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ABSTRACT

The interaccrion of the hemoproteins horse blood catalase and sperm
viale myoglobin with the pseudo-haiogen cyahogen bromide (BrCN) was
iivestigated in hopes of obtaining more informaticn about the |
senfiguration of the active sites of these éro:eins.

The veaction ¢f pretreated catalase (blocked -SH groups) and
cetmyuglobin with BrCN showed similarities mainly in that they were
pH-invariant in the pH region of 4 to 10. On the other hand, catalase
rzacted faster by a factor of 4 to 5 and it gave a stable derivative,
while the metmyoglobin derivative reverted readily to the native
zenfiguration.

Stoichiometric experiments showed that one molecule of BrCN was

required per heme to modify both proteins, and using BrlacN the

incorporation of 14C into the protein portions of the macromolecules
was observed. Although no gross structural changes occured, the
msdification resulted in significant changes in the absorption spectra
of the native proceins.

Modificacicn éf catalase was acc;mpanied‘by the lcss of its
enzymatic activity, while the ligand binding abilicy éf bsth proteins
was drastically reduced after BrCN tréatment.

Kzgeneration of BrCN-metmyoglobin was found ts bé catalyzed by
azid or base, while BrCN-catalase could be regenerated by agents auch.

23 f-zmate, fluoride and acetate. In both cases the regenerated

fcrms were similar to the native proteins.



Denaturation of the'BrlacN-modified derivatives of both hemo-

proteins under acid conditions resulted in the loss of label in
almost quantitative amounts. The liberated H140N0 was trapped as
carbonate in alkaline solution. '

In view of the experimental results the modification of both
hemoproteingby BrCN can be most readily explained by postulating
the activation of BrCN by the prosthetic group of the ﬁemoproteins,
which is then followed by the attack of a nucleophilic résidue on the

-polarized reagent molecule.

In the case of myoglobin there is no ready alternative to
histidine as the residue modified by BrCN, although some evidence is
contradictory to this postulation. Experimental results obtained
with catalase could also be tgken as evidence that the inhibition of
this hemoprotein is the result of the modification of a histidine
residue. However, the drastic difference in the stability of the
modified derivatives of myoglobin and catalase is not readily

explained and a number of possible schemes are presented‘to account.

for 1it.
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CHAPTER I

Introduction: Concepts on Catalase Mechanisms

Any discussion of'the role and function.of enzymes can be
approached from several points of view to illustrate developing
concepts of catalysis. In this respect, the studies of hydro-
peroxidases - catalases and peroxidases - are quire instructive and
trace the evolution of our ideas on the "mechanisms" of metallo-
enzymes starting from the proposition of an activated metal ion,
through its enhanced functional properties due to specific metal
chelation, or coordination, to the present attempts to delineate the
role of apoehzyme. Indeed, the progress in understanding the
catalytic features of hemoproteins has repercussions outside this
- important but restricted field; most recently, this is evident in
shaping our proposals on the nature of enzyme allosterism of which
hemoglobin is probably a prime example. |

In the case of catalase, so named by Loew in 1901, the story
starts with the finding by Thenard (la,lb) - who also discovered
hydrogen peroxide - that living tissues were éapable of.decomposing
H202. The apparently ubiquitous distribution of this enzyme, like
that of sister enzymes - peroxidases - was regarded as a
characteristic property of all living tissues, and their catalatic
activity was likened to those of inorganic catalysts, such as
platinum surfaces.

Therein lie the origins of the celebrated controversy between

Wieland and Warburg which - in some measure - shaped the research on



redox reactions. Both antagonists adopted diametrically opposed views;
Wieland (lc) regarded the functicn of redox catalyst to be the 'activation

of substrate hydrogen' - which now finds its expression in our views on

“dehydrogénases - and assumed -that-in -the -initial-redox- reaction hydrogen .

is transferred to oxygen to form peroxide. Whilst in this he foreshadowed
the discovery of oxidases, Wieland attributed to heavy metal ions only a
role in the removal of peroxide. Within this frémework, catalase
function could conceivably be:

H,0, + catalase S O2 + catalase 2H

272

H 02 + catalase 2H — 2H20 4+ catalase

2
On the other hand, Wafburg (2) disputed thé formation of H202
during biological oxidations and thought thaf the funétion of heavy
metal ions, particularly iron, was to activate oxygen in its direct
reaction with the cell substrate; a view consistent with our present
ideas on oxygenation mechanisms (3). Like Willstitter, who also doubted

the function of 'iron' in peroxidases (4), Warburg did not relate

catalatic reactions to the metal content of the enzyme. In this he was

seemingly supported by Hennichs (5) who partially purified catalase

but failed to establish proportionality bétween iron content and enzyme
activity. Indeed, even after Zeile and HellstrBm (6) ascertained that
catalase contains a haem compound, its role as a coenzyme was not
immediately appreciated; perhaps the inertia induced by Willstiter's
prestige, discouraged investigation into the chemical basis of catalysis.
This outlook which apparently rated 'the unknown as more important than
the known' (2) was slowly dispelled in the nineteen thirties. During
that decade the protein nature of catalase was established (6); its
prosthetic group was identified with protohaem IX (7) and tﬁe enzyme was
crystallized by Sumner and Dounce (8). Such studies opend the way to a

-2~



systematic examination of catalase properties and led to the discovery,
spectrcscoplc description and kinetic evaluation of its comﬁlexea with

cyanide, fluoride, sulfide, formate, acetate, azide and nitric oxide

L6 €9 = 18)e

Simultanecusly with these investigations, the physical studies
of catalase were initiated and led to the determination of its hemin
content (4 per molecule), sedimentaticn and diffusion constants

7 cmz/sec. respectively),

(11.3 £ 3 x 10723 cn/sec. and 4.1 x 10”
partial specific volume (0.735 t ,005) and the molecular weight of the
enzyme (v 245,000 T 20,000) (15 to 21).

Not surprisingly, howéver, the issue which commanded the main
interest centered cn the "mechanism" of enzyme action and gave rise to
three hypotheses postulating:

a) no valency change of iron in an enzyme substrate complex

b) free fadical processes, possibly leading to "higher oxidation

states" of iron, and

¢) ferrous-ferric cycles of iron valency.

These theories, which are reviewed in some detail by Nicholls and
Schonbaum (22a) were partly based on the feactions of simpler iron
compounds and expressed a search for a unitary approach to the reaction
of hydrcgen peroxide. Thus, Stern would write: '"The decomposition of
hydrogen peroxide is catalysed by many agencles ..... and we are
confronted wich the necessity of finding ..... 2 generally applicable
explanation of the reaction mechanism" (23). Some support for these
views appeared to be forthcoming from various observations, notwith-
standing Theorell's dictum tha; the role of apoenzyme must be considered
in discussion of enzyme specificities (24). Stern himself (25)

discovered a "red" intermediate on treating catalase with ethyl hydrogen



peroxide (now known as compound II) and attempted to correlate its
formation and disappearance with the catalytic function of the enzyme.

A similar entity - at least in its spectroscopic features - was

discovered by Keilin and Mamm (26) iﬁ“Te*attiUﬁH‘of‘mradtsh‘ e e
peroxidase with H,0,, providing evidence for "activation™ of the oxidant
and suggesting that the catalatic reaction represents omly a special
case where the hydrogen donor is a second molecule of peroxide.
According to this view, the catalatlic reaction could be written (27):
a) Pe>foR” 4 H0, — Fe’TOOH + H,0

272
b) Fe3+00H_ + uzoz —_— Fe3 OH + HZO + 02 (catalactic reaction)
and the oxidation of ethanol to acetaldehyde mediated by catalasevin
presence of slowly generated Hzo2 (28) could be also accomodated by
substituting in reaction b) an hydrogen donor other than peroxide: '
3+

c) retoon~ + AH, —> Fe” OH + A + B0 (peroxidatic

reaction)

However, it was only after Chance initiated the kinetic survey of
peroxidase and catalase interactions with peroxides that the intermediates
postulated by Sumﬁer et al. gained currency. Using fast reaction
techniques, pioneered by Hartridge and Roughton, Chance (29) discovered
the "primary" peroxide-catalase intermediate (Fe3+00Bf), christened
compound I, and demonstrated that, unlike Stern's compound II, its
activity towards hjydrogen pgroxide and alcohols could account for the
catalytic activity of the enzyme. Extending the kinetic analysis to
peroxidases (30), Chance expressed the reaction of these enzymes in a

unified manner:



K Per OOH - I

Per - OH ) ]
+ HY, ) =D - P
Cat (0H), ) 'k,  Cat(OH), OOH - I

Primary peroxide derivatives

Per O0H = I Per QOH - II _lgﬁ}; Per OH + H20 + A

)
) —k—7-o (inactive ?) '
Cat(OH), OOH - T ) Cat(OH) , OOH - II nactlv
secondary peroxide derivatives
Per - OOH - I Kk Per OH + H20 + A
' —h
Cat(OH)3 OOH - I AHZ Cat(OH)a + H20 + A

In those schemes, the requirement for different hydrogen donors,

AH,, in the reaction mediated by catalase and peroxidase, characterized

27
specificities of the enzyme but the inactivity of Cat(OH)3 OOH - II,
unlike that of Per OOH - II, was not explained. ihis constituted then |
but one deficlency of Chance's proposals; other concerned the i11-
defined isomerisation of the primary peroxide derivative into its
secondary form; the inability to account for spectroscopic changes
attending the formation of compound I and the failure to explain magnetic
properties of the catalase - "peroxide" intermediate (22b). Of course,
the drawbacks, outlined above, do not detract from the elegance of
kinetic analysis advanced by Chance. The sophistication of preclse
chémiéal interpretation attending compound I formation was not its
primary purpose; it directed the attention towards more likely pathways-
of peroxide-enzyme interaction and stimulated vigorous interest in this
area of research.

P. George addressed himself to some of these problems (31) and

k

showed that the presumed rearrangement Per OOH - I 7 Per OOH - II

represents in fact a reduction and that the resulting secondary derivative

retained only one of the oxidizing equivalents of the original peroxide.



The same holds true for catalase compound II and hence the possible redox

reaction can be represented as (22c):

///,——“f‘* catalase Fe3+
XH |

compound IL i ROUH N\ BH,,
AH
K\\~\~\______‘Compound I

where R = H, Me, Et, Pr, Bu

BH,+ H,0,, MeOH, EtOH, HCO.H, H, )

AH = ascorbic acid, ferrocyanide, phenols

H, H,CO, HNO

XH = HNO,, HN,, NH,OH.

George (32,33) then raised the question of the unique requirement for
peroxidases in generating HRP -~ compound I, having demonstrated that -
in contrast to the corresponding catalase derivatives - it can be
formed with various strong oxidizing agents such as HOCl, HOBr, NaClOz,
C102, KBr03, KIO4, Q3 and haloiridates (IrX6)4_. In particular, his
experiments with chloroiridates were taken as evidence that compound I
can be produced by electron transfer from\the "ferric ion", giving rise
to a higher oxidation state of iron, and p;ésibly involving bonded
oxygen in. the form Fe03+. In this, we see tbeﬂ an analogy to earlier
views of Bray and Gorin (34) who postulated the formation of ferryl .

(quadrivalent) iron in their theory of the catalatic action of ferrous

salts:
2+ 2+
Fe” + H202-—9 FeO + H20
Ferguson (35) questioned George's interpretation of haloiridate - HRP
reaction and suggested that the observed compound I formation was due
to slowly generated peroxide; a possibility which was not given its

due weight but deserves careful reconsideration in view of the observed

-6—



spontaneous reduction of hexachloroiridate (IV) in aqueous'solutions
(36) and the possible attendant generation of hydroxyl'radical and
H202 37).

But whatever the chemical nature of compound I proves to be -
whether its generation a) involves modification of the porphyrin;‘
b) entails changes in the coordination stafe of iron or c¢) is attended
by transition to a higher oxidation state of the central ion, we must
explain the role of apoenzyme not only in the formation of compound I
but in the stabilization of this unusual derivative and its subsequent
reactions with specific reducing agents.

Rather surprisingly, there is no available data on‘these questions.
This lack of information becomes even more puzzling, at least from the
point of view of comparative biochemistry, when one recalls the remarkable
functional diversity among hemoproteins containing the same prosthetic
group - charactéristically, ferriprotoporphyrin IX. In this class, we
find myoglobin, hemoglobin; plant, yeast mold, and some mammalian
peroxidases; tryptophan pyrrolase and catalase - to cite but a few
examples. It is apparent, therefore, that the wide catalytic properties
of these systems must stem from the differences in the prosthetic group
environment withinvthe protein matrix. And whilst such inference is
intuitively plausible, the precise meaning of "differences in heme
environment" femains to be translated into specific terms, Various
parameters could be involved including the differences in the ligands
coordinated to the coenzyme, the variation of the dielectric comstant of
the heme cavity, the degree of confqrmational freedom of the porphyrin
or the changes in the.nature, or steric relationships, of potential

acid-base catalysts within the ligand binding radius of the transition

metal.,
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It is pertinent thereéfore at this point to review the present
knowledge of the molecular properties of catalases. This is not
intended as a comprehensive review but will cover those topics which
are pertinent to the experimental work described in this thesis, and
to aid the evaluation of “he quality of the catalase preparations

used in this study.

Chemical and Physical Properties of Catalases -

Dating from the earliest studies of purified catalases, numerous
investigators have repeatedly determine& sedimentation and diffusion
constants for the enzyme derived from various sources (Table I).
Considering the diversity of preparative methods and the wide
spectrum of catalase sources, the data indicates only minor variations
in the hydrodynamic properties of the enzyme in spite of undoubted
differences in their catalytic (115,116) and immunological
behaviour (117).

The dissociation of catalase into subuﬁits has been known since
the pioneering work of Sumner and Gralen (118) and'seemed to
indicate a complex subunit structure contrary to the exéectations
based on the hemin content of the enzyme (42,120,121,122), Instructive
as they are, from the methodological poinﬁ of view, thesé'studieg
have been lately superseded by the results of Sund et al. (119;123)
whose investigations, like those of Samejima, McCabe and Yéng (124)
show that catalase is composed of four non~covalently linked
subunits (Téble I1); whether these are identical remains unknown. In

any case, the environments of the subunit active sites appear to be.
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the same even if the compositions of the contributing peptide chains
differ, since there’éppears to be no differences in the reactivity
of the individual hemes of the cataiase molecule with peroxides or
other ligands (22a). | |

Although the thorough discussion of the optical rotatory
dispersion and circular dichroism of catalases is beyond the scope of
this work (126 to 129), it has to be pointed out that difficulties
have been encountered when empirical relationships between ORD* and
CD* parameters and polypeptide conformation existing in simple
proteins were applied to characterize the structure of hemoproteing.
For this reason a few comments will be made to provide a background for
the reported ORD and CD studies on catalase.

The results listed in Table III indicate that the apparent
.helicity of horse blood catalase appears to be lower than the vzlues
reported for the bovine liver enzyme, providing that the empirical
evaluations of presumed helicitles are applicable here. That this 1s
not the case, in spite of the support provided by studies of simple
proteins such as chymotrypsin, is apparent in‘Dickerson's work on
cytochrome c. From physicochémical measurements in solution, the
helicity of cytochrome c was calculated to be ¥302, in contrast to
crystallographic measurements which failed to reveal evidence for any
o-helical region. This finding might be takén as an indication that

the optical activity, which is usually assoclated with the peptide

*
Abbreviations used are: ORD, optical rotatory dispersion; CD, circular

dichroism.



bonds in a-helical segments, might originate from other intgraction(s).
This contention is well supported by the fact that reduction causes
marked changes in the ultraviolet CD spectra of cytochrome c and of
the heme undecapeptide derived from cytochrome ¢ (169). OBviously, the
D changes in the case of the heme undecapeptide cannot be due to
conformational changes, but may be partly caused by a change in the
opticai activity of the heme or'possibly of the coordinated histidine.
Breslow and coworkers argued that the opticallj active heme
transitions do not affect the amplitude of cthe 225 ﬁﬁ Cotton effect
observed in metmyoglobin, because this ORD band remains constant when
the protein is converted to its azide and hydroxide derivatives (170).
On this basis they assigned the changes observed in the ORD and CD
bands in the 220 to 235 mﬁ region upon the removal of heme from
metmyoglobin to the unfolding of an a-helical reglon of the piotein.
Strichlan& ég_gl. observed similar changes in the far ultraviolet

CD bands (at 191,208 and 222 mu) of horse radish peroxidase when the
heme was removed from the enzyme (171). They argued that, although
these bands are associated with peptide t;ansitions, a change in

their intensities should not be taken as an indication of confo:mational
changes of the polypeptide chain without careful consideration,
because interactions between the heme and the peptide bonds, such as
electric-electric and electric-magnetic dipole mcment couplings,

could easily influence the intensities of the far ultraviolet CD bands
(172,173,174). The contribution of tﬁese interactions to the far

ultraviolet CD spectra of hemoproteins was. not estimated.

-10-



TABLE 1V

Amino Acid Composition of Catalases®

Source of catalase

Amino acid Beef livez‘b Horse 1i.ve1:b Rat liver
Ala . 154 157 | 169
Arg 130 121 126
Asp | 294 266 286

Cysteine - . - 8d

Half cystine 29 | - 12
Glu 197 213 231
Gly 155 154 i49
His 89 | 70 81
Ileu | 79 85 84
Leu | 154 162 137
Lys 116 | 126 | 131
Met 41 i oo 52
Phe 132 120 128
Pro 166 | 167 176
Ser 97 | - 104 105
Thr 96 107 108
Try - - ' 33
Ty 86 80 - 80
Val ‘ 141 156 148

Number of amino acid residues per mole of catalase.
Data of Schroeder et al. (57).

Data of Higashi et al. (75).

Determined by PCMB titzation.,

[~ VO« T - 1)



Ih view of these findings, the assignment of absolute a-helix
~confent to catalases 1s not readily justified. Furtherﬁore, the ORD -
and CD changes observed whén catalase is converted to its azide and
cyanide derivatives (125) should not be definitely interpreted as
structural changes. Thé absence of such changes in the case of the
acetate,deiivattve of catalase supports this contention.

Clearly, this subject demands a detailed study of the‘possible
‘interacﬁions of the heme with the polypeptide chain before our
knowledge about the optical activity gnd the conformation of simple
proteins can be applied to hemoproteins with confidence..

| The‘develoﬁment of relatively rapid procedures for the
separation of amino acids (55) and the incre#sing availability of
highly purified proteins led to the evaluation of amino acid
éomposition of various enzymes (8l1) - a step which is a
prerequisite to the subsequent determination of the priﬁary orkeven~
tertiary structures. |

Such data 1s not available for horse blood catalase - except
for Bonnichsen's (40) tentative estimate of_arginine, lysine,
histidine, glutamic and aspartic acid. On the other hand, the
composition of beef, horse and rat liver catalases have been
examined in several laboratories (82,83,85) and the results of these
investigations, are summarized in Table IV.

The amino aéid analysis of beef erythrocyte cgtalase, reported
recently by Deisseroth and Dounce (84), is not included in Table IV,
because the values were given in a unit (no. of amino acid residues/

100 total amino acid residues) which cannct be converted, with any

-11-



confidence, to the unit used in Table IV. Névertheless, their
comparative table shows a reasonable agreement between the amino acid
compositions of beef liver and beef er&throcyte enzymes.

A number of amino acid functional groups have been implicated to
téke part in the catalytic function of catalase. Available data
pertinent to this issue will be discussed briefly.

Unfortunately, as in most other investigations of catalases,
the tryptophan content remains to‘be established; judging however
from Schroeder's results (83) and from the peptide map analyses, its
level is not leéss than 24 in beef liver enzyme. Whether tryptophan
plays any catalytic role is still debatable, but its involvement was
challenged by Nakatami (86). He noted that the decrease in catalase
activity, following photooxidation, is not reflected in tryptophan
destruction, although several other amino acids were degraded -
principally, histidine, tyrosine and methionine. Since this, in
turn, must lead to an alteration of enzyme structure and a possible
impairment of catalatic activity, the results of photooxidation
studies, like those involving gross carboxymethylation of the enzyme
(87), do not permit any influence bearing on the role of a given amino
acid moiety.

Using kinetic analysis propssed by Koshland et al., (88)
Nakatami demonstrated sdme parallelism between the rate of destruction
of "slow" histidines and the decrease of catalase actlvity, and
proposed that histidine(s) might influence the heme-protein interaction.
This generalization, not entirely justified on experimental basis,

proved to be an inspired guess, but due to the extensive modification

-12-



of the protein the speéific role of histidine(s) remained undefined.
For example, this versatile residue could function as a) a distal
ligand (i.e. as a group bonding at the fiith coordination position of
iron-porphyrin complex); b) a counter ion to the "propionic acid"
side chains of hemin (89) or c) a general acld-general base catalyst
(90). Equally, different histidines may perform, simultaneously,
functions indicated in a), b), and c).

Partial answers to these problems began to emerge in the course
of this work and partly became apparent in the investigations of
Margoliash, Novogrodsky and Schejter (9i,92,93), who following the
observation by Heim, Appleman and Pyfram (94) that 3-amino-1,2,4

triazole (AT) irreversibly inhibits catalatic function in liver

H~ 1

3N 5 (AT)

but not in the purified enzymé, noted that the inhibition depends on

the presence of peroxide and proposed a reaction between catalase

compound I and AT.

HZO2 AT
Catalase ——————) Compound I -———) inhibited enzyme

In their initial interpretation, Margoliash et al., (93) envisaged a
nucleophilic attack by AT on a residue X situated in the vicinity of
hemin; in later studies, using horse liver catalase, X was shown to

be "histidine-74" situated in the sequence: Val - Val - His - Ala -

=13~



Lys (95). Interestingly eénough, a similar peptide is also obtaiﬁed
upon tryptic cleavagé of boviﬁe liver catalase (57) - an indication
. of significant homologies among catalases derived from different.
species.

The course of chemical events leading to inhibition of catalase
by 'AT' is still in dispute. On one hand, Schonbaum prefers.the
pathway involving oxidation of amino-triazole by catalase compound I
generating an entity susceptible to nucleophilic attack by imidazole
ring of HIS-74 (96). An opposite viewpoint is held by Margoliash who
bostulates an interaction between HIS-74 and the unmodified AT,
implying that ... 'the residue to which AT is bound must be specifically
activated in catalase -~ H,0,-I ..." (97). Furthermore, his evidence
seems to contradict Schonbaum's expectation of aminotriazole

substitution at CS to gilve

or specifically

NH (assuming X = HIS)

‘ Protein ; ’ -
since, according to preliminary structural studies, an N - N bond 1is

formed between AT and HIS.

