 0,01

T = -2,88 (sd =0,03)



Overall Av

a

I

Plot of log (re)Tu vs log (Fe)p(l-a)

log K, for pH 11,0 = =-1,4 *

0,43 (8d = 0,01)
-3,01 (8d = 0,03)
0,1

237,

k) pH 11,0 ; (pilocarpate) = 0,08
100l gy M Ay @ log(Fedggn log(Fedpg (- log K,

|

K 2,72 0,234 0,687  ~5,73 -6,07 1,19
% 5,44 0,408 0,553 5,52 -5,61 1,23
i; 3,16 0,569 0,489  -5,40 -5,38 -1,22
i 10,89 0,697 0,419 -5,34 -5,20 1,28
% 13,56 0,828 0,383  -5,28 -5,08 -1,28
3 \ 16,27 0,957 0,356  -5,24 -4,98 -1,30
; 18,98 1,079 0,337 =5,20 4,90 1,30
i 21,68 1,198 ©,313 -5,17 ~4,83 -1,31
24,38 1,311 0,295  -5,14 4,76 -1,32
27,08 1,421 0,279 -5,12 -4,71 ~1,33
Av: -1,27 £ 0,08




APPENDIX 5 : CORRECTION OF THE BINDING CONSTANTS OF HISTIDINE,

HISTAMINE AND PILOCARPATE FOR THE PRAS OF THE FREE

AND COORDINATED LIGANDS

{(Chapter 5)

It is known that coordination of histamine to B
119

1 2q Teduced the

pka of NH, from 9,7 to 4,7 on coordination. In this analysis,
it will be sssumed that the pKa of -NH, in histamine and
histidine is reduced to less than 8 on coordination, while the pRa
of ~OH in pilocarpate is reduced to abost 10 (from M5). 98

In all cases, the overall binding constant will be used
(Ry &,), vhich refers to squatisn (1).

(FeOH), + 4L =¥ 2¥el, + SoH (1)
The corrected binding constants are given in table 5.5.

a) Histidine, histamine

(0H), Fe + il &= 2Fel, + 208 Kooe = KKy
(reLy) on?
obs ~ (omre),) (107
aow
CPe(Wl), == Fe(W), *+ i’ K, (Fe~L,)

where Fe(mm;) and Fe(RVH,), refers to the coordinated ligands
with the amine protonated and unprotonated respectively

+y 2
. (Fe(RNH,), ) (H)

+7+ Ra(Fe-L)

¥
(Fe(RNH}) )

and

(Felp) = (Fe(RiHp)) + (Fe(RVE}),)

= Fe(®R¥H,), (1 + () 3
22 Ka(e<T)




239,

2

N (Fetmii,), ) if (8D << Ka(Fe-L,)
also

RNH] == R¥H, + H K
3 2 5L

+ . .
here RNH, and RNH, refer to the free ligands with the amine
protonated and unprotonated respectively.
(m:xz)m")
Kay, +
(RNHB)
and

@ = W) ¢ (RN

7 .
-y L 20D )
2\t Rag

(Fe(R3Hy), 37 (0HD)?

(FeOM), + JRH, == IFe(RVE,), + 208

then K = K. ——
obs Pl ey

gy 4
Ry =Ry (12

b) Pilocarpate

The pKa of ~OH of uncoordinated pilecarpate would be about 15%

and will thus be igaored.

: ‘ . 98
# which is the approximata pKa expected for an alcohol, »

e
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(FeOR), + 4L =t 2Wel, ¥ 200 KK, = X

(rer) 200"
Kobs = g
ovs (Fe0H), ) (1)

now Fe(ROH), «=* Fa(ROH)(RO) 5 Ka(Fe-L)
where ROH refers to pilocarpate with an undissocizked hydroxyl
group.

(Fe (ROB) (R07) Y(H')
(Fe(ROR) 2 )]

L. Fa(Fel) =

sad (Fel,) = (Fe(ROR),) + (Fe(ROB}(ROD)

Ra(Fe-L)
= (Fe(ROH), ) {1+ —_)
2 ( [3)

o 1 o KaFel o )
. (Fe(ron), ) Wy / ©OE)
2 Rope

(omre), ) "

12 K, refers o the aquilibrium

(OHFR), + 4L &= 2Te(ROH), + 208"

2
KaFe-L
then K = K, 14—
obs 3 < (H+) )

. - - KaFe-
o log Ky = log K 2 log (1 + e )
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APPENDIX 6 : TABLES OF DATA FOR THE KINETIC STUDY OF THE REDUCTION

OF BIS~HISTTDINE REMIN BY DITHICTHREITOL (Chapter 7)

Table 1 : Variation of k ;. with dithiothreitol concentration;