The chemical analysis of aminotriazole - compound I reaction is
immediately pertinent to the hypothesis bearing on BrCN - catalase

interaction and it will be argued that Margoliash's proposals are

-14-



not tenable providing that both reactions entail modification of the
same residue (see Chépter vI). |

Apartkfrom the studies of the potential role of histidine(s),
the possible involvement of cysteine and cystine engaged the
attention of several groups of investigators. The work in this field
was. initiated by Pihl and Eldjarn (98,99) who demonstrated that beef
liver catalase contains reactive SH groups since treatment with
cystamine, SZ(CHZCHZNHZ)Z’ leditd the formation of mixed disulfides.
Tﬁis faceﬁ of catalase reactivity was later exploited to show that
spatial relationships of cysteine residues permit the formation of
intramolecular S - S bonds (100). Thus, reaction sf catalase with
radicactive cystine led to the modificﬁtion of eighc -SH groups,

35 :

gimultaneously with the incorporation of four S~ labelled cysteines,

as expressed schematically in Eq. 1:

S S
SH SH\/SH SH XS35 - S\ l l S ~ S3SX
::Caggi?se:: + X - 835 - 835 -X — Catalase::
SH” o ey SH | s -7 | s-s¥x
S-S

Equztion 1.

As might be expected, ~tudies on mcdification of sulfhydryl groups
were not limited to interchangs rea:zticns but were extended to include
mercaptide formation - generally, using "p-chloromarcﬁribenzoate" (101,
102,75). Other traditional -SH reactants, such as 1odoacetic acid, |
jodoacetamide (103), acrylonitrile, ethyleneimine, N-ethyl maleiﬁide
or 5, 5'-dithio-bis-(2-nitro benzoic acid), although of interest
whenever the formation of stable éulfhydryl derivatives 1s desirable,
proved less useful in the assay reactions (49).

-15-
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These enquiries led to a consensus - from which only Hermel and
Havemann (103,104) partly dissent - that:

a) the activity of the enzyme is not dependent on the
viability of all -SH groups;

b) some sulfhydryl groups are masked;

¢) the physical characteristics of the enzyme - opﬁical
spectra, between 350 and 700 mu, and hydrodynamic
properties - do not reflect -SH alkylation, oxidation
or mercaptide formation.

Nonetheless, in spite of repeated attempts, the estimate of
cysteine and cystine residues still remains tentative, as 1s apparent
from the survey in Table V.

Comparison of sedimentation patterns of fresh and stored enzymes
revealed slow formation of a higher mslezular weight speciles (49,43,18).
More definite indications that the alteration of catalase properties
could result from partial oxidation of sulfhydryl groups are apparent
in the investigation of Cantz (108) and Heidrich (109,110) who
demonstrated chromatographic and electrophoretic homogeneity of
catalases prepared either in the zbsence of oxygen or in the presence
of reagents which prevented -SH oxidation (dithiothreitol, icdoacetamide).
Significantly, such homogeneity 1s not maintained in the presence of
alr, unless the enzyme is pretreated with an SH protecting agent, e.g.
iodoacetamide. |

Hemin degradation products, which are almost invariably present
in liver enzymes, could also influence the sulfhydryl content of

liver catalases by oxidation of -SH groups to cystine residues,

-16-



This problem reflects then still another facet of possible
structural relationships between cysteihes or cystines and the |
prosthetic group, and found expreésidn in the mechanis.m of catalatic
reaction proposed by Hermel and Havemann (104). In a remarkably bold
- scheme, which invokes atypical property of disulfide systems (111),

they envisage the reactions outlined in Equations 2 and 3,

( Fe0O~ ' ( et
; ( (
Protein —{ - S ——> Pr—{ -S_ + 0,
(-3
( -S

Equation 2.

( Fe+ + ( Fe'
( _ 2H ( -8
( -8 | . ( -5

Equation 3.

but failed to explain:
1) the formation of catalase compound I with alkyl peroxides;
Catalase + ROOH—> Compound I .

® = CHy, C,Hg, n- or iso-Pr, n-Bu)

2) the peroxidatic function of catalases

HCOH —» Catalase + 00, +281)

Compound I + R-CHZOH — Catalase + R-'CHO(+2H+) .

HNO, —> Catalase + NOj +2uh)

-17-



3) pH-invariance of catalatic or peroxidatic activity
(110,113)
4) the spectroscopic and magnetic properties of enzyme

- peroxide derivative (22).

Francoeur-Denstedt reaction. In addition to the well known

catalytic functions of catalase, catalatic and peroxidatic
activities, it has been found that the enzyme can also enhance the
oxidation of ribose-5-P by ferricyanide in mildly alkaline solutions
(114). Francoeur and Denstedt postulated that catalase-Fe3+
becomes. reduced by the sugar phosphate and then the resultant
catalase-Fe2+ is oxidized by ferricyanide to regenerate the catalyst
(114) . However, Margoliash and Novogrodsky showed (91) that,
~although AT-treatment of catalase had resulted in about 96%
inhibition of its catalatic activity, the ability of the enzyme to
mediate the oxidation of ribose-5-phosphate in the presence of
ferricyanide wés not altered to a significant extent. This finding
appears to indicate that the oxidation of ribose-5-phosphate in the
presence of ferricyanide is not catalyzed by the heme group and its

immediate environment, but rather by ansther portion cf tﬁe protein

molecule that is not involved in the catalatic mechanism.
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Citrated blood (7-8 liters)

v

Packed red blood cells (RBC)

!

Centrifuée

(3~4 liters)
1. WVash with 0.9% NaCl

2. Add 2 vol. H,0 : 1 vol. RBC

3. Incubate at 5% for 16-18 hours

Hemolysate
1. Add organic solvent (3 vol, EtOH:1 vol. cuc13)
in amount equivalent to RBC volume, at 10%2°
) 2. Filter within 30 min. of treatment
[ 2 R
Precipitate Supernatant
(Discard)
1. Evaporate, at 15-20°, to approx.
1/3 initial RBC volume
2. Dilute with 1 M acetate, pH 4.5,
" to get acetate equivalent to 0.1 M
3. Incubate for 16-18 hours at 4°
J 4. Centrifuge at 8000 xg for 15 min.
L 2 .
Supernatant Precipitate
(Discard)
1. Treat with cold acetone until solution
becomes cloudy (21/7 vol, w.r.t. REC)
2. Cengsifuge at 700 xg for 5 min,
+
Precipitate Supernatant
(Discard)
1. Precipitate catalase with cold acetone
2. Centrifuge at 700 xg
N
é ¥
Supernatant Precipitate
(Discard)

1. Dissolve in minimum volume of 0.1 M acetate,
pH 47t 2 : :

2. Centrifuge

v
v 1
Precipitate Supernatant
(Discard)

1. Ammonium sulfate fractionation. Discard
precipitates formed below 30-35% (NH4)2806
saturation

2. Combine samples with R.2.0.9 to 1.2*

3. Dialyse against 10 mM phosphate

4. Chromatography on DE 52 at pH 6.3, 10 mM phosphate

*
R.Z. = Absorbance at 406 mu
Absorbance at 280 my

Fig. 1: Flow chart of the purification

4
Catalase solution (R.Z. 1.32t.02)
Dialyse againat distilled water

Crystalline catalase

procedure of horse erythrocyte catalase.



"CHAPTER II

Materials, Methods and Instrumentation

This chapter deals with the general experimental methods and will

review:
a) Preparation of biological materials
b) Preparation and assay of reagents

¢) Physical methods of analysis.

Isolation, purification and crystallization of horse erythrocyte catalase

Catalase (HZOZ:HZO2 oxidoreductase EC 1.11.1.6) was one of the first
enzymes to be isolated in a high state of purity and its crystallization
from bovine liver (38) ranked among the early successes of biochemistry.
The enzyme, derived from various species, is characterized by a relative
stability in presence of organic solvents such as ethanol, chloroform,
dioxane and acetone; it is precipitated from aqueous solutions by 45-60%
saturation with ammonium sulfate; it is adsorbed on DEAE cellulose at
low ionic strength, pH 7.5, and is elﬁted therefrom by increasing'ionic
gradient. These properties, then, form the basis of the traditional
preparative methods (39-43). Nonetheless, to ensure optimum ylelds of
a viable product, the isolation of the enzyme, from different species,
necessitates procedural variaticmns. The methodology used in this work
{s outlined in the acccmpanying flow chart (Fig. 1).

The main diffe;ences in this procedure compared to the published
methods lie in the adoption of an empirical approach, For example,
the separation of catalase from erythrocyte hemoglobin, was achieved,
followiﬁg ethanol-chloroform treatment, by exposure of red cell lysate

for a minimum time necessary to precipitate hemoglobin (generally less
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than 30 minutes) rather than by incubating the reaction mixture for any
prescribed period which, in the hands of other investigators, ranged
from 1/2 to 3 hours. In addition, it was noted that superior yields

of the enzyme, characterized by a higher specific activity, could be
obtained by adopting the following precautions:

a) the temperature of cell lysate should be maintained at
approximately 8° in the course of addition of organic
phaée;

b) mixing of the organic solventé with the lysate should
be carried out stepwise, Qvér 5 - 10 minutes, undér
constant and vigorous stirring; |

c) following treatment with ethanol-chloroform, the
reaction should be maintained between 12 - 15°;

d) separation of the supernatant, containing catalase,
and subsequent stripping pf organic solvent from the
filtrate must be performed beléw 20°£

e) 1in the course of-precipitationlof catalase with acetone
it ig advisable to maintain the temperature at O i”2°;

£) protein precipitating below 30% ammonium suifate
saturation, at pH 4.7, should be rejected;

g) final purification of catalase, Fharacterized by A406/A280
~ 1.3 can be achieved on chrematography with DEAE cellulose
(Whatman DE - 52) at pH 6.3 in the presence of 10 mM phos-
phate. Under these conditioms, the contaminating protein
are preferentially retained on the column, permitting
isolation of the enzyme which readily crystallizes on
dialysis against distilled water. Its physical and chemical

properties will be described in the following chapters.
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A batch of 7 - 8 liters of horse blood usually yielded 20C to
800 mg catalase, as it was estimated befofe the final purification
step or column chromatography. By‘carefully observing the outlined
precautions yieids of 500 mg and more were obtained consistently
during the later part of tﬁe wqu. Column chromatography and
crystallization, of course, resulted in losses of up to 40% of the

crude material,

Chemilcals

Chemicals used throughout this work were of the highest quality
available commercially and unless otherwise specified were not
further purified. Aqueous solutions were made habitually in water

distilled from alkaline permanganate.

Purification and assay of cyaﬁqggn bromide

Cyanogen bromide, supplied by Eastman Kodak (White Label), was
frequently contaminated by an impurity which was. ascribed to the
polymerization of pseudo-halogen.. However, since BrCN readily sublimes,
even st 50° - in contrast to its polymerized derivative - the
purification of cyanogen bromide was achieved by statié distillation
at 2 - 5 mm (Hg) pressure. To prevent polymerization, or decompositidn
of the product, the purified BrCN was stored, at -10°, or dissolved in
an inert solvent, for instance ~ dry acetonitrile,

An aqueous solution of C14 labelled BrCN (sp. activity 2 mc/m mole)
was obtained from Merck (Canada). In acid solution, at pH not
greater than 5 and at 0° - 5°, cyanogen bromide does not hydrolyse

appreciably, as was noted by Schreiber and Witkop (44), Mgller (45)
and Griffith (46).

~21-



Assay of cyanogen bromide

Several methods are available for the estimation of cyanogen
bromide and exploit different facets of its oxidizing potential, of
these, the oxidation of iodide to iodine:

H+

217 + BroN —= I, + Br  + CN
is readily accomplished and permits the quantitative estimation of
BrCN by titrating liberated iodine with thiosulfate. The solution
of sodium thiosulfate was standardized - in a traditional manner -
against acidified potassium iodate in the presence of excess iodide

(47).

Assay of C14 labelled cyanogen bromide

Whilst the iodometric procedure is the method of choice for the

estimation of 0.01 to 0.1 M BrCN, and polarographic assays can be

4

used at 10~% to 1072 M level of the reagent (48,49), it was felt

necessary to resort to a more sensitive assay in the estimation of
the radioactive material. Such a method was developed by Murty and
Viswanathan; it depends on the formétion of a coloured product in
presence of pyridine, barbituric acid and cyanogen bromide (50)., The
product, whose chemical composition has not been determined, is
characterized, at 587 my by high molar extinction coefficient

1

-5.24 x 10% M cm—l)- thus permitting an accurate estimate,

‘€587 |
even of 1 uM BrCN. 1In the assay, 1 ml of the reagent - which consists
of 6.7 M pyridine, 0.77 M HCl and 0.19 M barbituric acid - was.

added to 3.0 ml of aqueous cyanogen bromide, the reaction vessel
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tightly étoppered and the reaction mixture incubated at 40° for
45 t 5 min. During ﬁhis‘period, the colour intensity reaches a
maximum ievel and remains steady for at least 20 min, |

0f course, before resorting to this procedure it was shown,
using standardized BrCN, that the resulting absorbancylis directly

proportional to the initial BrCN concentration. The results are

summarized in Fig. 2.

Potassium cyanide

Solutions of potassium cyanide were titrated with silver nitrate,
according to standard procedure (51). Since on prolonged storage
some evaporation, or polymerization, of HCN is unavoidable it is

advisable to prepare fresh solutions whenever required.

‘Ammonium bromide

Bromide (v0.1 M) was assayed agalnst silﬁer nitrate using potassium
chromate as indicator (52). The appropriately diluted sdlutions.of
ammonium bromide were subsequently subjected to ﬁeutron activation
analysis; the experimentally determined levelg of Br and the calculated

values were found to be in excellent agreement.(see p: 53).

Assay of 2-mercaptoethanol

To prevent rapid autooxidation of the thiol, the stock solutions
of 2-mercaptoethanol were prepared in cold, oxygen-free water previously
acidified with sulfuric acid; under these conditions, the thiol appears
to be stable for at least one week. Its concentration, ~0.05 M, was

estimated by oxidation with an excess of standardized iodine and back
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TABLE VI

Extinction Coefficients of PCMB, ¢ x 10-3, yl cm"1

Wavelength, mu '270° 260 255 250 240 234 233 230
Acetate, This work® - 1,67 2.89 5.92 15.15 17.50 -  17.20
pH 4.6  Boyer's® - 1.91 2.89 5.72 15.45 17.18 -  16.32
Phosphate, This work® 1.00 - = 2.41 4.61 13.70 -  16.60 16.30 .
pH 7 Boyer'sd 1,01 - 2.5 4.84 14,15 -~  16.55 16.40

Extinction Coefficients of the Mercaptide of PCMB, & x 10—3, M-l cm-'1

Wavelength, myu 270 260 255 250 240 234 233 230

Acetate, This work® - 6.37 9.79 13.70 19.65 21.20 - 20.80
pH 4.6  Boyer'sP - 5.61 9.17 13.40 19.78 20.90 -  20.10
Phosphate, This work® 2,36 -  8.51 12.30 18.50 - 21,20 21.20
pH 7 Boyer's®  1.69 -  8.23 12.19 18.62 -  20.55 20.50

Changes in Extinction Coefficients Upon the Formation of the Mercaptide

of PCMB, Ae x 1073, ML cp7L
Wavelength, mu 270 260 255 250 240 234 233 230
Acetate, This work? -  4.70 6.89 7.69 4.35 3.70 -  3.54
pH 4.6  Boyer'sP - 3,70 6.28 7.68 4.33 3.72 - 3.78
Phosphate This work® 1,37 - 6.10 7.70 4.82 - 4,66 4,97
pH 7 Boyer'sd  0.68 -  5.69 7.56 4.48 -  4.00 4.12

20.33 M acetate, pH 4.6, 25°; 38 uM PCMB
b From Fig. 1 of Ref. (53); 0.33 M acetate, pH 4.6
® Phosphate buffers, 0.02 - 0.2 M, pH 7, 25°; 38 uM PCMB

 From Fig. 2 of Ref. (53); 0.05 M phosphate, pH 7.0.



titration of unreacted iodine with thiosulfate (47). In view of‘the 4
close agreeﬁent between the expected and experimentally determined
values, the oxidation of the alcoholic moiety of the thiol apparently
does not occur.

p=Chloromercuribenzoate (PCMB).

Approximately 4 x 10-3 M solutions of 'Sigma' PCMB were prepared
in water alkalinized with sodium hydroxide. The solution was then |
titrated with standard mercaptoethanol according to the general
principles outlined by Boyer (53). The method exploits‘*b'érbancy
changes, below 290 mu, which accompany the formation of mercaptide,
as shown in Fig. 3 and Table VI.

The titration of PCMB with 2-mercaptoethanol was carried out in
phosphate buffers at pH 7, and in acetate buffers at pH 4.6. It was
found that the concentration ¢f the phosphate . buffers did not influence
the results of the titrations, see Fig. 4A; on the cther hand some
difficulties were encountered in acetate buffers, The main problem
appeared to be that endpoints of the titrations were significantly
'different_from those obtained in phosphaée buffers; in addition the
endpoints varied as the concentration of acetate was changed. Some.
of these problems are i1llustrated in Fig. 4B. 1In general, the
results obtained in phosphate buffers were much more reliable, and
therefore this buffer was used for the routine esﬁimation of PCMB by
2-mercaptoethanol titration.

Table VI provides a comparison of the spectral properties of
PCMB and its mercaptide as given by Boyer (53) and as they were

found during this investigation. The differences observed could be
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due to the fact that Boyer used cysteihe to form the mercaptide,

while in these studies 2-mercaptoethanol was utilized for the same

purpose.

Physical methods of analysis

1. Spectxophotomeg;x, The measurements were carried out at

controlled temperatures using either the Cary 14, Beckman
DK-Z or Beckman DU equipped with the Gilford optical
conversion unit. The réading on the Cary 14 served as a
reference standard for studies with other instruments.

2. Circular dichroism (CD). The spectra were determination

using the Cary 60 Spectropolarimeter,_equipped with a Cary
Model 6001 circular dichroism attachment.

3. Measurement of radioactivity.

Liquid Scintillation counting. All radioactivity assays

were made with Nuclear Chicago, Series 725, controlled
temperature, spectrometer system. The performance of the
instfﬁment was established against standard (NBS) clk—
labelled n-hexadecane, using Bray's solvent {54). The effect
of various experimental samples on the quenching of scintil-
lation emissions was then determined in the presence of the
calibrated 014 compound; and, from the observed "quenching
efficiency" the amount of C14 in the unknown samples could be
calculated.

Scintillation medium., Unless otherwise stated, 10 ml of

scintillation solvent was used in all experiments. The
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" medium was prepared according to Bray, except that ethylene

glycol was not incorporated in the scintillation fluid (54).

Paper strip counting. The location and estimation of

C14 on paper chromatograms were accomplished by using a

Nuclear Chicago Actigraph III. The instrument was

calibrated with a paper strip on which known amounts of C14-

labelled protein had been spotted.

Potentiometry. pH of the reaction media were determined with

Radiometer pH-meter 25 and Radiometer Type GK 2021 B combined
calomel-glass electrode. The same instrﬁment was adapted for
measurements of bromide activity using Orion bromide electrode
with Radiometer K401 serving as a reference electrode. In all
cases the necessary calibrations were made with standardized

sdlutions.

Ultracentrifuge. Sedimentation coefficlents characteristic

of the native and modified catalases were obtained with
Beckman Ultracentrifuge, Model E, using Schlieren Optics.

Amino acid analyses. The determination of amino acid

composition of catalase preparations were carried out
according to the established procedures (55,57) on a Beckman
Model 120B amino acid analyzer.

Samples of eacﬁ‘catalase preparation were digested in
evacuated, sealed tubes by 6 N NC1 at 110° for 20 and 70
hours (four samples at each digeston time). The nuﬁber of
serine and threonine residues were obtained by extrapolation

to zero time and the values for valine and isoleucine were
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calculated from the 7b hour hydrolysates only. The total
half-cystine content of the protein was established by
performic acid oxidation of cystelne and cystine to the
sulfonic acid stage according to the method of Moore (56).

7. Electrophoresis. Pronase hydrclysates were subjected to

electrophﬁresis by utilizing a water—cooled, flatplate
Locarte apparatus; 0.1 M borate buffer, pH 8.2, was used,

and a potential of 53 V/cm was applied for 60 min. An

amount of hydtolyzate'correqunding to 1 to 2 mg catalase

was used on each paper strip. Peptides were detected with
the cadmium-ninhydrin reagent (60) and by scanning‘the strips

for radioactivity or a Nuclear Chicago Actigraph III.

Assay of ferriprotoporphyrin

The precise evaluation of the prdsthetic group content of any
hemoprotein is fundaﬁental to subsequent studies of these
derivatives. And, since the coenzyme in catalase - as in myoglobin,
hemoglobin, plant or mold peroxidases, cytochrome b or tryptophane
pyrrolase - is iron protoporphyrin IX (7) (Fig. 5), the assay can be
readily accomplished by exploiting its specific absorption character-
istics. | |

Of these, a particularly convenient method relies on the formation
of hemochromogens, i.e. derivatives in which iron 1s in the ferrous
state and the fifth and sixth coordination positions are occupied by
nitrogenous ligands - characteristically pyridine (64). The 'hemin'

containing system is dissolved in 2.48 M pyridine containing 0.07 M
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sodium hydroxide and then reduced with a minimuﬁ amount of sodium |
dithionite (65). The specﬁroscopic.features of the resulting
derivative, trans-dipyridal ferroprotoporphyrin IX (Fig. 6) provides
a senéitive 'fingerprint' of hemin integrity and also permits

quantitative evaluations based oa (66):

3.-1 -1
€557 = 34,4 x 10" M " ¢m ;
epg = 17.5x 100 u! et
€540 = 9.9 x 103 M-l cm-l

But in spite of the apparenf simplicity of this procedure, it is
essential to appreciate its limitations (67). Thus, the absorbancies
at 557, 540, 526, and 480 my must strictly conform to the values
obtained with the reference systems such zs chromatog;aphically
purified ferriprotoporphyrin or crystalline myoglobin; Otherwise,
overestimation of hemin may result, particularly if other pigments,
ferritin or verdohemes, are present (14). Since the enzyme used in
the current studies satisfied the necessary criteria, all the
subsequent measurements, whether sf catalaiic activity or phyaico-
chemical properties of the enzyme, rest on the hemochromogen
standard. All catalase concentrations given in this study are in

terms of hematin - Fe and not in teims of whole catalase.
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Measurement of catalase activity

The catalase mediated decomposition of hydrogen péroxide into
oxygen and water - catalétic reaction ~ 1s the traditional,
although not necessarily the only method of evaluating enzyme
activity (68). Three.procedures are available for the determination
of catalatic activity: ﬁ;nometfic, titrimetric or spectrophoto-
metric (69,70).

The first of these relies on the measurement of oxygen
pressure whilst the latter rest on the estimation of hydrogen peroxide,
either by KMnO4 titration or by following absorbancy changes in U.V.,
e.g. at 230 mpu. The simplest methodology 1s spectrophotometric; it

permits the use of low H202 concentrations (8333 n 60). and allows

272
rapid determination of the pseudo first order (k") rate constant for

the over-all reaction defined by:

d(8,0,) _ yn
22 k (HZOZ)
dt

= 0.692 where e = concentration of ferriprotoporphyrin
t1/2

]
and since k" = k.e

1 ]
™), tl/2 = time for 50% decomposition of hydrogen peroxide and kl is

.t
the apparent second order rate constant. In turn, kl is related to the
L}
fundamental rate constants, kl and k4 by (71):

| ]
k, = )
1 k1+k4

where kl constitutes the rate constant for compound I formation and

4 is the constant for compound I - hydrogen peroxide interaction (71):

k
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TABLE VII

Catalatic Activity of Native Catalase

Sample No. of ' Final [Cat.] Kl x 1077
No. determinations X 109, M M1 gect

1. 6 2,47 to 3.28 0.96

2. 8 1.90 | 1.07

3. 12 2.20 1.08 "

4. 4 2.02 1.01

5. 39 | 2.02 1.03

6. 12 2.39 to 3.19 1.05

;. ‘ 2.40 1.09

8. 3 2.38 1.28

9. 3 2.92 1.07
10. 12 1.88 to 2.25 1.16
11. 18 1.10 to 4.39 1.06

12, 12 1.54 - 1.11-

5 mM phosphate buffer, pH 7, 25°.

8 mM Hzo2 .



TABLE VIII

Effect of pH on the Catalatic Activity of Native Catalase

No. of Buffer pH Final [Cat.] ki x 1077
Determinations x 10%, M -l gec”t
4 el 3.42 2,39 0.81
6 " 3.98. 5.19 0.81
8 " | 4.04 2,02 0.76
12 " 4,51 2,39 0.87
9 " '5.48 2,02 0.98
9 " 6.42 2,02 1.00
12 " 7.01 2,02 1.04
27 Phosphate 7.01 2,02 1.03 |
12 2 7.11 2.02 1.03
6 -"- 7.98 2,02 1.04
6 Borate 8.00- 2,39 0.94‘
6 -" - 8.98 2,39 0.97 -
8 -" - 10.01 '3.19 0.76

5 mM buffers, 25°, 8 mM H202
1 2,2'-dimethylglutarate.

2 1 mM phosphate.



k

Catalase + Hzoz.-__l:- Compound I | kl =6 x 106 M-; aec-1
T
k ‘ _
4 ‘ ' ' 7 -1 -1
Compound I + H202<--:~ Catalase + 02 + 2H20 k4 = 1,8x 10 M ~ sec

|
Therefore, using horse blood catalase, the expected value for kl is:

1 -1

7 v gec

v 2x6x10%x1.8x10 ~ 0.9x10

1 6 x 10° + 1.8 x 10

in agreement with the data presented in Table VII.
The successful use of the spectrophotometric method depends,
however, on the observance of the following precautions:
a) the necessary enzyme dilutions must be carried out
within the shortest possible time of assay using
cold buffers of low ionic strength (e.g. 1 mM
phosphate pH 7);
b) the concentration of catalase should be chosen so
that 50 % of peroxide decomposition occurs in 20 - 30

seconds.

This recipe has a firm basis in repeated 6bservations indicating

9

that dilution of the enzyme to the 10~ level (dictated by the

extraordinary turnover number of catalase) entails ultimately its
inactivation, probably due to the dissociation of the tetrameric
enzyme. Similarly, the choice of tl/2 7 30 secs. is imposed by

enzyme inactivation - which isvalso induced by hydrogen peroxide. It
is not surprising, therefore, that manometric and titrimetric
procedures - which are more time consuming - lead to lower values for
the specific activities of catalases; nor is it unexpected thaf various

parameters such as pH (Table VIII),ionic strength, temperature, specific
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Effect of Carboxylic Acids on the Catalatic Activity

TABLE IX

of Native Catalaée

ki X 10~5, M-l sect
pH Phosphate DMG1 Lactaée Acetate Citr#te Succinate
7.0 103 104 - - - -
6.4 106 100 - - 103 109
5.5 - 98 - - 104 86
4.5 - 87 67 - 51 33
4.0 - 81 57 56 23 21
3.4 - 81 46 - 34 19,

5 mM buffers, 25°.

1.88 to 3.75 x 1077

1 9,2'-dimethyl-glutarate.

M catalase, A8 mM H202.

Each value is the average of at least three determinations.



TABLE X

Effect of Buffer Conceptration on the

Catalatic Activity of Native Catalase

Buffer o - | 'ki.x 10-7, wt sgc-l
1 mM 0.99
5 mM ' - 0.99
10mM - 1.08
50 mM : 1.06
0.1M 099
0.2 0.97
5 mi (1 = 0.11)" - 1.02

Phosphate buffers, pH 7, 25°.
2.02 x 107 M catalase, A8 mM Hy0,.
6 determinations at each buffer concentration.

1 containing 0.033 M Na,S0,.



fon effects (Table IX)influence ratés of H202 decomposifion. Moreover,
the variations in the rates of peroxide degomposition may.arise not
only by altering the equilibrium between tetrameric enzyme and its
inactive subunits, but pértly could be contributed by changing the
coordination state of the prosthetic group in the presence of hemin
ligands such as acetate (72,49).

It is important, however, to appreciate that some of these
effects can be overlooked in the assays carried out according to the
previously outlined method. For example, in procedures which differ
in the manner of enzyme dilution, but are otherwise identical, the
resulting activities show substantial variétions. Thus, catalase °
diluted in cold distilled water, or 1 mM phosphate buffer pH 7
(v N2 X 10-3), shows essentailly the same activity when assayed in
0.001 to 0.2 M phosphates (Tables X); but, if prior to assay
reaction the same enzyme 1is diluted in phosphate buffers of increasing
molarity, the actlvity decreases within 120 secs. to a steady value
which depends on the molarity (or u) of the d;luent (73). Therefore,
strictly speaking, k" and hence k;, calculated by the half-time
method could be undervalued, the error being minimized with decreasing
t1/2' In view of these reservations, it was essentiai to show that k"
obtained bi the t1/2 method 1s identical to that calculated using

integrated first order equation (Eq. 4).

o oa 2:303 o (Hy05)o . Eq.bs
t (,0,), = (H;0p)¢

This was found to be the case, providing tl/2 < 30 secs.

Another thorny problem concerns the supposed intrinsic activity of
catalases. It has arisen from an intuitively justifiable suspicion
that the enzyme prepared in presence of chloroform and ethanol (see p. 19).
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may differ from its 'truly native' conformation. The argument is
rather teleological since the habitat of catalases in hlood
corpuscles or liver peroxisomes is not fully definéd (74) and
attempts to measure enzyme activity in the native state are
complicated by diffusion limited transport of peroxide across the
membranes. In one case, at least, it was argued that organic
solvents cannot be detrimental to enzymic properties since Higashi
et al., (75) failed to detect any differences in the catalatic
activities of rat erythrocyte hemolysates and of the enzyme purified
via the chlorofrom - ethanol method. It is intriguing therefore
that the enzyme obtained without CHCl3/CZHSOH treatment shows
slightly higher overall catalatic activity (kl =1,5~-1.8x 107
M-l sec-l); significantly, its turnover number decreases on storage
(2 weeks) or upon crystallization, to the 'typical' value of ki =

7 -1

0.9 - 1.2 x 10’ ML sec? (21).

Determination of sulfhydryl groups

The estimation of catalase -SH groups was carried out in 0.33 M
acetate, pH 4.6 at 25°, The value of pH chosen for the procedurs
was dictated byAthe fact that catalase sulfhydryl groubs react
faster at pH 4.6 than at pH 7. The reason for this diifferential
reactivity is the high affinity of PCMB for hydroxyl ions, therefore,
as the pH is loﬁered the reactivity of the mercurial is increased
(166). Thus, at pH 7 prolonged incubation of the reactants would be
required to titrate all the accessable ~SH groups; under these

conditions other protein functional groups could interact with PCMB

(106,107).
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The choice of a procedure for the estimation of catalase
sulfhydryl groups was also influenced by the fact that the observed
absorbance changes are not identical when PCMB forms mercaptides
with simple thiol compounds and with érotein -SH groups. Such |
findings have been amply documented (58,166,167) and the observed
differences possibly reflect the fact that the chrquphore of PCMB
finds itself in a different environment after it has reacted with a
protein -SH group as compared to the one after its reaction with a
simple thiol. Values of ASZSS’ which characterize the mercaptide
formation, obtained in this study with catalase illustrate well the
statements made above. For the formation of mercaptide with simple
thiols the values of AEZSS were found to be 6.2 x 10? and 6.9 x 103
M-; cm"1 (see Table VI). In the case of catalase, values of 10.4 x
103 and 9.7 x 103 4! cn™! were obtained (see calculations on page35).

To overcome this difficulty, and to make the procedure less
time consuming, especially in the case of native catalase, the
following procedure was adopted for the estimation of catalase
sulfhydryl groups. In a preliminary experiment a rough estimate of
under study was made. Then, to another portion of the same catalase
solution a siight excess of PCMB, 20 - 50% over the titratiable -SH
groups, was added and thé reaction was allowed to proceed until no
further changes was observed. The unreacted PCMB was back titrated by
the addition of small increments of 2-mercaptoethanol (ME) until no

further changes was observed upon the addition of the thiol. From the

absorbance change observed during the back titration the amount of
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unreacted PCMB was calculated by using a value of 6.89 x 10 M"'l cm
for AEZSS (from Table'VI). From the initial and un;eactéd amounts the
portion of PCMB that reacted with the protein -SH groups was obtained,
and was translated into number of sulfhydryl groups per catalase
molecules.

The slight excess of PCMB used was sufficient to make the
mercaptide formation relatively fast even in the case of the native
enzyme (20 - 30 minutes reaction time); at the same time, the excess
PCMB was not great enough to result in the interaction of PCMB with
other protein functional groups, and, in addition, the back titratiqn
could be carried out rapidly.

The procedure will be illustrated by the description of the
titration of.native and acid denatured catalases., Furthermore, using
acid denatured catalase the more commonly used, "clagsical",
titration procedure will be shown to indicate the reliability of the
back titration Qethod adopted for usé in these studies (see Figs.‘7
and 8).

In Fig. 7 absorbances due to 6.29 uM catalése and 42.6 uM PCMB
are shown. After mixing, the Interaction of PCMB with catalase -SH

groups resulted in a change of absorbance of 0.234, as indicated by

AAZ. After no further absorbance change was observed five pcrtions

of ME were added, each corresponding to n8.8 uM. Although it is not
shown in Fig. 7, the last portion of ME did not give rise to a change
in absorbance, thus indicating that the back titration of the

unreacted PCMB was complete. The total absorbance change was 0,138

as indicated by AA3. Using a value of 6.89 x 103 M—1 cm-1 (from

~34=



08

w7 ‘[aWDd]
orv

. , *(3x93 298) poyjzawm ,TEOFSSeT),, ‘
ss90xd,, (B) °,6C ‘9°% HA ‘@3e392e W €€°0 °HGWOd Y3ITA ©SBTEIED DPIINIBUSD PTOE JO UWOTIOEIY g 2an3drg

(9)

S
7w ggz 1P IDNVYEYOSIV

™
—

()

fpoyzom WOTIBIITI GROJ

Oye ly: lyy

84-10)
wWrgy'g

WO d
w7s /s

p
oS

Tw ¢ggz 40 IDINVIIOSEY

o
o

™
-



Table VI), the amount of PCMB that was back titrated}by ME wés
found to be 20.0 uM. 'Therefore, 22.6 uM PCMB hadirgacted with
catalase sulfhydryl groups; from this value the number of -SH
éroups per catalase molecule was found to be 14.3. In this
experiment, AA2 represents the absorbance change associated with -
mercaptide formation, the value of AeZSS calculated from it is
10,400 ML cn”L, |

In the experiment illustrated by Fig. 8a, the procedure used
was the same as in Fig. 7. AA2 corresponded to an absorbance change
of 0,368, while AA3 was 0.136. The amount of PCMB that was back
titrated with ME was calculated to be 19;7 M, and therefore 37.8 uM
PCMB reacted with catalase sulfhydryl groups. From this value, the
number of -SH groups per catalase molecule was calculated to be 17.9.
fhe value of AEZSS’ which accompanies the mercaptide formation was.

1 cm"1 in this case.

found to be 9,700 M~
In Fig. 8b, the vame amount of acid denatured catalase, 8.29 ﬁM,
was titrated by five additions of PCMB, each corresponding to 1l4.4 uM.
The intersection of the two straight lines defined the endpoint of the
titration at 38.0 uM PCMB. That is, this amount of PCMB was required
to titrate all the available sulfhydryl groups. Using this value, the
number of ~SH groﬁps per catalase molecule was found to be 18.0.
This figure is almost identical to the result obtained in the
experiment illustrated in Fig. 8a, showing that the back titration
method, which is more convenient and faster to use in the case of

native catalase, is just as reliable as the more commonly used

titration procedure.



CHAPTER III

MODIFICATION OF CATALASE BY BrCN .

To date, the theories of catalase action generally centered on the
reactivity of its prosthetic-group and excluded any specific chemical
role of the apoenzyme portion of the molecule (22), Within the
framework of these hypotheses, the protein solely provides a physical
environment modifying the reactivity of hemin - a postulate necessary
to accommodate the varied properties sf hemoproteins containing the
same prosthetic group. An alternate viewpoint, and one which is also
more readily tested experimentally, invokes ~ apart from the specific
role of hemin - the direct participaticn of protein functional group(s)
in mediating the reaction characteristics of the system, The idea
embodied in this concept is fundamental to most catalyées and has been
amply confirmed, not only in model reactions, but also in the
investigatiop of numerous enzymes (131,132,133).

In the case of catalase, the lack of research delineating such
neighbouring group participation was not due ?o the rejection of this
approach, but reflected difficulties in formulating a rational line of
experimentation. To appreciate more fully the nature of the problem,
let us recall that:

a) the spectrum of catalése remains nearly invariant between pH

4.0 and 10.5, indicating absence of "heme-linked" ionizations
which typify the behaviour of other hemoproteins -~ metmyoglobin,
hemoglobin or horse radish peroxidase (22).

b) in its reaction with hydrogen peroxide, or alkyl hydrogen
peroxide, catalase shows no dependence on hydronium ion
concentration within the range of pH 4 - 11, The sharp
decrease in activity outside these limits is most likely due

to an irreversible protein denaturation (22,112).
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c) the exchange of ligands, assumed to occur at the sixth
coordination position of the prosthetic group, is also
pH independent, providing the rate expression 1s

formulated according to (22):

v = k (cat - Fe - XH) (YH) - Eq. 5,..

Cat - Fe - XH + YH=Cat - Fe - YH + XH Eq. 6,
where YH = HF, HCO,H, CH,CO,H, HCN, HN,,

and XH is generally identified ﬁith H20, or OH,vand
is the group displaced in. the course of reaction.
However, in spite of its apparent'simplicity (Eq. 6), the
ligand interchange reacﬁion does not necessarily proceed by a direct
proton transfer between the leaving and entering groups (Eq. 7), but
according to Nicholls and Schonbaum (22) could involve participation

of general aclid - general base catalysis (Eq. 8).

. ,/x\\
I Il - N |
Pr - Fe - X + YH T [ Pr - Fe - H | &= Pr-Fe-Y+XH
I N, - I
. Y
Eq. 7
X
I ,l \\~ ﬂ
s —_—
Pr - Fe - X+ YH=2| Pr - Fe’ = Pr-Fe-Y +XH
\ \ |
“ \H \\ ’, ' 1
] . A H
z My !
_ — Z
Eq. 8

This idea is supported by observation of catalase inhibition
following incorporation of 3-amino-1,2,4-triazole into the protein
matrix {93) and by the stefeospecific oxidation of ethanol by catalase

compound I (134) which demands specific pathways for solvation of
=37~



liberated protons. Regarding ZH (Eq. 8), the most likely candidaée
had to be a group of pKa 2 12 (arginine ?) since its involvement
wouid reconcile the observed pH invariance of catalatic pehaviour
and would fulfil the predicted general acid - general base function
(22).

Therefore, if this hypothesis had any substance, the specific
modification of such a group should be possible. Ideally, the
necessary reagent had to have sufficient stability and solubility in
. aqueous systems; be subject to nudleophilic gubstitution; possess the
capacity to interact with metal ions and/or be capable of forming
charge transfer complexes. Considering these requirements, Schonbaum
investigated the interaction of catalase with electrophilic reagents
and was led to the discovery of specific ehzyme modifications by the
pseudo halogen-cyanogen bromide.

Cyanogen bromide ig not a new reagent in biochemistry. Introduced
by Gross and Witkop (135) as an application of the classical von Braun
reaction, it is mistakenly believed to show unique specificity for the
cleavage of methionine peptide bonds. Undoubtedly, in this ?espect it
is very effective, but the reaction generally requires a high ratio-ofv
reagent to protein and is only specific providing the pH 1is
sufficiently low to prevent reaction with other potential nucleophiles-
a- or c—amino, imidazole,.sulfhydryl groups. |

Before describing the experimental results some information
will be given here about various catalase derivatives; the
experimental evidence supporting these statements is presented in

Chapter IV. When native catalase, cyan-catalase and pretreated
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Figure 9. Reaction of BrCN with native catalase.
10 mM phosphate, pH 7.2, 25°; 3.7 uM catalase.



catalase* react with gggggg BxCN, the same catalase derivative is formed
as shown by their spectroscopic properties. TLie BrCN-modified
derivative is enzymatically inactive (95 to 992 inhibition). On the
other hand pretreatment, and for that matter PCMB-treatment, does

not effect the catalytic efficiency of the enzyme.

Reaction of cyanogen bromide with native catalase

As in its reaction with beef liver or porcine blood catalases
(49), cyanogen bromide interacts with horse blood catalase in a two-.
stage procééa (Fig. 9). The first, or fast reaction stage—-appeared
to be attended by the release of cyanide lons and does not lead to
enzyme inhibition; the second, or "glow" phase of the reaction,
gives a stable and inactive enzyme derivative.

The first stage of the reactionm, represented by the rapid
decrease in absorbance in Fig. 9, is the reaction of BrCN ﬁith
catalase sulfhydryl groups, as will be shown later (see page 40),
and as the fesult cyanide is released which forms a complex with the
enzyme. The second phase of the reacti?n,-the slow increase in
absorbance in Fig. 9, is the inhibitioﬁ of catalase by BrCN which-
is present in sufficient excess. The increase in absorption results
from the conversion of cyan-datalasg to BrCN-modified catalase. To
define the inhibition reaction more closely, attempts were made to
elucidate the nature of the initial reaction so that the effects of

the liberated cyanide would be eliminated.

?

* o
Pretreated catalase is prepared by oxidizing the -SH groups of the
enzyme with BrCN in the presence of 0.3 M formate (see pagedb).’
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Figure 10. Reduction of cyanogen bromide by native catalase.
Addition of KCN to the native enzyme., 0.1 M phosphate, pH 7.0,
25°; 8.5 uM catalase. Curve ( ): no KCN; Curve (——=):
5.2 uM KCN; Curve (-=-=-- y: 10.4 uM KCN; Curve (—-—-=—:

20.6 uM KCN; Curve (—— ——): ~28 mM KCN.
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Figure 11. Reduction of cyanogen bromide by native catalase.
Addition of BrCN to the native enzyme.
0.1 M phosphate, pH 7.0, 25°; 8.5 uM catalase.
Curve ( ): no BrCN; Curve (——-): 5.2 uM BrCN;
Curve (====- y: 10.4 uM BrCN; (Curve (~--——--—): 15,5 pM BrCN;
Curve (—— —): ~0.9 mM KCN. '




TABLE XI
Titration of Native Catalase with BrCN

. a b c
[BrCN]Total A405 A425 AA405 AA425 [Fe-HCN] [Fefree] IHCNfree] Total [HCN]

uM uM M uM

- .985 445 - - - - - -

5.2 M BrCN .814 .572 .171 .127  2.74 5.74 2,50 5.2
10.4 yM BrCN .708 .651 277 .206 4,46 4,06 5.77 10.3
15.5 ﬁM BrCN .655 .685 ,330 .240 5.32 3.18 ‘8.79 14,1

0.9 yM KCN .475 .809 .510 364 8.10 - - -

- 8.5 yM catalase, 0.1 M phosphate, pH 7, 25°.
Mfl cm_l

Mrl cm-l.

4 calculated from M values by using A5405 = 6.2 X 104 , and

w 4,6 X 104

Be4as
b Calculated by using 5.25 x 10-6,M as the dissociation constant of

catalase-HCN.