PH 10,0 ; 0,4 histidine; 30x10%4 hemin; u = 0,5

@eey, 10? kg 57t att), o 10? L st
21074 2,19;2,12 6, 4x10~2 6,30
3107 3,40:3,41 1,05107% 5,86
3,54107% 3,76 2,0x107% 5,15
4,0x10"% 3,86 3,0x1072 3,77
8,0¢10™% 5,450 5,0x1072 3,21
1,6x1072 6,72 7,5x107% 3,03
2451070 6,75 1,0x207% 3,01
3,24107% 6,72 1,0x107% 2,91

Table 2 : Variation of k ,  with histidine concentration;

at pH 10,0 ; 30x107% hemin, u = 0,5

Cepgat 2 -1
(hlsf;.dx.ne), 107 ko‘bs’ s
low (dithiothreitol) high (dithiothreitol)
(3x107%0) (0,1 1
0,205 7,70 2,60
0,250 5,77 3,08
0,300 5,36 2,85 ; 3,05
0,350 5,32 3,15 ;5 2,96
0,380 4,60 3,07 5 2,85
0,400 4,16 3,01 5 2,91




242,

Table 3 ¢ Variation of k,, with pH; 32107 hemin

0,44 histidine ; 4x107% dec 5 y = 0,5 ; 25°C

o 1%k, sl £ Fe(un(isti- 2 w0Pk et P
obs dine)z corr

8,0 6,14 0,959 6,15

8,5 6,9637,23 0,99 7,0037,27

5,0 6,78 0,992 6,83

9,5 6,19 0,983 6,30

10,0 4,73 0,975 4,85

11,0 2,10 0,721 2,01

¢ Fe(I11) (histidine)}, is the fraction the bis-histidine

n prasent {calculated from data in chapter §)

bs/f Fe(111) (histidine),
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APPENDIX 7 : DERIVATION OF THE RATE EQUATION FOR THE REDUCTION

OF BIS~HISTIDINE HEMIN BY DITHIOTHREITOL

(DISCUSSED IN CHAPTER 7)

The kinetic results for the above reaction were fitted to a rate

112
law derived by Fleck's method. The derivation is given below.

k.
2+ bg e v d (where a = drt; b = Feh oLy ¢ = FePTI@S)

* 3! Lt
Cép‘l‘f d=1; p=F¥Fe LZ;f=dtt
X,
crapd g g = relTlawy sy o (r9)
k

4,
gt p

Assuming that both (a) and (d) are large vompared to {b) such that
(a) = {a), amd (& =(d ( () = initial concentrations)

i.e. pseudo first order conditions, Thea

4
Te B =k (D@, - k@) b
B = k@) + k(@ = e Gy k@), k()
d
T @ =Kyl - @y * k)
4
I P = ky(e) ¢ ky, (2)
assuming that (b) = be ™" =D %_; (b = -mbe ™E
(@ =™ =5 L e) = e
@ = g™ = & (@) = -mge™
@ = pe™ = G (o) = mpe ™"
Then
—mbe ™« k@) ™ - k@) b ™
=> o=k (@) (i) )b ¢}

t L ~mt ~mt
mee T = ky(a) be ™ k_y ge ™ ~ e ™ (g g (d) ¥ (ad )




= Im - N
= o= - Gyt (@) Heg(@) T e+ ky(a) b+ k y

mge ™~ k() ee ™ - Gy k) g™
=0 = En—(k_3 ‘kl.)]g + kyla) o
~mpe ™™ = kzcemt *k, ge ™
=S ommp tiye t kg
| meiey () o k(@ 0
@, ek @ kg, Ky
o LACVN meik g k)
o Ky &,
(ot (@) Jor ity @y, kg
kyla), wele_y  vky)
X, Ky
SEL@) ke, Ky
[ m—(k_3 +k4)
0 &,

2T (kg (@) Yl Gy () vieg (a),

k

4

= (ak (2} )k _g) ky(a) 0
%, n

=y () Gy (@) ) ] amlk_y k) [
k4 wm

we (g k)

244,

{2»

[&)]

@)