C qum of [Fe-HCN] and [HCN_ _ 1.

free



Reduction. of cyancgen bromide

The aim of these experiments was to identify cyanide as the
product of the {nitial reaction between BrCN and native catalase
(see Fig. 9). 1In the control experiment small amounts of KCN vrere
added to catalase to obtain a series of spectra shown in Fig. 10.
In the other experiment, similar amounts of BrCN were added to an
identical catalase solution{ spectra were taken after sufficient
time was allowed for the completion of the reaction, 5 - 10 minutes
(Fig. 11). The eimilarity of the two sets of spectra indicate that
cyanide is 1iberated in the initial reaction between catalase and
BxCN. It is apparent that the inhibition by BrCN is much slower than
the liberation of cyanide, which is the result of a reaction between -
BrCNvand prptein functional groupé, because the small amounts of BrCN
added is quantitatively converted to cyanide (see Taﬁle XI). Possible
reservations thaﬁ the reéction represents artifacts, arising from
cyanide contamination, or BrCN-hydrolysis, were eliﬁinated in
companion experiments - using horse radish peroxidase, an enzyme which
readily combines with cyanide (Kdiss = 2 x’l(.)-6 M) but, unlike

catalase, does not react with BrCN.

Reaction of native catalase with BrCN in the presence of added cyanide

In order to characférize the gecond stage of the reaction when;
BrCN is ad&ed to native catalase the possible effect of the cyanidej
1iberated in the first step had to be eliminated. The simplest
solution appeared to be the addition of large amounts of cyanide, 100

to 200 uM, to catalase before the BrCN treatment. In this manner. the
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cyanide liberated in the first step would not change the conditioﬁs
significantly and thus the second stage of the reaction could be
monitored; the rate constant obtained in this manner could be
corrected for the presence of the known amount of cyanide. The
mathematical solution of this problem was obtained by assuming that
KCN and BrCN are competing for the same reaétion site of the enzyme,
and also that the BrCN - modified enzyme does not bind cyanide under
the conditions used ([KCN] # 50 [Cat‘Fe]).

However, for the application of thig method the value of the
dissociation constant of cyan-catalase, Kdiss’ was requiréd over the
entire pH range of 4 to.10, which was .to be investigated to observe
the effect of pH on catalase - BrCNbreacfion. Theréfore, the
determihatioﬁ‘of the dissociation constant of cyan—catalase will be

given before the results of the cyan—catalasé-BrCN reactionvare'

described. .

Determinatibn of the dissociation constant of cyan-catalase. The
interaction of catalase with cyanide is:an example of the general
reéctiyity of hemoproteins containing a labile ligand at the éixth
coordination position (22). The dissdciation constant represents the
reaction-dutlined in Eq. 9, since an alternate expression, in terms

of cyanide ion fails to account fpf the involveme#t of hydrocyanic

acid in the rate limiting step of the ligand interchange (13).

Catalase - Fe - X + HCN—Catalase - Fe - HCN + X Eq. 9.

41~
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Chance had invéstigated the effect of pH on the dissociation
constant of cyan catalase (13) and found that it was pH independent
in the pH region of 4 - 7, but dbservéd an unexplainable increase in
the pH range of 7 to 10 (see Table XIII). Therefore, it was felt
that the determination of the Kdiss in the high pH rangé was .
necessary to obtain meaningful results in the cyan-catalase-BrCN
experiments.

The procedure takes advantage of the spectroscopic changes which
attendvthe coﬁversion of the native enzyme into its cyanide derivative.
Figure 12 shows the absorption spectra of catalase and its cyanide
derivative, which was formed in the presence of about 500 yM HCN.
From the observed absorbance changes resulting upon the addition of

‘known, non-saturating amounts of HCN, and the previously evaluated
differences.between molar extinztion coefficients the amount of
complex (Fe-HCN) can be calculated. These values can be used in a

graphical procedure, which is described by Eq. 10,

Eq’ 10.
+ |
y 1, Fue ®erWD 1
[Fe+HCN] [Fel, (Fel,, ] [Nl - [Fe-HON]

This formulation follows upon solution of conservation relationships:

[Fe]T - [Fe]f + [Fe - HCN]

and [cN]l, = [CN"] + [HCN] + [Fe - HCN]
where [Fe]T = total hematin-iron
[Fe]f = concentracion of hematin-Fe not liganded to cyanide
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TABLE XII

Determination of the Dissociation Comstant of Catalase~HCN

At 405 mp
. 10 [ON],~(Fe"HON] 10-6
[cN],, A [Fe*HCN], uM  [Fe-HCN] M [CN] ,~[Fe *HON]
3.29 M 0.076 1,22 0.820 2,07 0.483
6.58 uM 0,129 2,06 0.486 4.52 0.222
11.45 yM  0.170 2,72 0.386 8.73 0.115
16.35 uM 0,192 3.07 0.326 13.28 0.075
32.60 yM  0.227 3.64 0.275 28.96 0.035
48.90 yM  0.240 3.84 0.260 45.06 0.022
At 430 mp
3.20 uM  0.068 1.20 0.834 2.09 0.478
6.58 yM  0.112 1.98 0.505 4.60 0.218
11.45 yM  0.150 2.64 0.379 8.81 0.114
16.35 uM  0.171 3,02 0.331 13.33 0.075
32.60 yM  0.203 3.58 0.280 29.02 © 0.034
48.90 uM  0.213 3.76 0.266 45.14 0.022
, 4 -1 -1
Be,gs = 6:25 x 10° M~ cm f
4 -1 -1
A€430 = 5,67 x 10 M _.cm .
0.1 M phosphate, pH 6.98, 25°, 4.32 uM catalase.
+
Kysgg = SloPE [Fel, « [H7] Slope 4.32 x 1076 x 1.05 x 1077 =
K, + T 7.2 x 10719 4+ 1.05 x 1077

= Slope x 4.28 x 1076

(Cont'd.)



TABLE XII  (Cont'd.)

Determination of the Dissociétiqn Constant of Catalase-HCN

From Fig. 11: y intercept = 0.230 x 106

6

o [Fely = 1 - 4.3 x10°M

0.230 x 10°

Slope = 1.24

* ¢ Kdiss

" m1.24 % 4.28 x 100 = 5.30 x 10~

6

M.



_ TABLE XIII

Dissociation Constant of Catalase-HCN

pH 7.0 8.1 9.0
5.08  4.95
k.. x10% M 5.6 4.84 5.2
diss ’ * * ’

5.30 4.94 5.41

5.48 4,91
. 6
. Average: Kdiss x 107, M 5.25 . 4.91 5.33
pK ‘ 5.28 5.31 5.28

0.02 M and 0.1 M phosphate buffers, pH 7.0 and 8.1, 0.05M borate

buffers, pi 8.1 and 9.0, 25°.

4.2 to 4.3 uM catalase

Effect of pH on the pKdiss of Catalase-HCN

pH 70 7.2 8.0 9.0 10.0
PKyjgq0 2CC- to Chance® - 5.04 4.89 4.47 4,21
PRy g0 this work 5.28 - - 5.28 -

@ prom Fig. 5 of Ref. 13. The value of log(_K_g__ + 1) was added to

obtain figures listed here. [H+]



TABLE XIV

Reaction of Native Catalase.with BrCN in Presence of Added KCN

[KCN], wM [BrCN], mM 1072 , wt kb X 104, s’ec.-l

[BrCN] - -

pH 4 pHS pH 6 pH7 Average

187 0.468 21.4 10.1 12.3 10.0 11.0 10.8
" 0.935 10.7 20.0 21.2 21.7 23.0 21,5
" 1.40 7.15 32,0 34.0 32.2 34.4 33,2
" 1.87 5.35 34,2 44,5 38.7 47.0 41,2
93.5 0.140 7.5 6.70 6.87 7.14 6.50 6.80
" 0.468 21.4 18.7 20.0 20.0 22.5 20.4
v 0.935 10.7 37.5 38.4 36.3 42.3 38.6
" 1.40 7.15 585 61.7 45.2 64.5 57.5

0.1 M buffers, pivalate of pH 4 and 5, phosphate at pH 6 and 7,
25°,
4.5 to 4.7 yM catalase.

The average values of kobs were used in Fig. 16.

From Fig. 16:

1. Slope = 4.17 x 10" M sec (line marked with o's).

k=[CNlp x _1 =187 x 108 x 1 =853M47 sec

-6
kdiss slope 5.25 x 10 0.417

-1

2. Slope = 2.20 x 10™ M sec (line marked with 0's).

k=[N, x __1 =93.5x 108 x 1 =sr.0M T sec™h

-6
kdiss slope 5,25 x 10 0.220




[CN]T = cyanide + hydrocyanic acid

dissociation constant defined in Eq.9. -

Kdiss
Ka = dissociation constant of HCN
Plotting then 1 ve ' 1
[Fe ~ HCN] [CN]T -~ [Fe - HCN]
permits calculation of K from the slope of”the resulting‘straight

diss
line. An example of such a calculation is presented in Table XII

and Fig. 13. Extending the measurements over pH 7 - 9 gave essentially
invariant Kdiss in agreement with Chance's findings at pH 7, but.
cont;asting to a small increase in Kdiss he noted above pH 7 (Table
XIII). The most‘facile explanation for the.observed divergence is

the known inétability of catalase with increasing pH; it can be only
assumed that different preparations might show variations in this
respect. An alternate explanation invoking ionization of an enzyme
functional group, for example by analogy to behaviour of myoglobin,

seems less likely since no pH dependence was established in reactions

of catalase with other potential ligands.

Reaction of cyan-catalase with BrCN. The conditions, under which the

experiments were carried out, are given in Table XIV. BrCN was added
to stoppered cuvettes containing the indicated amounts of catalase
and kCN,>and then the formation of the BrCN-modified catalase was
followed spectrophofometrically at 425 mp, The values of kobs were

calculated from the spectrophotometric traces by using the graphical



first order method (see Apéendix). Each value of kobs given in Table
XIV at a particular pH value #nd'BrCN concéntration, is the average
of two determinations. |
Keeping in mind the assumptions outlined at the beginning of'
this section, the rate of modification of catalase by BrCN can be

described by the following equation:

v = d(modified enzyme) _ k[BrCN] x ([Fel. - [Fe'])
' T :

de [cN]
1 4 ——=

Kiiss

-k, (IFely - [Fe'D)

.

where k is the true second order rate comstant for the reaction bétween
catalase and BrCN; [CN]T and [Fe]T have been defined before (see page 42)
and [Fe'l] represents the conéentration of the BrCN-modified enzyme.

One additional condition has to be imposed to insure the applicat;on

of the above equation: the concentrations of both HCN and BrCN should
be fifteen to twenty-fold higher ﬁhan the concentration of caﬁaiaée
hematin-Fe.

From the above equation we get:

k[BrCN]
kobs = ‘
[cN],,
l-P—ir—f——
diss
The rearrangement of this equation leads to the following

expression:
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1 1 + [CN]T . 1

kobs k[BrCN] ‘ k'Kdiss . [BrCﬁ]
1. 1 Rizgs ¥ [Ny
kobs k[BxCN] Kdiss
When [CN]T >> Kdiss’ then the above equation becomes:v
1 - 1 , lCN
k obs .k[BrCN] K iiss

and therefore.by plotting 1/[BrCN] against 1/kobs a straight line is
obtained. From the slobe of the line the intrinsic value of k.can be
calculated.
The use of graphical method and calculation of k from the data
{g illustrated in Table XIV and Fig. 14.
" The k, values listed in Table XIV indicate that pH does not
have an effect on the reaction rate in the pH range examined. Although
there are significant differences observed, there is no definite
ltendenéy evident; the observed variations are probably due to
technical shortcomings.
The rate measurements were not carried out at pH values higher
than 7 because the method was found to be unsuitable to give
reliable results in alkaline solutions. The increasing amounts of
cyanide ion at the higher pH values appeared to complicate the
kinetic analysis, and furthermore, native catalase and eepeéially its -
BrCN-modifieé derivative became progressively more unstable with -

increasing pH (see page 48). This instability of the enzyme and 1its

BrCN-modified derivative made rate measurements impossible. The
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determination of the rate constant at three higher pH values was.
accomplished under more favorable conditions; these results are

presented in another section of this Chapter (see page 49).

Oxidation of sulfhydryl groups

The difficulties described 1n the previous sectioﬁ indicated that
a better method had to be found to eliminate the liberation of
cyanide when catalase is treated with BrCN. Since it was thought
that the cyanide liberation was due to the reaction of catalase
sulfhydryl groups, it was obyious that tﬁe blocking of -SH groups would
solve the problem easily.

Justification of thé above approach came from the following
experiment, Catalase was treated with excess PCMB ([PCMB]/[cat*Fe] =
~10) at pH 7 and 25° for 8 hours, then the excess PCMB was dialyzed
off, When BrCﬁ was added to a sample of this PCMB - treated catalase
only a single phase reaction was observed (see Fig. 15). There was
no evidence that ﬁhe inhibition reaction was preceded by the
liberation of cyanide, confirming that the cyanide.was the product.
of the reaction between the sulfhydryl groups and BrCN in the case
when untreated, native catalase was used;

The experiment illustrated in Fig. 15 also indicates that
cyanide protects against BrCN-modification, since the previously

observed rate of inhibition (kapp 15 M-l sec-l) obtained with

1 sec-l).

untreated catalase increased substantially hexe (kapp n63 M
This finding justifies the assumption made in the last section that

cyanide and BrCN competes for the same site on the enzyme.
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In the long run, however, it appeared that PCMB was not entirely
satisfactory for the Slocking of -SH groups, mainly because the
possibility existed that.free sulfhydryl groups could be liberated in
PCMB-treated catalase if the excess PCMB is dialyzed off. Faced
with this dilemma it was decided to oxidize the éﬁlfhydryl groups
with BrCN while tﬁe enzyme was protected against the specific
inhibition by a ligand at the sixth doérdination position of the
heme group. |

Formate was choosen as the protecting agent mainly because of its
high affinity for catalase-hematin, (Kdiss N6 X 10-6 M), which is
equalled only by azide and cyanide. However, unlike azide, formate
&oes not react with BrCN, and in contrast to cyanide‘}t is far easier
to handle. The optimum amount of ligand was determined by using
formate concentrations ranging from 0.1 to 0.5 M; at 0.1 M‘formate,
pH 4.5, substantial inhibition of the enzyme still occured, while at
0.5‘M the enzyme was no longer entirely soluble. After various trials,
the desired conditions were obtained in'0.3 M formate, ‘pH 4.5 % 0.1,
using approximately ten to twenty#fold excess pf BrCN with r;speét to
catalase hematin. After four to eigﬁt hours of incuB;tion, the
product was dialyzed, first against 0.3 M formate - to remove the
excess BrCN - and then against 10 mM phosphate, pH 7. Catalase
obtained in this manner - which will be referred to as "pre-treated
enzyme" - retained only vestigial amounts (2 ¥ 22) of its cyanide
liberating capacity when treated with BrCN; it also generally

contained less than 5% of the modified enzyme.
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Exp.
No.

TABLE XV

Reaction of Pretreated Catalase with BrCN

Monitored Reaction [Catalase],

at myu

417.8
620

410

order

2nd

1st

M

5.30
51.0
6.60
6.16
6.16
6.18
6.20
6.23

6.18

(BxCN],

uM

6.56
87.0
65.5

107
107

107

111

111

111

0.05 M to 0.1 M phosphate buffers, pH 7.0, 25°,

k-

M-]'sec,"1

160
162
122
152
138
137
114
. 148
137



Reaction of pretreated catalase with BrCN

It has been shown previously (See Table XIV) that, in the
presence of added cyanide, the second order rata comstant of catalase
modification was independent of hydronium ion conceatration in the
pH range of 4 to 7. ﬁaving obtained the pretreated enzyme, the
catalasé-BrCN reaction could now be examined directly and the pH
dependencé of the reaction examined on the alkaline side of

neutrality. -

Reaction at pH 7. The reaction of pretreated catalase with BrCN was

examined under the conditions given in Table XV. The values of the
second order rate constants were obtained from the spectrophotometric
traces by using the appropriate graphical method under first or second
order condifidns (see Appendix). The average of the values given in |

rable XV is 140 ML sec™t

. This figure is at least 50% higher thah
that obtained in the presence bf added cyanide. This substantial
variation appears to question the reliability of the previbué mgthod,
and probably expresses a difference in the- conformational states of
catalase and its cyanide derivative.. The merits of this hypothesis
would have been readily tested, but the experiments were deferred in

a continuing endeavour to establish an unequivocal relaticnship

between the inhibition rate constant and hydronium ion concentration.

Reaction at pH 7 to 10. With the bretreated enzyme, the 'side effects'

of cyanide are eliminated and, in principle, it should have been
possible to carry out kinetic evaluation to the usual limits of protein

(and BxCN) stability, i.e. to pH 10.5 ¥ .5. Hopes of achieving this
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TABLEXVI -

Reaction of Pretreated Catalase with BrCN at pH 7 to 10

-1 -1 S o
pH Ae, M " cm vinitial’ M | sec X, Mjl sec-l‘
7.0 - - '- 142°
8.6 n23 x 10° 1.0 x 10 145
9.2 ~16 x 107 1.1 x 107 160
10.0 ~13 x 10° 1.1 x 107 160

"0.1 M phosphate at pH 7,.0.1 M_bggggg“hggﬁgysHatapthe::pH values,
25°, 6.2 uM catalase, 110 uM BrCN.

2 Measured 5 - 10 seconds‘after BxCN addition. 

b Calculated by using graphical first order plot.



were soon dispelled. The limiting factor was the instability of both
pretreated and inhibited enzymes (Figs. 16 and 17) which, though not
so marked with the native enzyme, became evident at pH 10 (Fig. 18).
Under these circumstances, it would be futile to try to evaluate
kinetics of inactivation from spectrophotometric measurements using
integrated forms of either first or second order equations. The
desired solution could have been achieved using fast reactions
techniques, but since this necessitated greater utilization of enzyme,
it seemed preferable to explore the reaction by the 'initial velocity"'
method. The results so obtained are based on the assumption that
after 1.5 min. of mixing enzyme and buffer the rate of "non-specific’
absorbancy changes is smaller than the rate of‘inactivation.' Therefore,
if the inhibitory reaction is begun after a short (&90 sec.)
preincubation of catalase, it seemed that a reasonable estimate of k

could be obtained from:

A (cone. of inhibited enzyme) = 4A

v =
initial A (time) Aokt
here A - extrapolated _ c extrapolated
vhe €410 epretreated inhibited

In view of these difficulties, the values of k is not better than
about ¥ 25%. The results obtained at the alkaline pH values (see
Table XVI), indicate that the rate of inactivation is independent of
pH up to pH 10. This fact was unexpected, but at least three
interpretationé are possible:

a) reaction takes piace at a non-ionizing residue
b) the ionization state of the reactive group does not

change in the investigated pH range, and
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TABLE XVII

Titration of Pretrzated Catalase with BrCN

[Cat:Fe], uM Endpointa (BxCN]
{BxCN], uM [Cat+Fe]

58.5 70.6 . 1.20

43.9 47.5 1.08

0.1 M phosphate, pH 7.0, 25°.

8 prom Fig. 17.
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c) proton transfer attending the modification does not occur

in the rate limiting step.

The elimination of any of these possible explanations has to

wait until further experimental evidence is gliven.

Stoichiometry of the catalase-BrCN reaction

The availability of an enzyme devoid of highly reactive sulfhydryl
groups permitted now the establishment of the stoichiometry of the
inhibition. Tﬁo methods were used toward this end; one was based on
the spectroécopic differences between an active, pretreated enzyme.

14

and its inhibited derivative; the other utilized =~ C labelled cyanogen

bromide.

In the sbectrophotometrié procedure, small aliquots of cyanogen
bromide were added to a solution of pretreated catalase (44 or 59 uM)
and, following completion of the reaction, the spectra were recorded
between 450 and 700 my. In this manuner further evidence was provided
that side reactions do not occur since no deviations were noted at

" the isosbestic wavelength of 562 mu.

These experiments, further detailed in Tables XVII and |XVIII and
in Fig. 19, lead to the conclusion that irrespective of the initial
ratio of BrCN to catalase-hematin only one moiety is modified in the
course of reaction. The data left unanswered, however, general
questions as to the locus of the reaction (protein vsh_hemin);.nqr
was it clear whether bromine radical is retained in the derivative -
in addition to CN group. The research was therefore oriented with

these questions in mind.
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Sample
No.

TABLE XIX

Heme Removal from BrIACN-Catalase

14

Br CN-Catalase After Separation
Amount of Amount of In aqueous phase In organic phase
Cat°Fe, mole. 14C, dpm dpm Z dpm Z
13.6 x 1078 6.26 x 10° 6.04 x 10° 97  0.05 x 10° 1

201 % 10°8  8.40 x 10% 7.85 x 10* 93 0.39 x 10* 5

Sample No.'s correspond to those. in Table XVII.

For procedure see text.



_ ﬁemoval of hemin from BrCN-modified catalase

The splitting of a hemoprotein into its components - apoprotein
and coenzyme - can be rapidly achieved proQiding that the prosthetic
gfoup is not linked covalently to a protein residue. Such is the
case with catalase. Several procedural variants are available but all
exploit an increased solubility of metalloporphyrin in organic
solvents when pH of the aqueous phase 1z lowered to 2.5 ¥ 1.0.
Typically, one can use either acid-acetsne method due to Theorell (137)
or 2-butanone procedure introduced by Teale (138); the latter was
adopted iﬁ this work. Experimentaily, it involved acidification of
catalase - containing one equivalent of 140 per hemin - to pH 2,
followed by extraction of ferriprotoporphyrin with equal volume of
2-butanone, Upon separation'of-orggnic (deep brown) and aqueous
(coloﬁrless) pﬁasgs (2-3 ming), aliquots were wi;hdrawn from each
layer and radioactivity estimated as documented previously (see
Ch. II). The data, in Table XIX sh#ws unequivocally that almost the
entire radioactivity associated, originally, with the inhibited
catalase remains in the aqueous laye:-cont#ining apoprotein. This
demonstration would have constitutedVA convincing proof of protein
involvement in BrCN reaction but for the reservations:

a) that‘the derivative undargses rapid hydrolysis to
give products almost encirely iﬁsoluble in the organic.
phase; or

b) thét radioactive moigty had been transferrad from

hemin to apoprotein in the course of enzyme splitting.
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Neither postulate is likely. To substantiate this statemeht,

consider these additional facts:

1. The radioactive'compound remaining in aqueous solution
*
is not stable at pH 2. It decomposes slowly ,

to give 14c02 in 83% yield relative to the original

radicactivity (see page 69). Therefore, 4.
containing moiety could not bgye been transferred to a
methionine or somé masked sulfhydryl remaining in the
pretreated enzyme, since methionine should rearrange to
give methyl thiocyanate (135) and thiocyanates are not
expected to hydiolyse under mild acid conditionms.