245,

e (@) ey @ ) ° °

0 m

[k €2 g oGy () ok a3y} En—(k_3+k4)] w
S s
=k (@) J g kg (@) e
{ - Jm =
= (kg (@) (&, (8) ) [m= (e _y#ke YIm = 0
{Note: Flack does mot cancel these m's but instead finds that ome
of the roats is zero; cancelling the m's gives the same results
with all roots non-zera.)
~ -2 .
[y () ] In" Oy @) ¥ () dmm (kg e (g () ¥k () )
-
(e_gt,) 1
(mlie_g) (kg (@) ) + Ky () (k_gdkg(a)
(g (@) k) (@) + k(@) gk (&) (e g¥k,)) = ©
32
wm (kyth_y (4) grky(a) (+k_gtk,)
rlleprie_y ()t (@) ) (k_y¥le,)
2 p
“ky (@) u” Fom kg (@) (kyrk g (d) tkg (2) He_yvky)
=Gy (2) ) Ciep(i_p) () +eg () ) (k_y i)
mCk_ghg () gy (@) gk, () Iy (83 (k_gheCa) #ie_y (d) ) Cke_g#ky) = 0
i.e. coefficient of mo = 1
m = - Oy () Heyrk_y (@) ey (a) Jtk_g¥e,)
@
gk gk kg (d) kgt (@) Ky vkg(a) kg
2
+hya) gk, + ki(a)okz + Ky (@) k_y () Hegug(a)
ey (8) ey (8) e, = k_gkq(a)

“k-l <d)ck1 (a>n
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= kz(k_3+k4) + k_l(d)a(k__akkb)
+ (@) (kg ¥y & Keka(a) vk ¥l k,)

= [y @ Jleg#kd + @ [k3k4+klk2+k1k4+k1k_3+klk3(a)°]

o
n_

&y (a) e _gkg(ad, + Ky () gk Ga) k_y

+k g (@) kg (@)l Ky (@) kg (k_g¥,)

“ky(a) kg (@) G geiey) k(@) kgla) (e gvk,)

= ke (8) k_gkeq Ca) gty () ey (o) k_gvk) (8D ks (a) g

k) (@) Jkyk_gm k) (a) koky

k() ey (@) k_g= Ry () k) (@) %,

“ky (s)okz(a)ok__j =k (a) ka(a) ky

= -k () Tyl g¥iy) + kgla) ]

Yow if the three roots of the cubic equation are ms Wy, Wy then
Fradmelfal = 0

= [pn] Enz—(mlhnz)m +amy] = 0

=’ —mma’ + @mn @’ + Gpmn o - ngiym, = 0

= Ehl e 17l ~imy)m 17T)m, ™ 7 MRty

= 0 - xl (@ smm,) + g tmy ) mn, < O

FBquating coefficients of m>, m?, m', n°:

morm iy =k (8) gtk (@) Mg la) o+ gtk

- q
mmymy = kg (), fly (k_gHe) + kya) k]
- -

mmm mptmymy = fegrle (@) 1 v ]

@), Dgigrhyley vy ki k_gviegig (2) ]
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if m, << m, m; (as reaction is monophasic)
(f.e. m and m) ave associated with rapid equilibration)
then mm, +mm, + mymy & Wyl
(and mytoy Ry kl (a)°+k_1(d)°+k3(a)o+k'3 Fhytky
B kg @)+ (@) #iy (@) gty if ky, k, suall)
. )
C ™2 Tamg
N )
N Ty (ay By G giey) + By ta) 1]
k 5 R 3 i o 2,
Ty (@) 1 T goie e i Dyl vy Gy e @) iy
a
x(a), + ylad )~
i.e. m, % ° 2 (5)
R RONESTOR
where x = ¥k, (ky ¢ <) (6)
- o]
= kyrk (4) ) (k_gtky) (8
o (ki ko
v = (gl kot ksl k) (6]
W= kk o

173

Equations (5) ~ (10) with gymbols as defined at the start will

be used in the text (chapter 7).
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APPENDIX 8 : TALLES OF DATA FOR THE AUTOXIDATIONS OF THIOLS CATA-
LYSED BY COBALT CORRINOIDS (DISCUSSED IN CHAPTER 8)

ALl experiments carried out at 25°C in solutions with an ionmie
strength of 0,1.
Table 1 : The effect of pH on the rate of l)2 uptake by El"a +

s .
cysteine; 2x107 M eysteine; 1x10°M B, ;0. saturated

122302

{ buffers.

j pH inirial rate - By, initial rate + By,

i fyit0, sh o, 57
4,0 0,01 0,02
6,0 0,03 0,07
8,0 0,03 0,11
8,5 0,15 0,92
9,0 0,17 1,52
9,5 0,14 1,61
10,0 0,15 1,73
10,5 0,14 1,52
11,0 0,20 1,34

‘Table 2 : Effect of the BlZa concentration on the rate of 0, uptake
by By,, * cysteine in «ir saturated solutions containing