Other potential nucleophiles aie unreactive at low pH

14

and preformed compounds such as - NH - ﬁ - M shduld

2
not decompose at pH a2, 0

2. Carbon dioxide would be expected if cyanate were
released into the medium but, since tadioactiye compound
cannot be expelled from the solution immediately
following acidification, therefore cyanic acid - and
hence CO2 - are not appreciably formed with the span of

2 - 5 min. necesséry for fission of the hsloenzyme.

*The pH of a sample of Brl4CN-cata1ase, prepared by using stoichiometric
amounts of Brl4CN, was lowered to 1.8 by adding concentrated HC1l. This
acidified solution was placed into an open container and was stirred.
continuously at 25°. Samples were removed at suitable time intervals
(0.5 to 3 hours) to estimate the radioactivity remaining in the solution.
The half time of the disappearance of 14c from the solution was found
to be 80 ¥ 20 minutes in three experiments.
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On this basis, the possibility of formation of 14C compound other
than in combination with protein is discounted, and the minimal

structure therefore must be

X X _
X-C=N C = NH or C= 0
/7 7 -
M
H)O B0 H,0
+ +
i+ l H H
¥
XH XH HX
' 4
[ » [ + co,
+ YH YH :
+ +
co, + NH, NH, + CO,

where X and Y are the functioaal groups of protein backbone.
It beccmes 0£ interest ncw to enquire whether Br is also a

constituent of such a derivative.

Bromine content of BrCN-modified catalasé

Although assay of bromide does not present undue difficulties
above 10_4 level, the conversion of potential organic halogen
compounds intc a form suitable for standard analytical techniques
seemed a :zomplex undertaking. Moreover, gince only 1iﬁited amounts
of enzyme were availablé, it was essential £o resort to a technique
which would not depend on the state of 'bromide' compound but would
give reliable results, even at 0.1 ppm (&10'6 M Br). Such a method
is neutron activation analysis. The assays, performed bj Gulf
General Atomic Inc. (San Diego), were carried out cn eighteen

samples and included the necessary controls (Tables XX and XXI).

v
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To enhance the sensitivity of the analysis, all preparations
were extensively dialyzed against 56 mM ammonium citrate to remove
alkali metal halides and phosphates, since these compounds could
in;erfere with analysis of bromine at ppm level. The reliability of
the method is clearly substantiated by the results obtained with
samples to which ammonium bromide was intentionally added.

It is seldom that one can make an unqualified statement° this is
one of those rare occasions. In short, Br is not bound covalently
in the pretreated or inhlbited catalases.

Barring then the possibility of salt formation, it seemed very

likely that proton release would also occur in the course of enzyme

inhibition. This inference was ghortly confirmed.

: Stoichiometry of proton release -
™ ""\"!F‘-

Ideally, the experiments shquld have been conducted over a wide
range of hfs;;eium ion concentration, using pH-stat. Due to
various technical difficulties, the project had to be deferred;
instead, the pH changes attending the reaction of pre;reated catalase
with cyanogen bromide were monitored using a Radiometer PHM 25
connected to an Esterline Angus recorder. Since both instruments
had exceptional electronic stability, it was possible to follow even
small pH changes, providing the temperature of the rzaction vessel
varied by less than 0.1° and precautions were exercised to prevent
diffusion of gases (C02, NH3)° The experiments were carried out

with salt free solutioms of pretreated catalase whose buffering

capacity between pH 5.8 and 6.8, was.calibrated with standardized
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HC1 and NaOH., Cyanogen bromide was‘then addeﬁ'via small port in the
cleeve of the reaction vessel and the resulting decrease of pH was.
recorded. The result of such an experiment, given in Fig. 20, shows
that approximately 0.8 mole of H' is released per mole of modified
catalase-hematin, and suggests that ammonia is not formed in the

inhibitory reaction:

XH XCN
+ BrCN ———)[ = NH
H YH |
it
+
Br

X .
~ +
/c=o + NH,

Nor is it likely that a lysine, pxcline or a-amino residue enters

jnto the reaction since greater proton 1iberation would be expected

in such a case.

+

J o+ By R W - N 21 + Br”

R - NH

The remaining possibilities include formation cf cyanate or

thiocyanate esters:

R - OH + BrON—3ROCN + H' + Bt ,

—55-



N-cyanation of imidazole ring of histidine:

+ Brcu——>© - o + H o+ B,

or cyanatibn of guanidine residue of arginine.

The instability of 'CN-catalase' following its denaturation at
pH 2 is not readily interpreted_ if cyanate, orv thiocyanate estérs
are the derivatives. Rather arbitrarily, therefore, the choice
would appear to lie between histidine, or argihine (and foféaken -

tryptophane) as the possible locus of reaction.



CHAPTER IV

Physical and chemical properties of native, pretreated and

BrCN-modified catalases

In the first part of this Chapter a comparative study will be made.
on the three types of catalase preparations with respect to certain
physical and chemical properties; in the second portion of the
Chapter additional properties, unique only to the inhibited enzyme,
of the BrCN-modified enzyme will be described.

It has to be mentioned at this point that all preparations used
in the studies described in this Chapter were periodically checked
(enzymatic activity, absorption spectra) to ensure that no changes
occur in their prOperties during storage. At,any’rate, BrCN=- .
modified cataiase was found to be stable for several weeks when
stored at 4°.

The preparation of pretreated catalase is given in Chapter II1I,
BrCN-modified catalase (BrCN-catalase) was generally prepared by
adding about 10 to 30% excess (with respect to hematin-Fe) BrCN to
pretreated catalase in 10 mM phosphate buffer, pH 7, at 25°, The
reaction was monitored spectrophotometrically until no further change
was observed and thenbthe solution was dialyzed against the same
phosphate buffer. In the case of some preparations, large excess Or
less than stoichiometric amounts of BrCN were used for the
inhibition under the above mentioned conditions, and was followed by
dialysis. 1In these caseslthe [BrCN]/[catalase] ratio used in the
modification procedure is specifically stated so its relevance to the
results is not overlooked. ' |
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Hydrodynamic properties and optical absorption spectra of native,

pretreated and BrCN-modified catalases

In order to'get reliable results for the different catalase
'preparations, the sedimentation eenstanevof naeive cetelase wae
determined at a number of different concentrations. The results
are plotted on Fig. 21; the line was fitted to the experimental
points by the least square method with the aid of a computer
program. The extrapolation of the line to zero concentration gives
a value of 11.2 ¥ 0.05 § for ";o.w‘

Since in the case of native catalase the sedimentation constant
'did not show a marked concentration dependence, the sedimentatioe
prOpertiesidf the three catalase preparations were determined at a
single protein concentration. The results obtained are presented in
Table XXII; fhey show that gross structural changes do not attend
the pretreatmene and BrCN-modification of the native enzyme.

Simiiarly, the absorption spectra of native and BrCN-modified
catalases eﬁown only marginal differences 1q“the ultraviolet and
although there are some characteristic chehées in the Soret, visible,
and near IR regiens, even these are not suggestive of drastic
alteration of the protein structure (Fig. 22);.,The absorptioh spectrum
of pretreated catalase is not shown in eige 22, because it was found
to be identical to that of the nati#e enzyme within the experimental
error of the specerOphotometric measurements.,

Circular dichroism measurements were utilized to detect subtle
conformational changes that could attend the pretreatment and

the inhibition of the native enzyme. The ultraviolet circular
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Hydrodynamic properties and optical absorption spectra of native,

pretreated and BrCN-modified catalases

In order to get reliable results for the different catalase
preparations, the sedimentation constant of native catalase was
determined at a number of different concentrations. The results
are plotted on Fig, 21; the line was fitted to the experimental
points by the least square method with the aid of a computer

program., The extrapolation of the line to zero concentration gives

(-]
20,w’

Since in the case of native catalase the sedimentation constant

a value of 11.2 ¥ 0.05 S for s

did not show a marked concentration dependence, the sedimentation
prOperties'df the three catalase preparations were determined at a
single protein concentration. The results obtained are presented in
Table XXII; they show that gross structural changes do not attend
the pretreatmentband BrCN-modification of the native enzyme.

Similarly, the absorption spectra of native and BrCN-modified
catalases shown only marginal differences iq,the ultraviolet and
although there are some characteristic chénges in the Soret, visible,
and near IR regions, even these are not suggestive of drastic
alteration of the protein structure (Fig. 22). The absorption spectrum
of pretreated catalase is not shown in Fig. 22, because it was found -
to be identical to that of the native enzyme within the experimental
error of the specﬁrophotometric measurements.,

Circular dichroism measurements were utilized to detect subtle
conformational changes that could attend the pretreatment and

the inhibition of the native enzyme, The ultraviolet circular
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dichroism spectra of native, pretreated, and BrCN-modified catalases
are presented in Fig.-23; the measurements were made in 10 mM
phosphate buffer, pH 7; at 25°; the concentration of hematin-Fe

'was 12.5 M in all three solutions.

Since the determination of inherent enzyme helicity was not
the principal aim of this work, coﬁments will be restricted to
comparative values of [e]a, as outlined in Fig. 23. The deviations
in [6], at 190 my, among the three preparations are ascribed to
technical shortcomings rather than to differences in peptide
interactions within the protein. Significantly, corresponding changes
wera not observed at 208 mu, although both bands have origin in n-n*
transitions of the carbonyl group.

The inhibition cannot arise therefore from an extensive
aisruption of the tertiary or quaternary protein structure, and it is
tempting to speculate that even minor changes are not the
contributory cause. The remaining possibilities encompassed steric
inhibition and a more interesting case of specific modification of an
essential functional group. The distinction between these
alternatives is perhaps one of the most difficult tasks and short of
recourse to x-ray crystallography any argument must remain of a

tentative nature. The finding that various potential ligands can

0

%Molar ellipticity [6] = obs where 0 observed ellipticity
101ec 1 optical cell path (cm)

¢ hemin conc, in

moles/ml.



TABLE XXIII

Amino Acid Composition of Native, .
Pretreated and BrCN-modified Catalases®.

Amino acid Native Pretreated BrCN-modified

Ala 165 165 165
Arg 130 130 130 .
Asp 302 309 307
Cys acid 24 | 23 23
Glu 213 | 214 216
Gly 148 | 143 145
His 75 74 73
Ileu 83 | 85 84
Leu 147 151 142
Lys 129 126 123
Met " 4s 45 B
‘ Met—sulfoneb 44 ‘ 42 IAA
Phe 135 Rt 134
Pro . 193 188 178
Ser® 106 102 105
Thr® 104 104 106
Try - - | -
Tyr 80 80 79
. Val 159 160 149

 8qumber of amino acid residues per mole of catalase.

b

Determined according to Moore (56).
Cysteic acid values were corrected for 6% hydrolytic loss.

cExtrapolated values at zero time.



effect;partiai reactivation of the cyanated‘enzyme was therefore
particularly important. It suggested that the reactants can still
diffuse to the active site, even if théy do not necessarily inter-
change or bind at the sixth coordination position. It becomes thus
less likely that inhibition is entirely attributable to steric

interference at the distal region of ferriprotoporphyrin,

Amino acid composition of native, pretreated and BrCN-modified

catalases

The results of the amino acid analyses are given in Table XXIII,
and they indicate that neither pretreatment nor the Brci-

modification causes a significant change in the amino acid composition

of the native enzyme.

-

Comparison of the values obtained fzx.horse blood catalase in
this study with those given in Table IV shows some differences
in amino acid compositions, keering in mind, of course, that

variations are present betwzen the same enzymes from different

species.

Sulfhydryl groups of native, pretreated and BrCN-modified catalases

The sulfhydryl groups of the three catalase preparations were
estimated by the procedure described in detall in Chapter II.

The denaturation of the enzyme preparations was achieved by
lowering the pH to 1.5 to 1.8; after three hours of incubation ét

25°, the pH of the solution was readjusted to 4.6 To.1,
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TABLE XXIV '

-SH Group Estimation of Native, Pretreated and BrCN-Catalases:

Sample.
No.

Catalase

.Preparation

Native

Pretreated

BrCN—modified

No. of -SH Groups / Catalase Molecule

Undenatured Acid-Treated
14.3 17.0
14.2 17.9

61 - -
4.4 7.9
2.3 -

3.7 -

0.33 M acetate, pH 4.6, 25°.



The number of -SH groups that were titratable by PCMB In the
undenatured and acid-treated preparations is given in Table XX1IV,
The values shown are the averages of at least two determinations.

The number of sulfhydryl groups found in undenatured and acid-
treated native catalase (samples 1 and 2 in Table XXIV), and the
fact that there are 24 half-cystine residues (from Table XXIII) in
the enzyme, do not permit a definite statement about the number of
cystine residues in horse blood catalase, since the data could
accommodate the presence of only three disulfide bonds. This
reservation is particularly meaningful because current proposals
suggest that catalase is composed of four identical subunits (for data
and references, see Table II). On the other hand, the work of
Samejima and Yang (105) and that of Schroeder et al. (57) raised
the possibility that the enzyme is devoid of disulfide bonds.

This contention is supported by the fact that acid-denatured catalase
appears to retain some tertiary structure, as indicated by circular
dichroism measurements (125), and -SH groups within this core are
probably not available for titration by PCMB. Furthermore, cystine
residueé could derive from the adventitious éxidation of cysteines
during the.isolation procedure or storage.

The results of PCMB titrations of pretreated and inhibited
catalases posed new problems (Table XXIV). At first, it was
surprising that on pretreating catalase with cyancgen bromide any
sulfhydryl groupslwhich could be titrated with PCMB, escaped
oxidation by BrCN. Accessibility cannot be a factor? because

undenatured protein gives mercaptides with PCMB. Moreover, different
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preparations of the pretreated enzyme retained variaBle
susceptibility to PCﬁB. This cﬁn only mean that not all catalase
sulfhydryls afe oxidized equally; a point which was not appreciated
in devising the pretreatment method (page 46).

Even more astounding is the retention of PCMB reacting groups
in the inhibited enzyme. Taken at its face value and recalling
the excellent, l:1, stoichiometry of the specific inhibition, the
following picture seems to be emerging. Catalase contains, at least,
17-18 sulfhydryl groups (data with acid treated native catalase); of
these, fcuféeen can enter into mercaptide formation with PCMB, but
only eight are rapidly oxidized by cyanogen bromide. The remaining
six residues are not inert to oxidation but the rate of reaction
must be substantially lower. Therefore, short of specific activation,
'it is unlikely that these sulfhydryls participate directly in the
catalatic process. To do so their redox turnover must be consonant

with the rates of formation and decomposition of compound I, or

some 5 x 10° secfl.

Since preincubation was carried out for at least three hours,

3

using Nlb_4 M CatFe and A2 x 1077 M BrCN, therefore the velocity

constant for oxidation of "slow" SH groups must be smaller than 10_2
M-l sec-l, i.e. some 8-9'powers of ten smaller than the constant for
compound I formation,

0f course, like any other intuitive inﬁerpretation, the above

analysis cannot be more than suggestive. A stronger case could have

been made if greater elimination of sulfhydryls were achieved.
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TABLE XXV

Catalatic Activity of Pretreéted.Catalase

Sample No. of Final [Catalase] ki x 1077
No. Determinations X 109, M - M'-1 sec.
1 3 2,20 1.06
2 6 1.95 1,00
3 21 1.91 to 3.20 0.98
4 7 1.93 to 3.22 0.96
5 6 2.20 1.01
6 3 2,88 0.91
7 3 | 280 0.90
g? 6 1.78 ~ 1.08

5 mM phosphate buffer, pH 7, 25°.
8 mM H202 .

2 pcMB-treated catalase (see text).



In two respects, at least, the presence of some reduced thiol
groups 1s not essential. Thus, both the tetrametric structuxe and
the helicity of the enzyme remain unaltered either on pretreatment

or inhibition of catalase.

Cataletic activities of native, pretreated, and BrCN-modified

catalases

The catalatic activities were determined under the standard
conditions given in Chapter II. Ia Table XXV the catalatic
activities of pretreated an@ PCMB—treated* enzyme preparations are
given. Comparison of these values with the activity of native
catalase (see Table VII) indicates thét neither PCMB-treatement nox
the pretreatment influences the catalatic activity of the enzyme,
and this can be taken as evidence that the fast reacting -SH |
groups (up to 14 per catalase molecule, see Table XXIV), which
can be titrated by PCMB, do not play any rcle in the catalytic
function of the enzyme. No such statement can be made about the 3
to 4 éulfhydryl groups, which become titratable by PCMB upon acid
denaturation of the enzyme, but the results to be presented on the
_regeneration of BrCN-modified catalase (see page 67) are

incompatible with a modified -SH group in the inhibited enzyme and

thus it is very unlikely that these buried sulihydryl groups are

involved in the enzymatic function of catalase (see also page 15) .

* _
86 uM catalase was treated with 760 yM PCMB in 0.1 M acetate,
pH 4.5, for 12 hours at room temperature. Excess PCMB was not
dialyzed off before activity measurement.
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Sample
No.

TABLE XXVI .-

Catalatic Activity of BrCN-Catalase

No. of [BrcN]? Final [Catalase]
Determinations [Catalase) x 108 M

6 3 : 56.4

32 1.2 7.0 to 13.0

12 ' 1 ‘ 4,31

3 e L : | 3.80

’l . 14,7

6 1.5 4,0 to 35.6

6 | 1.3 | 7.39

3 L1 6.26:.

5 mM phosphate buffer, pH 7, 25°.

8 mM H202.

a Condition during modification procedure.

kl

1

M—l

x 10~

0.6
3.4
6.7
8.1
3.4
0.9
2.6
3.6

5

-1
sec.




TABLE XXVII

Catalatic Activity of Various BrCN-Catalase Preparations

Sample [BrCN]a % BrCN-Cat.b Final [Catalase] kl x 10"5 %
No. - [Catalase] Formed x 108, ¥ ML gecd  Activity
1© - "0 0.28 90.0, 100
2 0.3 28 0.34 641 71
3 0.6 52 | 0.56 41,2 46
4 0.8 7 o0 224 25
5 1.0 89 1.38 9.6 11
6 1.0 93 2.69 6.1 7
7 2 over 99 53.6 0.5 0.6

5 mM phosphate, pH 7, 25°.
2%2°
8 Condition during modification procedure.

A8 mM H

b Estimated spectrophotometrically.

C Pretreated catalase sample.




TABLE XXVIII

Effect of.Repeated BrCN-Treatment on the

Catalatic Activity of Pretreated Catalase

Sample | |BrCN|a No. of Final [Catalasel, ki x 10’5,
(Catalase] Determinations. M w L gee.”
Pretreated Catalase - 6 2,32 x'10’9 92.0
First BrCN-treatment 1.5 | 9 7.75 x 1078 1.6
Second —= " - a12 3 1.00 x 107° 0.11 -
Third - " - ™2 3 1.00 x 107 0.10

5 mM phosphate, pH 7, 25°.
A8 mM H202.

a’Conditions during BrCN-treatment.



The ¢atélatic activities of a number of BxCN-modified catalase
preparations are given in Table XXVI. The results indicate.that.at
least 90% inhibition occurs when the enzyme is treated with
stoichiometric ampunts of BrCN. Therefore, not more than 10% of the
added BrCN is used up by non-specific side reactions with protein
functional groups. When slight excess of BrCN was used (10 to 50%)
inhibition up to 99% was achieved.

Table'XXVII shows the catalatic activities of a number of
BrCN-catalase preparations, which were obtained by using less than
stoichiometric amounts of BrCN fox the modification. The results
shbw good correlations among the amount of BxrCN added, the amount
of BrCN-catalase formed, and the activity of the modified'enzyme.
These findings provide definite evidenze for the fact that the
spectrophotometrically observed changesvupon BrCN-modificatioﬁ are
directly related to the loss of enzymatic activity.

Examining the data in Table XXVIII it is clear that, even on
repeated exposure to BrCN, the catalatic activity decreases some
thousand-fold only. Granted that completg elimination of hydrogen
percxide decomposition would be vircually impossible -~ since hemo-
proteins, hemin and tramsition metaie in general have some catalatic
action - the magnitude of the residual activity (k = lO4 Mfl sec-l)
was too great to be lightly discussed., Three possibilities were

therefore considered:

a) that enzyme solutions contained some entrained

heavy metals



Sample

Native
Catalase
BxCN =

Catalase

TABLE XXIX

Effect of EDTA on the Catalatic Activity

of Native and BrCN-Catalases

No. of Final [Catalase],
Determinationa M
4 1.90 x 10~
3 —— "o
-7
2 5.64 x 10
2 —— 1] ————

-5 mM phosphate,

pH 7, 25°; ~8 mM Hy0,.

[EDTA], ki, M-l sec.-'1

-~

- 0.89 x 10
0.98 0.88 x 10’

- 7.0 x 10*
0.99 6.8 x 10°
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b) that the BrCN-modified derivative retains partiél
intrinsic activity, and
¢) that the residual capacity for H202 decomposition is

due to an incomplete medification.

The first of these was eliminated by carrying out the assays in
the presence of EDTA (Table XXIX). Distinction between'the remaining
propositions proved far more difficult. Thus, following 99.9%
inhibition; the rate of further inactivation becomes so small that to
achieve any substantial change, the concentration of the enzyme, or
cyanogen bromide, or both, must be increased proportionally. When
this is done, the activity drops to 0.01% (relative to the native
enzyme) (49), but the result is questionable in view of possible
secondary mcdification.

A simpler way.to resolve the problem is inherent in the
apparent loss of HCN binding capacity by the cyanated enzyme.

Suppose now that the reactivity of native and modified catalases
towards H202 be determined in the presence of equal amounts of
cyanide. By choosing the concentrztions of both enzymes SOIthat

‘the amount of active species is nearly the szme, it was expected that
the ratio of the observed rate const;nts k; (n> HCﬁ)ik; (with HCN)
would remain invariant if cyanated catalaée.is completely devoid

of activity. Data in Table XXX support this hypofhesis, suggesﬁing

that the residual activity is ﬁrincipally due to some uninhibited

enzyme.
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TABLE XXXI

The Catalytic Activity of Native, Pretreated and BxCN-modified
Catalases in the Francoeur-Denstedt Reaction

. a b
Bperinent Catalive | [atalasel, thgy'tn bhgge dn
- 10 min. 10 min.
1 - - 0.028 -
2 Native 0.88 0.111 0.083
3 - - 1.76 0,143 0.115 -
4 Pretreated 0.59 0.026 -
5 - 1.18  0.023 -
6 BrCN-modified  0.55 . 0.027 -
7 ~"a 1.11 ' 0.026 -

25 mM Tris buffer, pH 8.5, 25",

8observed initial rate; formation of fertocyanide was indicated
by the decrease in absorbance at 420 mu,

bObserved,minué the rate in the absence of catalase (Exp. 1).