2x107 EDTA; pH 10,0; 5x10™%M eysteine

105(3123), M rate, W0, 8"
0,78 0,737
1,9 1,22
12,88 2,27
. 5,82 3,11
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Table 3 : Effect of the cysteine concentration on both the rate

of reduction of Blla wader q and the rate of 02 uptake
5,

in air saturated solutions at pH 10,0; 1,94x107°M Blga}
25%; 3 = 0,13 2x10™3 EDTA
10% (cysteine), initisl rate of 0%k for  10° K, for
¥ %2 up:alfi’ 0, uptake, st ° reduction, s
110, s 2 ) 3
2,5 0,685 0,35
5,0 1,22 0,63
7,5 1,66 0,86
10,0 1,93 0,99 0,48
15,0 2,30 1,19
20,0 2,91 1,50
30,0 3,07 1,58
40,0 3,55 1,83
50,0 3,90 2,01 1,7
60,0 4,05 2,09
80,0 4,20 2,18 3,0
100,0 ~ 4,40 2,27 3,6

initial rate of 0, uptake
By24)

a

kg £0r 0y uptake =

b jerived from the slope of the semilog plot (see shapter 6)

LA



Table 4 : Effect of pH on the rate of 0, uptake in the presence

of By, and dithiothreitol; 1,94x10"M 520

122

1xl0~ 2 dithiothreital

P initial rate/us0, 570
2,0 0,161

4,0 0,207 :
6,0 0,368

7,0 0,633

8,0 1,19

8,5 1,43

9,0 1,64

9,5 1,9

10,0 1,52

il,0 1,04

12,0 0,603 ; 0,575
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Table 5 : Effect of the dithiothreitol concentration on the rate

of

0, uptake in the presence of B. and dithiothreitol;

12a

1,94x107% B, ; pH 10,0; air saturated solutions

10° (dithiothreitol), ¥ initial rate, W, s -

0,5 0,667

1,0 1,29

2,0 1,95

4,0 3,35

6,0 4,33

10,0 6,03 ; 6,21

15,0 8,15
20,0 10,6 ; 10,7

Table 6 : Effect of the B

19q Concentration on the rate of 0

uptake in the presence of Bl” and dithiothreitol

a

in air saturatel solutions at pH 10,0

10% @,,0, ¥ initial rate, 140, s~

1

1x107% dithiothreitol 2x107 2 dithiothreital

0,388
0,776
1,9
2,91
3,88
7,76

11,6

15,5

0,143 -
0,465 4,42
- 6,04
1,52 10,8
- 14,3
2,62 19,0
4,65 -
6,75 -

9,02 -
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Table 7 : The effect of pil on the rate of 0, uptake by
diaquocobinamide + thiols in 0, saturated buffers;
131077y diaquocobinamide; 2x107A( thiol 3 25°C
inirial rate/umo, 570
o Ethanethiol Mercaptoethanol Cysteine
-Co +Co -Co +Co -Co +Co
4 0,91 0,55 | - - 0,01 0,02
5 - - 0,06 0,08 0,01 0,02
6 - - 0,11 0,12 9,02 0,03
7 1,16 1,87 0,50 1,09;1,211 0,02 0,23

e T S Tt
=
=
o
o
0
o
o
e
o
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APPENDIX 9 : TABLES OF DATA FOR THE AUTOXIDATION OF

DITHIQOTHREITOL CATALYSED BY BIS-HISTIDINE HEMIN

(DISCUSSED .1 GHAPTER 9}
All experiments carried out in air saturated solutions with
u=0,5 ar 25%
Table 1 : The effect of dithiothreitol concentration on the rate

of , uptake catalysed by hemin + histidine;

6x107% hemin; 0,4 histidine; pH 10,0.

10° (dichiothreical), rate (initial),
A u MO, st
0,05 0,414
0,1 0,37F
0,25 o,
0,5 1,04 5 1,01
0,75 0,897
1,00 0,722
3,05 0,621
5,00 0,543
10,0 0,520 ; 0,552
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Table 2 : The effect of the hemin concentration on the rate
of 0, uptake catalysed by hemin + histidine at
pH 10,0 in 0,4M histidine
injtial rate, 20
10° (remin) 2
M low (dithiothreitol) high (dithiothreitol)
@107 (5x107)
[ 0,561 0,299
2,52 1,02 -
3,02 1,06 -
4,05 - 0,405
6,04 1,12 -
8,10 - 0,607
12,1 1,62 0,888
16,2 - 1,15
18,1 2,08 -
20,25 - 1,51
20,66 - 1,82
24,16 2,42 -
28,36 - 1,93 (max 2,94)
30,20 3,06 -
34,44 - 1,96 (max 3,46}

40,52 - 2,11 (max 4,24}
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Table 3 ; The effect of the histidine concentration on
the rate of 0, upteke in the presence of
hemin + histidine at low dithiothreirol
concentration; (3x1070); 26,3x107% hemin;
¥ 10,0
(histidine)  initial rate (with initial rate(- hemin)
hemi -
« enin), o, ¢ 1
WO,
0,20 2,17 0,515
0,30 2,34 0,639

0,40 2,20 ; 2,70 0,453 3 0,561
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