Francoeur-Denstedt reaction

The activity of natiQe, pretreated, and BrCN-modified catalases
was examined in the Francoeur-Denstedt system. The rate of ferri-
cyanide reduction was followed at 420 my in the presence of 18
mM ribose-5-phosphate and 0.8 mM ferricyanide. In Table XXXI the
amount of catalase used in each expeziment is given. All solutions
were purged thoroughly with N2,>anq the reaction was carried out in
cuvettes stcppered by serum caps. The zsaction was initiated by the
injection of catalase throuéh the sérum caps.

From the results given in Table XXXI it is obvious that not only
BrCN-modified catalase but also the pretreated enzyme failed to act
as catalyst in the Francoeur-Denstedt system. These findings
reinforce the,explanatidh glven earlier (segApage 18), that in thiﬁ'
system the prosthetic group, and its immediate envirornment, of
catalase are not involved in the catalytic process, because the
pretreated enzyme, which retains almost full catalatic acrivity (see
page 63), 1s unable to enhence the rate of ribose-5-phosphate
oxidation. It is more 1likely that the pretreatement of catalase
results in the modification of'a protein functional group which
actually catalyzes the oxidation of the sugar phosphate in the presence
of ferricyanide. Since the pretzeztmsnt of cetalase results in the
oxidation of a,numberlof sulfhydryl groups, one or more of these |
could be involved in the catalysis exhibited by native catalase in

the Francoeur-Denstedt reaction.
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Figure 24. Regeneration of BrCN-catalase. The effect of
formate, acetate and fluoride on the catalatic activity
of the inhibited enzyme. 39 uM catalase, pH 4.5, 25°;
0.3 M formate (e), 0.2 M formate (A), 0.1 M formate (o)
0.095 M fluoride and 5 mM acetate (D), 0.2 M acetate
( V), and 0.1 M phosphate and 5 mM acetate (@).
Activities were determined as described previously after -
appropriate dilution of the above solutions., =~
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Regeneration of a functional enzyme

~ from BrcN-modified catalase

The inhibited catalase can be kept for several weeks, e.g.

in 10 mM phosphate, pH 7 and 4°, without any apparent change in

its catalytic or physical properties. And yet, in 0.1 to 0.3 M

formate buffers, pHv4.S and 25°, reappearance of activity is

evident within several hours (Fig.

24, Table XXXII); and,

simultaneously, the enzyme regains its capacity to combine with

formic acid giving a spectroscopically well defined derivative

(Fig. 25).

In trying to interpret these results, four possibilities

came to mind:

1. X - CN hydrolysis is subject to general acid

catalysis

H20

Pr - Fe_ y..X - CN—3 Pr - Fe =Y K +CNO +H

where YH = HCOZH

Formate reduces inhibited enzyme

Pr - Fe XCN + HCO.H Pr - Fe xu+CN'+coz+u+

2
L-—" HCO,H

\”catglase - HCO,H

2

Formate anion acts as a general base in XCN hydrolysis
g _

L)

H’ CN

pr - Fe-Y’ .7 Y = H-CO,
. ¥ 2

Binding of 'formate' entails a change in spatial

orientation of XCN, rendering CN susceptible to
nucleophilic attack.
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Proposal 2 was discounted, following failure to detect cyanide
as a reaction product (49) and becauée other potential reducing
agents, e.g. ethanol(Table XXXIII)were ineffective in ca;alase
reactivation. Similarly, the stability of cyanated catalase
towards formate at pH 7 argued against its role as a general base
catalyst (proposal 3)’(Tab1e XXXIIIj.Of the remaining alternatives,
the general acid catalysis was initially preferred; In accord with
this concept, it was found that acetic acid and hydrofluoric. acid
(Fig. 24 and Table XXXITalso accelerate activation of catalase,
glbeit not as effectively as formate. Against the acceptance of
this mechanism is the breakdown of expected linear relationship
between initial velocity of reativation and formate concentration,
Instead, the initial rate is proportional to the square of total
formate. |

Perhaps, concurrently with the general acid function, a
second molecule of formate participates in the.reaction process
either as a general base or as a nuclecphile, Equally, the
dependence on the square of HCOZH concentration could be coincidental;
for example, the lon strength was not maintained constant. Finally,
it must be also admitted that no information is available on the
conformation of protein under the conditions of enzyme.reactivation.
If it changes with increasing concentraticn of formate, possibly due
to counter ion binding, then it may well be that XCN becomes more
susceptible to hydrolytic cleavage. Curiously enough, a similar
behaviour is not observed in the absence of heme binding ligands
(e.g. phosphate at pH 3.5 to 5.5) TInexorably one is led to conclﬁde
that interaction of formate with ferriprotoporphyrin in cyanated
cataiase is an initial step in the reactivation process; a step which

could be followed by some protein reorganization prior to scission

! '
of the 'CN' group. -68-



Product of acid treatment of Br14CN-catalase

It was previously mentioned (Ch. III, p. 52) that upon acid
denaturation of Br14CN-datalase the radioactivity was lost from the
protein. This finding is exploited here to establish the nature of

product(s) released after acid denaturation. To do so, Br14CN-

catalase, prepared by using stoichiometric amounts of BrIACN, was
denatured at pH 1.7 and the volatile products of hydrolysis were
trapped in 0.1 M NaOH. The interconnected reaction vesse}s - one
containing the denatured BrlacN-catalase and the other NaOH - were
sealed to prevent any losses of volatile materials by evaporationm,.
After 18 hours of incubationlat 25°, the original amount or radio-
activity in Br14CN-cata1ase, 812,000 dpm, was found to be
_distributed between the two solutions in the following manner: the
catalase solution contaiﬁed:150,000 dpm, while there was 672,000 dpm
in the NaOH solution. Thus, about 83% of the 14C was trapped in the
hydroxide solution. |
Addition of barium chloride to the NaOH solution (final

concentration 10.02 M BaClz) resulted in the precipitation of almost

all of the radioactivity, only 24,000 dpm was found in the

14 14

supernatant. This finding indicated that the ~ C released from Br~ CN-

catalase was trapped in the hydroxide solution as carbon dioxide.
Quite likely, CO2 is not formed directly from BrlACN-catalase but

originates from the decomposition of cyanic acid:
4
Catalase-X-CN + H20 ——Ef-;Catalase-XH + HCNO
+

HCNO + H,0 ——H—yco2 + M,



The retention of 10 to 20% 14C in the denatured protein
{ndicates that upon acid denaturation, beside the release of 14C
into the medium, an intramolecular transfer of "CN" could occur
giying a stable derivativé or alternately the rearrangement of
the modified residue into a stable form could take place. In
acid medium, barring the participation of sulfhydrylé, the chemistry
of such a rearrangement is not immediately cpparent. Under
alkeline conditions, the "transfer mechanism' is more acceptable
and is seemingly implied in the prdpegties of peétides which were

obtained on pronase-mediated hydrolysis of inhibited catalase (see

next section).

Pronase digestion of BrlACN-catalase

The ulﬁimate proof of enéyme inhibitcion by the modificatioh of
a functionai group in the active center, oY generally, of v
gpecificity of a chemical compound towards a certain amino acid
residue is the isolation. and idencification of the modiiied amino'
acid. This was the aim of these studies, and the stabiliﬁy of the
BrCN-modified catalase derivative made the propssition look good. it
wasAthought that trypti; hydrolysie of the ighibited enzyme would
yield a peptide containing the modified agin: acid residue} the
igolation of this peptide and the indentification of the modified
amino acid residue could, then,be easily achieved. However, any hope
of success was soon dispelled as 1t was found that upon denéturation
the radioactivity was lost from BrlacN-catalase. It has been shown

earlier (see page 52) that the label was lost when BrlacN-catalase



was denatured under acidic-cpnditions. Similar results have been
obtained when the radioactive protein was denatured in an. organic
solvent, dimethyl sulfoxide, or by heating at 90° for 5 minutes.
Thus, it seemed that as soon as the modified residue was ekposed

to the medium by denaturation the modification was reversed and the
140 was released. Since un&enatured catalase i1s resistant to the
action of trypsin, the isolation of tryptic peptides had to be

abandzcned.

Some hope of success was kept alive by the finding that there
was only limited 10 to 40% loss of 140 when Br14CN-catalase was.
digested by pronase at pH 8.4, Spurred by this observation the

14

following experiments were performed. Br  'CN-catalase, containing

one equivalent of 140, was digested by pronase (catalase/pronase =
28, w/w) at pH 8.4 and 35° for three hours. Ultrafiltration
(Diaflow ult¥afilter, UM-1, 10,000 MW cutoff) of the hydrolyzate:
gave a solution containing 87% of the original radiocactivity., Since
peptides containing more than 40 tc 50 amino acid residues are not
expected to pass through the filter rapidly, the protein was quite
thoroughly digested. An aliquot of the filtrate contalaing 4,200
dpm, was then spotted on whatman 3 MM papar and subjected to flat-
bed electrophoresis at pH 8.2 using 0.1 M borate &s supporting
buffer (for experimental detarls see Chapter II).-

The distribution of 14C among the pebtides on the;paper.strip
was. determined on the Nuclear Chicago strip counter and radioactivity
was quantitated following calibration with standards whose properties

were, in turn, evaluated by liquid scintillation counting method. In

-71-
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TABLE XXXIV

-

»Effect?cf Asidification on Pronase-Treated BrCN-Catalase

Spotted on Found on
Paper .Strip Paper Strip
d.p.m. d.p.m.
Filtrate of pronase-treated 4,200 - . ~3,500"
Brl4CN-catalase ‘
Acidified filtrate of pronase- 4,200 ~3,600

treated Br14CN-catalase,

For experimental detail see text.



this manner, it proved possible to calculate that, after electrophoresis,

14

about 65% of the radioactivity present imitially in Br CN-catalase

was retained in the peptides on the paper strip.

The radiocactivity pattern shown in Fig.l26A suggested that the
labél was attached to at least four differentkpeptides. This was
somewhat discurbing but it cculd have been explained by incomplete or
differential hydrolysis by ﬁrcnase. .However, before considering
improvements of the proteclysis p:ocedure, one éru?ial test was.
essential - namely, to show that radioactivity is lost after
acidification of the pronasée hydrolyzate. The loss of label upon
acid trzatment could be interpreted es an indication that the
modified residue was still in the same chemical fozm &s it is when
BrlACN-catalase is denatured under acidic conditions. Consequently,
a portion of the same filtrate cbrained after pronsse hydrolysis
was acidified to pH 2, incubated for three hours at room temperature,
and then the pH was readjusted to 8.4. Electrophoresis, under the
sbove described ccnditions, gave essentially the same peptide and
rzdioactivity patterns and, what is msre important, no logs of
radioactivity occurred (see Fig. 26B and Table XXXIV).

The retention of radicactivity in the prcnase hydrolyzate,

i
even after acld treatment, stzongly suggests that during pronase
hydrolysis the transier 6f14C takes place, from the originally
modified site to another amino acid residue that is probably brought
into the proper position by the structural changes, which take place
during the pronase digestion. In this mannex the transfer of the 140

could take place giving rise to possible derivatives that are stable
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under the slightly alkaline and the subsequent acidic conditions.

The appearance of.the‘label in more than cne peptide can be explained
by the transfer of the léC to moxe than oné amino Acid residue that
are situated at different positions along the polypeptide chain,

even if it is supposed that uniform digestion products are obtained
b; the bronase treatment.

Looking at the primary aim »f these stﬁdies it became evident
at this stage that neither the kinetic spproaches nsr tﬁe use of
svailable analytical technigues will permit the definite
identification cf the smino acid rssidue that is modified when
catalase is inhibited by BzCN. Uader these circumstances, it seeméd
worthwhile to caméare the properties of BrCN-modified catalase with
those of a corresponding compouhd formzd on treating metmyoglobin

with cyanogen bremide.



CHAPTER V

Modification of Metmyoglobin by Cyanogen Bromide

Relationship of structure and function in myoglobin

Myoglobin was one of the first proteins whose three-dimensional
structures were established by x-ray crystallography (79,147,148).
The results of these investigations confirmed many of the
structural featuces which had been deduced previously from chemical
and physico-chemical studies, and in addition revealed many new
and unsuspected structural details.

The molecule of myoglobin is wvecy compact, with virtually no
access to its interior for solvent molecules. Tﬁe heme group is

-situated inla pocket of the polypegtide chain, but near the surface;
the vinyl side groups of the heme extend into the hydrophobic interior,
while the propioﬁic acid grcups form a part of the polar surface of
the molecule.

The structural features of myoglobin, which are particularly
relevan£ to this study, are the ones defining the immediate
environment of thé prosthetic group. The following amino acid
residues surround the heme (164a 164b). on the proximal side; two
leucines (F4, G5 ), phenylalanlne (H 14), isoleucine (H 18), and a
hisitidne (F 8); on the distal side, two lsucines (8 10, B 13),
two phenylalanines (B 14, CD 1), 1soleucine (G 8), threonine (C 4),
and histidine (E 7). Histidine F 8 is coordinated to the heme at

the £ifth position (proximal side), while histidine E 7 is hydrogen

*
The system of labelling the amino acid residues is given in ref (148).
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bonded to the water molecule coordinated to the heme at the sixtﬁ
position in metmyoglobin (distal side). Threonine C 4 was shown to be
hydrogen bonded to a main chain carbonyl, Therefore, it is apparent
that on the distal side of the heme, where ligands are bound, only
histidine E 7 and threonine C 4 could, by the nature of their side-
chain functional groups, possibly participate in the binding of
ligands by this protein. |

Since the physiological function of myoglobin and the properties
of oxyﬁyoglobin were described, the main objective of the many studies
on myoglobin has been to provide a satisfactofy explanation for the |
unusual stability of its oxygenated derivative.

Although x-ray crystallographic studies resulted in the elucidation
of the detailed three-dimensional structure of myoglobin and some of
its derivatives, similar é;udies on oxymyoglobin have been greatly
hampered by its instability under the conditions necéssary for the
application of this method. Other lines of ipvestigationa, which
have provided information about the properties of myoglobin, have
been concerned with model systems, other oxyferrohemoproteins, and
theoretical studies.

Recent studies with iron (II) porphyrins have explored the nature
of binding involved in the CO and 02 derivatives of these éompounds.
The effect of changing the medium and the substituents at positions 2
and 4 of the porphyrin ring on the reactions of these compounds with
CO and 02, and the stability of the coﬁplexes formed have been
examined (164c,164d,1658); When pyridine solutions of iromn (11)

deuteroporphyrin IX derivatives were diluted with various solvents,
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such‘as ethanol, acetone, water, and acetic acid, the oxygen present
in these solutions displaced one of . the pyridines coordinated to the
iron. This oxygenation.reaction was facilitated as long as the
diluent was protic in character, bécause pyridine is less effective
as a ligand when protonation of its nitrogen tskes piace. The
formation of the oxygenated derivatives was followed by oxidation of
the iron to its ferric state, although no detailed description of
these reactions was given. The most significant aspect of these
studies was the effect of the substituents in positions 2 and 4 of the
porphyrin ring on the formation of the oxygenated derivative. The
more electron-withdrawing the substituents were the slower was. |
the formation of the oxygenated complex. Conversely, CO was more.
firmly bound by iron (II) porphyrin when these substituents were
‘more electrén-donating in character (78,80,141),

These studies were extended to various myoglobin and hemoglobin
preparations, which had been obtained by reconstitution of the
apoprotein with different iron-porphyrin derivatives. It was shown
that deuterohemoglobin bound oxygen two times and mesohemoglobin six
times more strongly than reconstituted protohémoglobih (156,157).
Similarly, deuteromyoglobin had three times as great an affinity for
oxygen as protomyoglobin (158). Thus, oxygen binding increased as
the 2,4-substituents were changed from vinyl (proto) to hydrogen.
(deutero) and to ethyl groups (meéo)..

These results appear to indiﬁate that the strength of CO and‘O2
binding in the case of hemoglobin and myog}obin derives from the

ability of the iron (II) to form a double bond with these pi-
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acceptor 11gandé; the iron (II) serves as an acceptor, to form a
o-bond, and at the same time donates electrons to the ligand to form
a m-bond. Such bonding is consistent with the models proposed for
‘oxygen binding by Pauling (59) and Griffith (58). Pauling proposed
the following models for the binding of oxygen by hemoglobin and

myoglobin:

{ B
i
0 | where angle B 1s 60°.
| 24 ™y
Fe 0
| 2
A. Fe
B.

while Griffich suggested the following structure:

0—O0

Fe2+
C.

(In all three models Fe2+ represents iron (II) protoporphyrin IX).
Calculations based on these models indicated that if an oxygen molecule
were bound perpendicularly to the heme plane (model A) iron (II) would
be readily oxidized to iron (III), wﬁereae if the oxygen molecule

were parallel to the heme plane, (model c), the iron (II) would

be quite stable in its lower oxidation state. A model compound,
chlorocarbonyl - bis (triphenylphosphine) iridium, has recently been

ghown to be a reversible oxygen carrier, and in its oxygenated form



the oxygen molecule was found to be bonded to the metal in the.maﬂner
proposed by Griffith. (61,159). |

Recently, the distai'and proximal histidines of myoglobin (and -
hemoglobin) have been considered to have a role in the binding of
oxygen (164e). It has been suggested thaﬁ the strong pi-donation by
iron could contribute a polar character to the métal—oxygen bond,
and ;herefore oxygen binding would bevetabilized by an interaction,
such as hydrogen bon&ing, between the distal histidine and the
oxygen molecule. This postulate is supported by the results of x-ray
studies which show hydrogen bonding between the distal histidine and
azide in metmyoglobin-azide (142). The proximal histidine could
serve as a sigma-donor not only to stabilize the iron (II)-oxygen
complex, but 3150 to prevent overly strong oxygen binding, as would
.be required for a prdfein whose function is reQersible oxygen.
binding (165a).

The stabilities of oxymyoglobin and oxyhemoglobin can be put
into the proper perspective 1f the stabilities, or for that matter
the existence, of other oxyferrohemoproteins are considered. Just '
recently Yamazaki (64f) and Wittenberg (160,161) and their coworkers
have described conditions under wﬁich the oxyferro~derrivative of
horse radish peroxidase can be obtained, and showed 1t to be
equivalent to the previously described compound III of peroxidase.
Oxyferroperoxidase is quite unstable, the half time of'decomposition
is about 4 minutes, even under strictly controlled con&itions, and
it readily reverts to ferric-peroxidase inlthe presence of hydrogen

donors and oxidizing agents (hydrogen peroxide). Reversible
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dissociation of oxygen from the éxygen from the oxyferro-derivative
could ﬂot be demonstrated. The absorption spectrum of oxyferfoperoxi-
dase was not—affected by variatibn in temperature; in contrast, the
absorption spectrum of oxymyoglobin showed temperature dependence.

As a result the visible absorption spectra of oxyferroperoxidase,
CO-ferroperoxidase, oxymyoglobin, and oxyhemoglobin were almost
identical at 77°K. These facts indicate that at room temperature
oxymyoglobin i3 an equilibzium mixture of two forﬁs, while oxy-
ferroperoxidase exists only in one electronic configuration. Maybe-
this is the explanation for the reversible oxygenation of mnglobin.

In the case of other hemoproteins, such as cytochrome c
peroxidase (161), cytochrome oxidase (76,77,164g), and tryptophan
pyrolase (165b), the transitor& existence of the oxyferro-
derivative ﬁae either been demonstrated, or at least inferred by
studies of the mechanism of action of these enzymes, but obviously
thelr stabilities do not, at all, approach that of oxyglobin.

Now the question can be asked which of the structural features
make myoglobin and hemoglobin oxygen carriers, while the other
hemoproteins form oxygenated derivatives which have only very
limited stability. - Clearly, these differences must be due to
variations in the protein environment of the heme group, specifically
in the amino acid residués nesr the f£fifth and sixth coordination
positions. A direct, unambiguous approach to this problem would be
the chemical modification of the diétal and/or proximal histidine
residues of myoglobin, and the examination of some of the properties

of the derivative(s), such as rate of oxygenation, strength of
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cxygen binding, and stability of the oxygenated form. This would
enable us to evaluate the role these residues play in defining the
physiological function of myoglobin. |

Unfortunately, nobody has, as yet, been able to specifically
modify either of the histidine residues in the vicinity of the
heme in myoglobin. The difficulty of this approach probably stems
from the fact that the reagents developed so far are not specific
enough for histidine; that is, strictly controlled conditions are.
required to limit the reaction of the reagent to histidine residues
only. This is the case, for example, with photochemical oxidgtion
in the presence of methylene blue (63), or with aryl halides, such
as 1-fluoro-2,4-dinitrobenzene (62). These methods could result in
the modification of not only histidine, but also other amino acid
residueé'like cysteine, methionine, tryptophan, lysine, tyrosihe
and so on. On thé other hand, Gurd and his coworkers have shown that
the reactivity of certain alkylating agents, such as bromoacetate
and iodoacetamide, can be limited solely to histidine residues’in
myoglobin under properly controlled conditions (163 and references
therein). However, they succeéded in modifying histidine E7 only
when the exhaustive alkylation had caused the denaturation of the
myoglobin while histidine F8 was not attacke& at all (162). Thus it
appears that in native myoglobin these histidine reéidues are.
sterically inaccesible to the a}kylating agents or are resistant to
attack because of their interaction with the heme group.

Based on the results obtained with catalase it was felt that

cyanogen bromide could be a reagent of sufficient specificity, since
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its reaétion appears to depend on specific interaction with the
prosthetic group. Therefore, it was hoped'fhat in this manner the
reagent would react, in the vicinity of the.heme, with an amino acid
residue which plays a role in‘the function of myoglobin.

The discovery of a specific inhibition of catalase led to enquiries
on the susceptibility of other hemoproteins towards cyancgen bronide}
A number of considerations led to the selection of myoglobin as the
second hemoprotein whose interaction with cyanogen bromide has been
examined. The first consideration was the ready availability of
purified myoglobin that permitted experiments which‘could not be
carried out with catalase. Secondly, the knoﬁn structure of myoglobin
would permit the interpretation of results in terms of basic chemistry
more readily‘even if thg direct demonstration of the modificatiom,
such as isolation of the modified residue, were not possible. In
comparison with the catalase-BrCN system the investigation of the
metmyoglobin-BrCN interaction appeared simpler because the numbgt of
potentially reactive groups is greatly reduced in myoglobin (molecular
weight 17,800 compared,to‘250,000); furthermore, metmyoglobin
‘contains no cysteine residues and thus one Qf the difficulties
encountered with catalase is eliminated. On the other hand, the
effect of BrCN-modification on the functicﬁ of metmyoglobin could not-
be as readil} assessed as in the case of catalasé, mainly because of
the instability of the modified metmyoglobin derivativéA(see page 95 ).
This finding makes the system unsultable for analytical work
involving any but relatively fast techniques and thus precludes

attempts to isolate the modified residue. In this respect, it is
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significant that crystalline metmyoglobin is modified by BxCN
without disrupting the crystal lattice and thus crystallographic
analysis is poséible.

The experimental eQidence obtained in this study, #s it will be
described, suggesﬁs that the mcdification of.metmyogiobin involves
reaction of BrCN with the distal histidine residue. However, the |
instability of the modified derivative prevented tﬁe direct
demonstration of the histidine modification. 1In addition, the
available instrumentation was not suitable to examine the physiological

function of the modified derivative, as it was outlined in the

introduction.

Preparation of metmyoglobin solutions

Sperm whale metmyoglobin (MMb) used in this wbrk was oﬁtained from
Mann as twice crystallized, salt-free, lyophilized powder.' The stock
solutions, of concentrations around 2 mM, were prepared in glass
distilled water and following centrifugation of any insoluble material,
the solutions were assayed by the hemochromogen method (see page 27)*.

The results obtained were in excellent agreement with calculations
based on molar extinction coefiiclents, using €409 = 169 x 103 Mfl

- - - -1 -
cm l, €504 ° 9,05 x 103 M } em 1, and egqq @ 3.65 x 1038t e 1 (144).

No attempts were made to remove possible protein contaminants by

further purification, mainly because preliminary experiments showed

*
The hemochromogen of myoglobin has an absorption spectrum identical to
that of catalase (see Fig. 6), except that the slight shoulder in the
600 to 650 mu reglon is not present in the case of myoglobin.
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that the reaction of BrCN with metmyoglobin can be almost quantitatively
accounted for on the basis of intact hematin-Fe present, Thus, neither
the main bulk of apomyoglobin nor the possible protein contaminants

react with BrCN under the conditions used to characterize the BrCN-

modification process.

Reaction of metmyoglobin with cyanogen bromide,

Rate of reaction. The reaction of metmyoglobin with cyanogen bromide

was monitored spectrophotometrically at 410 mu, taking advantage of
the difference between the absorption spectra of native and BrCN-

modified metmyoglobins (see Figs, 30 and 31). The reaction is
1

characterized by a second order rate constant of 31.5 Yoo sec-l;
in 0.1 M phosphate, pH 7, 25°; this average value includes a large
number of determinations (about 35) under a wide variety of
conditions. In one set of experiments‘excess metmyoglobin, 5 to 10
fold more than BrCN was used, while in & number of others the
concentrations of BrCN exceeded those'of metmyoglobin by a factor of
10 to 100, In a few experiments equimolar amounts of BrCN and
metmyoglobin were allowed to react. Since all the rate constants
obtained under these widely varying conditions came nearly to same
value, it is evident that the rate of the modification reacticn
depends on the concentrations of both metmyoglobin and BxCN. In

addii.on, under the conditions used no intermediate could be

_ detected by the spectrophotometric method utilized.
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The pH-dependence of the reaction rate. These experiments were

carried out to see if an ionizable group, whose pK falls within the
pH range investigated, is involved in the modification reaction.

The rate of the metmyoglobin-BrCN was measured under the cohditions
indicated in Fig. 27 by following thé formation of the modified
protein spectrophotometrically. The results of the rate mea;urements
in the pH range of 4.5 to 9.2 are given in Fig. 27; although there
are significant variatioms, especially in the pH region of 4.5 to 6.5,
there 1s no definite trend evident that would indicate the involvement

of an lonizable group in the reaction. This leaves three possible.

explanations:

a) the state of ionization of the group does not change in
the pH range studied;

b) a non-ionizable group is involved

¢) the protonvexchange does not take place in the rate
determining step.

It will be shown in Chapter VI (see page 99) that the last
glternative is the most likely one, mainly because the modification
of a histidine residue is strongly suggested by experimental
evidence to be presented in a subsequent section of this Chapter.
However, the discussion leading to the selection of the third
alternative will be given in Chapter VI to provide an egplanation

for similar observations in the catalase-BrCN system,
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Stcichiometry of the BrCN-metmyoglcbin reaction. The experimenté
described here were undertaken to show how many ﬁrcﬁ molecules are
required to modify one metmyoglobin molecule. The experiments

were carried cut under the conditions given in Tsble XXXV, by
folléwing the fcrmatlion of the modified metmyoglobin spectrophoto-
metrically at 540 mu. This wavelength was selected to obtain a large
absorbance change to monitor the rezztion; on the other hand, lcwer
Wavelengths c¢oald not be used beczuse of the high abscrbance of the
protein (for spectre, see Fig. 31).

In the experiments outlined in Table XXXV, less than stoichiometric
amounts of BrCN ([MMb]/[BxCN] ratio ranged from ~4 to ~10) were.
added to the metmyoglobin s=lucions. In this manner the modification
reaction was fast, t-1/2 = 1 min, ccmpared to the regeneration
process, t-1/2 = nl hour. The zegeneration was partly or wholly
completed before the next addition of BxCN, This is indicatad by the
figures in the third column of Table XXXV,when the value under "Free"
[MMb] is smaller than the corresponding one under Total [MMb], then
the regeneration was not complete. As the resulis indicate the
modified metmyoglobin present did noc influence the stoichiometry ofj
the reaction cf the remaining metmyoglobin,

The expected absorbance changes were calculated on the basis of

the added BrCN by assuming that all the BrCN reacted to give

3 -1

modified metmyoglobin, and by using a value of 3.95 x 10 M-l cm
for A5540' The values listed in the lzst column indicate the number
of moles BrCN-modified metmyoglobin formed per mole of BrCN added;

they were calculated as indicated by the expression at top of the column,
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The good correqundance between the smount of BrCN added and
the amounts BrCN-metmyoglobin formed, as shown in Table XXXV, clearly
indicate that the modification of metmyoglobin by BrCN is the
result of a specific reaction between the resgent and a certﬁin locus
of the hemoprotein molecule, Unde: favsrable conditionms, ;s in
Exp., 2 in Tabie XXXV, not mcre than 10% of the reagent is used up in

unspecific side-reaction(s).

g -emoval £rom lehcn_metmygg]ghin. The aim of the experiments-

detailed in this section was tc show which parct, heme or protein, of
the metmyoglobin molecule is modified by BxCN. The experimental |
approach utilized the established procedure sf Teale (128), and a
recently modified version of it (145), to separatquhe heﬁé and
apoprotein parts of the metm&ogiobin molecule. .Z-butanona was used
tc extract heme moiety from the acid danitured metmyoglcbin.
BrlACN—metmyoglobin was prepared by the addition of equimolar
amounts of BrlacN to meémyoglobin {cwacentrations ranged from 390
to 560 yM) in 0.1 M phosphate, pH 7, 25°. Under these conditions
the half time of the reaction is 1 tz 1.5 minﬁtas. Nine to 16
mi;utes after the Br14CN addicion)aliquots were removed and treated
in the rfollowing manner (refer to TABLE XXXVI): >n Exp. 1, cold
' glaes distilled water was added tc the first aliquot and then the pH
was lowered to 1.8 by adding a fredetarmined amount of cincentrated
HCl; in all sther czses the prcper volumss.cf cold 1.0 M fluoride,

pH v5,2 and cold glass distilied wste: werze added to the aliquots to

obtain the fluoride concentratizas indicated in Tsble XXXVI (final
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fluoride concentrations after the additioﬂ of 2-butane). The ﬁhird

and fourth columns iﬁ Table XXXVI indicate the amounts of metmyoglobin
and radioactivity present in the aliquots. The ad&ition of fluoride
 was quickly followed by the addition of equal voliume of cold 2-butancne.
The solution was mixed by inversion for 30 sec and then the phases

were allowed to separate (2-3 minutes). The aqueous and organic phases
were removed into separate tubes and the radioactivity was determined
in both by liquid scintillation counting. Thg results of these
determinatione are also given in Table XXXVI.

The data obtained clearly indicates that the major portion of the
label remains associated with the protein portion of Br14CN—
metmyoglobin after the removal of heme. Under the more acidic
conditions, at pH 1.8, the hydrolysis of BriACN-metm&oglobin is
‘faster (see page 97), resulting in the release of more 140. If it
"'{s assumed that H014CN is released.as the result of the acid
hydrolysis (as it will be shown later, see page 97), then the
uncharged cyanic acid;molecule (pKa of cyanic acid is &3.5) will
probably be éoluble to a certain extent in the organic phase. Thus,
more radioactivity appears in the grganic phase in comparison with
the results obtained at the higher pH value.

The difference observed between the two sets of results
obtained at 0.1 and 0.25 M fluoride concentrations could be taken as.
an indication that the reversion of BrCN;ﬁetmyoglobin (to the natlve
protein) by hydrolysis is achieved by the #ttack of a water molecule.
that is activated by its coordinstion to the hematin-Fe. In this

manner at the higher concentration of fluoride the release of 14C by
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hydrolysis is slower, because the removal of the heme is probably
faster in the presence of the higher concentfation of fluoride (145),
and therefore a smaller amount of the label could appear invthe
organic phase. |

From the results obtained in these experiments it is evident
that the 14C of the Br14CN used to modify metmyoglobin is associated
with the protein portion of molecule. It appears very unlikely that
the label could F2 transferred almost guantitatively to the protein

14

portion during the separation procedure if the ~'C was associated

with the heme initially.

Release of bromide during the modification of metmyoglobin by BrCN.'

It was also of interest to determine what happens to the bromine
portion of the BrCN molecule during the modification. If the bromine -
were retained in BrCN-metmyoglobin; then additibn to a double
bond or the formation of an internal salt could be envisaged. On the
other hand, the release of bromide ion durihg the modification would
_1ndicate a substitution reaction, that would probably be accompanied
by the reiéase of a protonm.

The experiments were garried out by measuring the potential
changes that occurred when standardized émmonium bromide was
added to the solution. An Orion bromide electrode was utilized,
the reference electrode being a radiometer saturated calqmel one.
The sensitivity of the recorder was set at 5 mV per hundred divisions.
In Exp. 1 (see Table XXXVII) the indicated amounts of ammonium bromide

were added to the metmyoglobin solution and the recorder deflections
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obtained are given in Table XXXVII. In Exp's. 2 an& 3 the indicated
amount of BrCN was added to fhe same metmycglobin solutioﬁ between
additions of ammonium bromide. The changé in potential was

followed for about 15 minutes after the BxCN addition (under the
conditions used t-1/2 of the MMb-BxCN reaction is about 2 minutes),
before the next addition of ammonium bromide was made. In the
calculation of bromide concentrations it was assumed that the BrCN
added was quantitatively converted to bromide as the result of the
modification of metmyoglobin by the reagent (see Table XXXVII).

The data listed in Table XXXVII were plotted in Fig. 28. The
straight lines obtained in all three experiments show that there is
a fairly good relationship between the logaxrithm of bromide ion
concentrations and the observed potential changes. Furthermore,
the linear reiationship also indicates that the assumption made in
the calculation of bromide concentrations in Exp's. 2 and 3 was
correct; that Is, in the course of the MMb-BxzCN reaction bromide ion
ig liberated from BrCN in quantitatiQe amounts. This finding
suggests, as it was indicated above, that the modification of
metmyoglobin by BrCN should be accompanied by the liberation of:
hydrogen ion. - '

Before gsing on to the next topic it has to be mentioned here
that a rough estimate of the rate of bromide isn liberation was
made. (More reliable data could not be sbtained because of

technical difficulties). The second order rate constant for the

1

1iberation of bromide ion was.found to be 37 tg M-1 sec — which is

in reasonable zgrecment with the rate constant for BzCN-metmyoglobin

formation (see page83).
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TABLE XXXV III

Proton Release in the BrCN-Metmyoglobin Reaction

| | +
Exp. No.  [MMb], uM [BrCN], uM (B ]//[BrCN-MMb]“ pH Range Used

1 935 950 0.78 6.94 - 6.68
2 970 197 1.01  6.93 - 6.85
n ~770 195 1.06 6.85 - 6.76
3 980 203 | 1.02 6.93 - 6.85
"o n780 205 . L.04 6.85 - 6.77

0.05 M KC1, 25°,

Changes in [H+] were calcqlated_by using calibration data obtained
with standardized HCl and NaOH solutions in a similar MMb solution,

3 Amount of BrCN-MMb formed was assumed to correspond to the amount

of BrCN added.



Proton release in the~BrCN-metmxgglobin reaction. The results

obtained in the previous section indicated the possibility that
hydrogen ion could be liberated in the metmyoglobin-BrCN
reaction. Thé experiments described here were attempted tc examine
this aspect of metmyoglobin modification by BrCN.

| The modification of metmyoglobin by BrCN was carried out under
the conditions indicated in Table XXXVIII and the pH changes were
monitored by using a recorder. The pH changes were calibréted by
standardization with dilute HCl and NaOH in similar metmybglobin
solutioﬁs over the entire pH range utilized. In Exp. 1 (see Table
XXXVIII) the endpoint of the reaction could not be determined with
reasonable confidence because of the continueq,but slower protbn
liberation thch must be associated with the regeneration proceés.
The conditions used~in Exp's 2 and 3 appeared to be much better in
this respect; in»these experiments two portions of BrCN were added,
the second one after the first reéction ﬁas compléted (8 5'10
minutes after the first addition). The ratio [ﬁ+] released/[BzCN-MMb]
formed was calculated by assuming that allAthe,metmyoglobin was
converted to BrCN—metmfbglobin, or all the BrCN feacted to gi#e
modified matmyoglobin, whichever the case was.

The results clearly indicate that one hydrogen ion is liberated

for each metmyoglobin modified by BrCN. This suggeats that the

modification reaction could take place in the following manner:

_XH + BrCN—) -X-CN + Br~ + H



where -XH 1s a protein functional group and could very wéll Se the
imidazole group of a histidine residue.

The reliability of rate measurements was also ﬁoor in this
case; the rate constant for the liberation of hydrogen ion was
found to be 30 £ 6 m~L sec”! in reasonable agreement with that

obtained for the formation of the modified derivative.

Properties of native and BrCN-modified metmyoglobins

Sedimentation constant and circular dichroism. The measurement of

some physical properties of native and modified metmyoglobins was
carried out to determine if the modification by BrCN is accompaniea
by changes in the structure of the protein. Since these measurements
take a relatively long time, 1 to 2 hours, special precautions were
‘observed to ensure that the hetmyoglobin was in its BrCN;modified
form while the measurements were taken. This was achieved by the
addition of at least 10-fold excess of BrCN to obtain tﬁe modified
metmyoglobin; under these conditions, reversion of BrCN-
metmyoglobin does not occur for several hours. This was verified by
looking at the absorption spectra of the BrCN;metmyoglobin solutions.
after the completion of the ultracentrifuge and CD experiments
(about 3 hours after BrCN addition). The absorbance readings taken
in the Soret region indicated that not less than 95% of metmyoglobin
present was in its modified form at the time of the absorbance
measurements. |

For the ultracentrifuge run, BrCN-metmyoglobin was prepared by

adding 1.78 mM BxCN (in acetonitrile) to 175 uM metmyoglobin in 0.1 M

-91-
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| Figure 31. Visible absorption spectra of native (a) and BrCN-

modified (b) metmyoglobin. 0.1 M phosphate, pH 7.0, 25°,
69 uM MMb and 570 uM BrCN.



TABLE XXXIX:

Sedimentation Constant of Native and

BrCN-Modified Metmyoglobin

e e e g e B

MMb Preparation 820’W x 1077, sec. SZO, wX 1077, sec.
Native ©1.68 1.76
BrCN-modified 1.69 . L7

Double sector cell, 60,000 r.p.m., 20.0 ¥ 0,1°,

175 WM or 0.314% MMb, 0.09 M phosphate, pH 7.0, ~1.8%
acetonitrile v/v.-

Sedimentation run was performed within three hours of the |

addition of 1.78 mM BrCN‘to obtain the BrCN—dérivative.‘



phosphate, pH 7, 25°; the same volume of acetonitrile was .added to the
native metmyoglobin solution. These two solutions were run in the
ultracentrifuge, and the results are given in Table XXXIX.

The identical sedimentation constants of mnative and BrCN»modified
metmyoglobins suggest that gross gtructural changes do not accompany

the modification of metmyoglobin by BrCN.

For the circular dichroism measurements, BrCN metmyogloﬁin was
prepared by adding 250 uM BrxCN to 9 uM metmyoglobin in 0.1 M phosphate,
pH 7, 25°; the same metmyoglobin solutionm, without the addition of
BrCN, was used as the native sample. _The ultraviolet CD spectra of
the two samples, shown in Fig. 29, do not indicate significant.
changes in the conformation of the polypeptide chain as the result of

the BrCN-modification.

Absorption spectra. The ultraviolet, Soret and visible absorption

spectra of native and BrCN-modified metmyoglobins are shown in
Figs. 30 and 31. Undgr the conditions specified, metmyoglobin was
stable in its BrCN-modified form during the time period required to

obtain the spectra (10 - 15 min).

The spectra of the modified derivative are significantly different
from those of the native protein, but do not indicate gross structural
rearrangements. (See results in the previous section, and spectral
properties of regenerated MMb, page 95 ). In the ultraviolet, the
increase in extinctions could partly bg contributed by the modified
residue in addition to differences in hemin transitioms. The latter

are cerfainly affected as shown by the substantial changes in the
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Soret and visible regions. At this stage, an interpretation of fhe
spectroscopic features cannot be attempted, save by safihg that the
environment‘of the prosthetic group must be altered. In the simplest
~ terms, this is taken to mean that modification of apoprotein occurred
near the fifﬁh or sixth coordination position; as a consequence, a

change in hemin conformation would not be surprising.

Reduction of BrCN-metmyoglobin. In order to pinpoint the site of
modification more accurately in the vicinity of.heme, an experimental
approach was adopted that utilized the reduciﬁility of Fe (iII) of
metmyoglobin to the ferrous st;te. Let us also recall that in the
absence of "m-ligands" such as CO, 0,, NO, CN~, the sixth

coordination position is not occupied in ferromyoglobin (146), as 1s

shown by the following scheme.

Ligand at the sixth
coordination position

| | ou

H \ - FeIII - 0 2 RN /
. | Ny .
"F8" IIE7I!
Proximal group : Distal group
Ferrimyogliobin
Reduction
I,
- F|‘|e + HZO
"F8"' "E7"
Ferromyoglobin
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Figure 32. Visible absorption spectra of native and BrCN-
modified metmyoglobin and their reduced derivatives. Curve A:
native metmyoglobin; Curve B: native myoglobin; Curve C: BrCN-
metmyoglobin; Curve D: BrCN-myoglobin. 0.1 M phosphate, pH
7.0, 25°, 69 uM (met)myoglobin, 570 uM BrCN. Reduction
was achieved by adding minimal amounts of solid Na28204.



In addition, it has been shown that the reduction of metmyoglobin to
the ferrous states does not cause any conforﬁational changes (146);
that is, the structural relationship between heme and apoprotein is
the same in both forms of the protein except no water 1 coordinated
to the heme in myoglobin, as is ind;cated abqye. Thug, it would be
expected that the propertiés of myoglobin, for instance ité
absorption spectrum, should be identical for both the native and BrCN-
modified molecules if the distal histidine residue 1s altered by its
. reaction with BrxCN. Indeed, this is what has been found; the visible
absorption spectra of the reduced fotms of native and BrCN—modiﬁied
metmyoglobin are almost identical, as they are shown in Fig. 32,
However, it was essential to show that upon reduction, the
modification is not reversed, if any credence was to be given t§
the above claim, The following experiment‘provided such evidence.
First of all, BrCN-modified metmyoglobin, obtained by mixing 480 uM
MMb and 455 uM in 0.1 M phosphate, pH 7 aﬁ 25°, was reduced with a
minimum amount of sodium dithionite (Nazszda). As expected, the
absorbance decreased when the reaction was observed at 525 mii. Now;
providing that the modification is not reversed after reduction of
the prosthetic group, the recxidition of the ferroprotoporphyrin
should give a corresponding increase in A525' On ;he other hand, if
on reduction the modification were‘reversed, then oxidation should
not cause any spectroscopic change - since 525 my is an isosbestic

point for metmyoglobin and ferromyoglobin,
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Figure 33. Visible absorption spectra of native metmyoglobin
(A), BrCN-metmyoglobin (B) and regenerated metmyoglobin (C).
Spectrum B was obtained 20 minutes and Spectrum C 8 hours
after the addition of BrCN. 0.1 M phosphate, pH 7.0, 25°,
260 uM MMb and 260 uM BrCN. '



TABLE XL

Molar Extinction Coefficients of Native and Regenerated
Metmyoglobins in the Soret and Visible Regions

Wavelength » Nacive MMb | - Regenerated MMb
my  x1073 s M tegt ex10”3 , M ten™?
642 3.29 3.26
633 3.62 3.58
625 ' 6.25 6.23
600 . 2,92 | 3.06
575 2,99 3.23
550 4.64 ~ 4,93
540‘ ' 5.78 . 5.98
506 9.05. 9.12
460 6.72 | 6.75
420 77.5 ' 77.0
409 167 168
390 108 _ - 107
370 40.2 , : 39.2
350 28.8 28.4

0.1 M phosphate, pH 7, 25,



About 10 minutes after reduction, the reoxidation wés achievgd by
adding about 2-£51d excess (over tﬁe total myoglobin hematin-Fe)
ferricyanide, and as the result, thg absorbance at 525 my increased to
nearly the same initial value (the slight difference was due to
regeneration). These findings clearly ;ndicate that modification
involves a group located on the diétal gside of the heme. The fact
that the modified group is the distal histidine can be deduced from
the observation that'no structural changeskoccur within and around
_ the heme group when metmyoglobin is reduced, except the water 1is
lost from the distal side of the heme (see page 94). In simple
terms, the only amino acid residue, whose interaction with the
prosthetic group.is altered in the ferric and ferrous forms of
myoglob{nkfg;ghe distal histidine and the modification of quch
residue is required to explain the above observed spectroscopic

characteristics of native and BrCN-modified metmyoglobins and their

reduced derivatives.

Regeneration of "native-metmyoglobin" from BrCN-metmyoglobin

As was mentioned previously, BrCN-metmyoglobin, qbtained by uéing
equimolar amounts of BrCN and protein, reverts relatively rapidly to
a form that is spectroscopically almost identical to native
metmyoglobin., Fig. 33 shows the absorption spectra of native, BrCN-
modified and regenerated metmyoglobins in the visible region. The
difference between the absorption-spebtra of native and regenerated
metmyoglobiﬁs is the greatest in the 570 to 600‘mﬁ region, at lower

wavelengths the difference diminishes again (see Table XL), and the two
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Figure 34, Effect of pH on the rate of regeneration of BrCN-
metmyoglobin. Data from Table XL.



TABLE XLI

Effect of pH on the Rate of Regeneration of - -~ .

Metmyoglobin from BrCN-Metmyoglobin

No. of

pH Buffer Determinations k x 103,'miﬁ.+}:é;;l"' .
4.5 Pivalate 4 87.6 »3,,‘.:”“*'-~"' '

4.8 - - 1 39.0 N

5.2 —n 3 g

5.5 e 1 18;6;?]

5.8 - e 2 | 6

5.8 Phosphate 2 o 10;5 :

6.5 - 2 89

720 =T 6 1030

7.5 e M e 2 13,6

s e :. ins

8.0 — e 2 9.8

8.0 Borate 2 32.4

8.3 - " L 43.5

8.6 - " 4 75.6

8.9 - - 1 104

- 0.1 M buffers, 25°, 3.8 uM MMb.



spectra are almost identical in the Soret region as indicated by the
molar extinction coefficients listed in Table XL.

The similarity of regenerated metmyoglobin to the native protein
was also shown by experiments in which the inhibition-regeneration
cycle was repeated up to four times using the séme protein solution
(in 0.1 M phosphate, pH 7, at 25°). The rate constant for the
inhibition reaction became slightly lower after the sécénd or third

1

cycle, but they were all within the range of 30 t 3yl gect (see

page 83). The rate constant for the regeneration process was the
same in all cases, 10 t, x‘lo-3 min-1 (for comparison see Table XLI).
" The visible ébsorption spectra of the metmyoglobin solution did not
show significant differences after successive regenerations, except
_the slight differences observed in the 570 to 600 mu region.

The rafes of metmyoglobin regeneration were determined using
preformed "modified" protein, which was prepared by mixing equimolar
amounts of the protein and the reagent (~v250 uM each). Fifteen
minutes after initiation of MMb modification (i.e. when &QOZ of the
reaction had taken blace), aliquots of modified protein were dilﬁted
in appropriate bufiers and the rate of regeneration, cheracterized by
absorbance increase at 410 mp, was determined at 25°. The results,
given in Table XLI and Fig. 34, establish acceleration of activation
reaction under acidic, of basic conditions - a property which is most
readily reconciled with the behaviour expected for N-cyanomidazole.
The latter compound hydrolyses in alkaline solution, the second order
byt min™t 40);

constant being approximately, k = 1.3 (t .1 x 10" M
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tnis compares with 1.l x 104 M-l min_l for the solvolysis of cyanated

metmyoglobin. Equally, in neutral media, the relative rate constants

n
are kMMbm'CN'/kN-CN imidazole - 0.7. But, under acidic conditions, the

analogies break down, possibly due to the formation of N-carbamyl

. {midazole which seems to be formed preferentially in the model system

(49).

Acid hydrolysis of BrlacN-metmyoglobin. In an attempt tolestablish
the nature of product released when BrCN-metmyoglobin is regenerated

14

" the experiments that were performed with Br CN catalase were repeated

here using Br14CN-metmyoglobin.

The apparatus utilized here was the same that was described in
connection with the catalase experiments (see page 69). 490 uM metmyo-
globin was in one of the vgssela and 0.1 M NaOH in the other., Less
than stoichiometric amount of BrCN (412 or 470 uM) was added to the
protein solution; after mixing a gample was removed to estimate the.
amount of thelradioactiVity present. About 10 minutes after the
addition of BrIACN, a predetermined volume bf'concentrated HC1 was
added to the protein solution to lower the pH to &1.2; the apparatus
was closed and the solutions were incubated for 18 hours at room
temperature. After the incubation, the radioactivify was estimated
in. both solutions, and then barium chloxide was adéed to the NaOH
gsolution (final [BaClZ] = &0.62M). After the precipitate'settled out,
the radioactivity present in the supernatant was determined. The

results of these experiments are given in Table XLII.



The experimental evidence obriined in these experiments suggests,
as in the case cf catalase (see page 69), that the modified residue
is hydrolyzed under acidic conditions and H014CN is released, 1In a>
subsequent reaction, cyanic acid is hydrolyzed to carbon dioxide and
ammonia and the resultant 14CO2 is trépped in the NaOH solution, as
it 1s indicated by its precipitation by BaCl,.

14c from Brlacu-

It has to be menticned here that the release of
metmycglobin under acidic cendicions is another pilece of evidencé
 that implicates histidine as the site modification. It was pointed
out earlier that on the distal side of the heme in metmyogiobin only

a histidine (E7) and a threonine (C4) :zould be cocnsidered as the:

14C under acidie

sites of modification (eze page 75). The release of
conditions eliminates threonine s the site of modification, becauée
it has been shown that alkyl cyanates, R-O-CN add wacer to form
carbamates, R-CO-NHZ, which are resiscant to further hydrolytic attack
even in concentrated HC1 (168). Thus, the modiiication of the distal

histidine residue by BrCN 1s indicated again.
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* CHAPTER VI
Conclusions

"Activation of cyanogen bromide

It is only seldom that a high specificity can be achieved in
chemical modification of proteins. Whenever it is achieved, the
inhibitor, almost invariably, has some structural features’which
typify the substrate; hence the basis of a modern approach to
cheﬁotherapy.‘

Another interpretation of the specific protein modification
rests on a premise that éome amino acid functional group exhibit
an unusual reactivity - but the referencaz standard for the 'unusual'
has only too wide a latitude. ngerally, it is taken to mean:
greater reactivity relative to other, chgmicallymidentical,vréqidueg
withiﬁ the same protein matrix; but whetﬁer this represents 'masked’
reactivity of other gréups or expresses a coincidental binding of a
modifier near the potentially reactive site is, more often than not,.

a matter of semantics. The situation is rather different when it

can be shown that the group undergoing modificétibn plays an essential
catalytic role. For then, if becomes possible that its reactivity 1is

a reflection of a unique structural constellation - the active site -
whose eluciéation is one of the prime aims in enzymology.

The reaction of 3-amino-l,2,4-triazole with catalase compound I
(93) (see p. 13) was conceived in these terms; and it implied the
formation of a uniquely reactive histidine (HIS-74) following interaction
of catalase and hydrsgen peroxide (97). The functional significance of
such an activétion to the catalatic process were not defined, but the

suggested susceptibility of HIS-74 to nucleophilic attack by amino
-99-



triazole has important_consequences; It can mean - bﬁt-was not
gtated in these terms - that fdrmation of compound I ié attended by
oxidation of an imid#zole group whose reduction can be achieved
elther peroxidatically (with e.g. ethanol), catalatically (with uzoz)
or irreversibly (wich aminotriazole).

An opposite interpretation (p.14) is té invoke oxidation of‘
amino-triazole giving an electrophilic reagent which then rapidly
combines with a distal histidine. In this‘sensé, it is an example -
of a 'cage effect' so frequently encountered in free :adicalychemistty.
A similar argument holds for cyanogen bromide - catalase reaction;
it will be given presently. But, first of all, note that the inhibited
catalases have almost identical physico-chemical propertles
irrespective of their mode of formation - Via BrCN reaction (in the
absence of H202) or in the aminotriazole - compound I system.

| Both reactions entail the modification of a single group; both
derivatives have similar spectra; both show the same response,. Or
lack of it, towards various potential catalase ligands. Given these
similarities, it seemed likely that elther reaction 1s centered at
the same locus. However, in the cyanogen bromide pathway, there is
no apparent reason to postulate activation of histidine, No compound I
is present; nor 1s the derivative reducible. Thus to explain the
highly localized action of BrCN one is led to consider the

possibility of its activation.

Polarization of cyanogen bromide

Binding of”BrCN to hemin, or more specifically, interaction of
bromine end of the molecule with a positively charged metal ion (Fe+)

should resuit in a distortion of the electromlc distribution of



cyanogen bromide. Numerous examples come to mind tobillustrate this
principle, for instance : ferric ﬁhloride catélyzes the aromatic
iodination by ICl (149); carbonium ions can be generatéd from alkyl
halides in the'presence.of silver salts (150); compounds contalning
an active methylene group react with ﬁentacyanonitrosyl ferrate (II)
to give oximes (151) and activation of acyl halides by Lewis acids
is an integral part of Friedel-Crafts acylation. A typical Friedel-
Crafts catalyst, AlCl3, cgn‘be uae& also to actlvate c&anogen
chloride which then reacts with benzene to form benzonitrile (152):
CN

| QO ]

ClEN + Alcl, — l;.lcf,; cn*':l —_— O + HCL + AlCL,

ion pair?

The type of bonding the ligand (BrCN) and the Lewis acld catalyst
“(ferriprotoporphyrin) is more difficult to specify. The extent of
o - type coordinate bond formation will depend on the differences in
the electrongativity of the bonded molecules. In addition, there is a
possibility of n -bonding. Here, in contr#st to ¢ - type bond, the
effect on ligand polarization is less predictable. If it involves.
considerable electron donation form (filled)d;z, dxy or dyz orbitals
of the metal to (empty) molecular crbitals of the ligand, some
depolarization of the ligand will take place. In é case of strong
overlap, the potential electrophile would be actually stabilized.
relative to its reactivity in a free state, or even reduced by electron
transfer from the metal ion. Of course, m - bonding does not operate
necessarily in opposition to ¢ -type polarization; it can in fact
reinforce it if p-electrons of the ligands were to be shared with
suitable empty orbitals of the metal ion. Therein must lie, at least,

partial answers to the hemoproteins versatility and here we look for
-101-



the extraordinary specificity of cyanogen bromide reaction. Ih short,
it will be assumed that reaction involves binding of cyanogen bromide |
to ferriprotoporphyrin, . probably necessitating displacement of the
sixth coordination ligand present in the 'native complex'. 1In this
configuration, ifonization of BrCN is induced, giving CN+ which then |

combines rapidly with an adjacent nucleophile, hopefully, a histidine

residue:
— ]
n ’,YH slow?
Pr - Fe - Y + BrCN ==|Pr - F¢  XH |~ |Pr - Fe - BrCN
A Y
, " e |  Brow |
xin -_'.. - .

slow? _ fast .
—>|Pr-Fe-Br...ON Xa|— Pr-Fe-B xN + H'

."—"gr-re-m XCN + Br

No build up of the enzyme-cyanogen bromide compléx must occur;
otherwise, the kinetics would lose their bimolecular character.
And to account for pH-invariance of inactrivacion, it:becomes essential
to postulate that generation of CN+ takes piace in a_rate;limiting
step, but whether this represents ligand interchange or a scission of
BrCN bond remains ﬁnknown. The latter ié,perhaps not an only factor

because if this were so, then both metmyoglobin and_catalase

reactions would occur at identical rates. The cbserved some four-fold

difference (Table XV, and page 83)in the 'inactivation rate constants'
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418 indeed small and could well indicate differences in the extent of
0 - or m - type polarization, |

The lack of pH dependence observed in both metmyoglobin and
catalase inactivations is now a necessary corollary, It is analogous
to the rate-detefmining formation of nitronium ion, or bromoniﬁm ion,
in nitrations, or bromination of some homocyclic compounds (153).
Similér observations hold for hetero&romatic systems, in the case of ‘
diazocoupling of indole and imidazole (154,155). All these cases
ghare a common feature, which can be summarized according to Eq. 11,

. fast
yex+zt — (-1t

slow
Eq., 11.
izy -x37t — v+ x \

_ fast fast
xt+ar — [xag)t — x+u"
where Y - X is an electrophile
z¥ an activating species (e.g. H36+)'

and AH a reactive acceptor molecule.

Only when the rate of X+ generation is greater than its combination
with AH can we expect‘dependeﬁce on the concentration of the acceptor.
Referring to the cyanation rea;tion, this means that the rate of CN+
fdrmétion must be smaller than the rate of combination with the
'imidazole' nucleus. No matter how small, or how large, the effective
concenﬁration of the acceptor, this will not be observable-in the
kinetic analysis unless the rate of 'CN' dissipation were to become

limiting.
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Regarding the relative stability of 'cyanated' metmyoglobin

and catalase, even more speculative remarks can be offered.

Stability of the modified derivatives#

Three concepts could be developed in attempting to give some
explanation of the ﬁarked differences in the stabilities of
metmyoglobin and catalase derivatives. The first, rather obvious,
would require that modification does not involve the same functional
groups.  Examination of the crystal structure of metmyoglobin does
not provide a ready alternative to histidine. With catalase, the
situation is more complex bet since Agrawal and Margoliash (97)
found some 707 of trapped aminotriazoie within a single peptide -
and identified the locus of reaction to be histidine - it is difficult
to reconcile this reeulp;withﬂthe presence ef,eexe;e}%geactive'groups
in the ;distal' caViey. Moreover, assuming that such groups are
present, it would follow that cyanation of any one group gives equal
enzyme inhibition; this requirement is imposed by the relationship
between stoichiometry of cyanatlon and lsss of enzyme activity (p. 64).
Furthermore, such random modificacions wouid have to occur at groups
capable of releasing only a single. proton (tyrosine, serine; threonine-
or cysteine); all would have equal stabilitiles between pH 4 and 9; all
would be labile on enzyme denaturation apd give carbon dioxide in
almost a quantitative_yield. Surely, this is;not'the most attractive
scheme. |

The second possibility is a 'steric' or environmental hypothesis.
It demands a different'accessibility of water to the site of
modification or could be taken to mean that a general acid - nucleophilic

catalysis, necessary for de-cyanation, cannot occur with equal facility
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in thé two cases. Thus, the conjugate base of 1midagole is a poor
leaving group and its expulsion would be aided by a suitable

juxtaposition of a general acid catalyst (HX), for instance - water:

H
Nc - @ IOOOHOOIOO/
§°\i
A possible test of this scheme would be to study reactivation in}DZO.
In the third scheme we would also postulate modification of

the same residue, but in a different chemical constellation, as

would be the case for derivatives such as:

@—-cn,@-g-m&zg_ @-E-NH

The evaluation of these hypotheses is the task for the future,

as 1s the extension of pseudohalogen reactions to other hemoprotein

systems.
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- APPENDIX

*

Calculation of rate constants from kinetic measurements .

1

First order conditions.'
Let us consider the reaction: a + b —s» products.

When b >> a, b is essentlally constant during the reactionm,
and therefore: rate = kl[a], where k' = k[b], and first order

kinetics are observed, that is the system obeys the integrated

a
a-Xx

form of the first order rate law: k't = 2,303 log

a) Graphical method

When there is a difference in absorbances of the reactants
and products, the reaction can be followed spectrophotometrically,
Let us say that the initial absorbance value A° decreases to the
final value of A as the reaction goes to completion, Furthermore,
let us suppose that ¢ 15 the molar extinction coefficient Of one.p
of the reactants and Ac is the change in the molar extinction

coefficient as the result of the reaction. Then

AA HAD_A“ (An"A)s

a Ay A,

axde hee

[

-

At any time t during the reaction the concentration of the
sbsorbing reactant will be a - x, where x is the amount of a

converted to product(s). From the above definitions

Ao = Ar _ (Aq = As)Aq

X =
Ae (Ao - A)e
Substituting for the values of a and x, we get:
a = Ao/E
a-x 52 _ (A° - At)Ao
€ (Ao - A)e

Multiplying both the numerator and the denominator by e(A - 4A)
A
o
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b)

we get

8 . A ~An Ay - A L Ap - As
a-x A=A - (A -A) A -A A -A A -A,

Substituting this into the integrated rate equation we get:

t - AO - A.-n
k't = 2,303 log. __At —y

Rearranging, we have k't = 2,303 log (A, - &) - 2.363 log {A, - As).
In this equation the first term on the right hand side is constant,
therefore 1f we plot log (At -A) agginst,time we should obtain a
straight line. The slope of this line is - 5%%63 , and thus k'

can be conveniently calculated. From the first order rate

constant, k', the second order rate constant can be calculated:
’
ko= X

[b]
t-1/2 method

A much simpler method to calcuylate k' from a kinetic
experimeht. Under the conditions described above t-1/2 is the
time required for the reaction to go 50% completion. From

this value k' can be calculated by using the foliowing equation:

- This equation is derived from cthe intergrated form of the

first order rate law by substituting x = a/2 and t = t-1/2,

~119-



2.

Second order conditiona

If in the reactioﬂ

a+b --k—->produats

the concentrations of a and b are equal or nearly equal, second

order kinetics will be cbserved. For second crder kineticé two

cases have to be discussed; the special case when the concentrations

of a and b are equal,'and the general case when they are different.

The definition of AO, At’ A, ¢, and Ae are as given under first

order conditions.

a)

Special case of second order kinetics
i. Graphical method
When the concentrations of a and b are equal the
integrated second order rate equation takes the

following form:

X

k= G-0

where x denotes the decresse in concentration of both a

and b,
Now, a = éo— , X S Ay = Ay , ¢ = Ay - As (Ag - As)E
€ oe a Ao

' (A At)Aa
= A T o
Then, X (A Y )6

Substituting for a and x, we ,gét

Multiplying both the numerator and the dencminator by the

factor LA—OK:-A@E , we get
o
ake = - A, - Ay) o Ao - Ay

& -A) - (A -h) At - A
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Since Ao - At.' (Ao - Ax) - (At - A)

(Ag = A=) - (A _~As) _ 1, (Ay - A»)

'. A - An
For a we can substitute -DZE——-
1. (A, - A)ae
kt & = = + ==0
a (A -A) (A -A)
Ae
kt = = =+
@& - &)
kt + 1 - 1
Ae ale (At -A)

By plotting —t against t we get a straight line.
) (At - 4A)

The slope of the line will be k/Ac and y intercept 1l/a:Ac,

Therefore k = siope X Ac.

i1, t=-1/2 method
From the t-1/2 the rate ‘constant can be calculated

- by the following equation:

1

k= t-1/2 - a

*
b) General case of ascond order kinetizs
i. Graphical method
In this case & # b, and the integrated form of

the second order rate equation is as follows:

- 2.303 b(a - x)
ke =3-p lcg a(b - x)

Let us define a > b, and n = % or a = nb,
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z 303 _ 2.303 _ 2.303
Then (1) - b nb~-b  b(n-l)

b(a - x) b(nb ~ x) = log = +
(2) log iy =le R oo

+ log (‘2: : :)

(3) (nb-%) = (n-1)b + (b - x)
Substituting (3) into (2) we get

1 fob - x) _ i (-1)b+(b-x)
log " + 1log o - %) log + log L ® = X

(4) log% + log -g-r(l—:-:——:-))- log i +

Letb-Ao-Am and x=Ao-At
Then bfx-Ao-A”-A°+_At-At-A“
Substituting these into (4) we obtain:

(5) log-i- + 1cg[1+-(-]r-:—:-—:—];—)-b-]-log%+

+ log |:1 p o 1) (Ao - 4s)
t (-]

Now substituting expressions (1) and (5) into the

rate equation we obtain:

_ _2.303 1 o la-1) (A - A)
kt = ?E—:—Ijg' log Y + log 1+ At = Ax

2.303
Let A = - 170 and B = (n - 1) (Ao 3 A)
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Then kt = A |log -l]-; + log (1 + r%-x-_-)
. t ®

1 ‘ B
n At A

Substituting C = A log'% we get:

o .
kt = C + A log (HA:'A)

By plotting log (1 +>A E Y )-~against t we get a
t

gtraight line with slope k/A and a 'y' intercept
of C.

Therefore k = Slope-A

ii. t=1/2 method

Let a, b, n, be defined as above. In addition let
us &efine the time periods: ts tys t3s and so 6n‘as

'followé:

t, = first t-1/2, t, = first t-1/2 +.second t-1/2,

ty = first t-1/2 + second t-1/2 + third t-1/2

and so on.
At the end of the time period t, b has decreased to

half of its original value and therefore x will be b/2.
In the second order rate equation:
L 2.303 b(a - x)
kt =31 log a(b - x)
we can substitute in the following manner:

(a~-b) = bn-Db = b(n - 1)
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ba-x) = b -2 = bi(n-1/2)

2
b nb
a(b - x) = mb(b-3) = -

Putting these terms back into the rate equation we get

kt, = L—s_gg——_ 1o bz(n - 1/2) - 2.303 108 .g.E._;L
17b -0 "% T b@-D

2 -

In similar manner equations can be obtained for conditions
prevalling at the end of time periods: t2, t3, t4, and

so on, All these relationships are déscribed by'the following

general equation:

1
_1 . _2.303 ln - 1) +1
k t; Ba-D log .

where 1 = 1, 2, 3, 4, ...., cqr;ggpggg;ng,to.:he .
respective time periods tl’ tz, t3,'t4, cese o

- From the above equation the rate constant can be

easily calculated.

As‘general reference, refer to A, A, Frost and

R, G. Pearson, "Kinetics and Mechanisms",

2nd Edition, John Wiley and Sons, Inc., New York,
1961.

With respect to 2, (b) - General case of second
order kinetics, refer to M. L., Bender,G, R, Schonbaum,
and B.Zerner, J. Am. Chem. Soc., 84, 2562 (1962).
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