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ABSTRACT

_The, reaction of‘human erythrOCyte catalase, with
cyanide and hydroperox1des was 1nvest1gated 1n«h0pes of
Obtaining more information about the actlve s1te of the
enzyme. Stop flow and rapld scannlng technlques,were

C

used_ to study

pound (compound I) of catalase u51ng peracetic ac1d o,

e formation of the primary oxldlzed com-

methyl hydroperox1de and ethyl hydroperox1de as substrates
The pH dependence of the apparent second order rate con-
stants 1nd1cates that the process occurs by reactlon of
catalase Wlth unionized hydroperox1de1nolecules Lhe pH
1ndependent rate constants for the formatlon of compound
I follow a trend of decreasing rate as the size of the
substrate increases. .
_ T
Cyanlde blndlng to catalase was studied u51ng temper-
ature jump and stopped flow technlques. The results are
con51stent w1th a mechanism in which HCN blnds to the
actlve site which’ contalns no groups capable of 1onization
in the pH range of the study. The a55001atlon equlllbrlum
constant was determined from the relaxatlon amplltudes of
the temperature jump experlments and by spectrophotometrlc
titration. | |
The optical absorption and circular dichroic (cD)
spectra of ‘catalase and its cyanide, azide’and fluoride

derivates were also studied. The fractions of the protein

iv
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structure<presentias a-helix,'B‘pleated sheet and undr@éred
structure were ‘estimated from the CD spééﬁrum‘in the far
ultravioiét region. The CD spectra‘also indicate that the
protein.conformétion~doés not.changé appreciably after

cyanide binding. E
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’ CHAPTER I.

INTRODUCTION -

l.1 General Introduction

During@;Qe period of the author's research, focr sep-
arate projects»on the enzyme catalase were completed.. They
are the isolation and purlflcatlon of catalase from human
erythrocyte cells, a study of erythrocyte catalase spcctral
propertles, 1ts reactions w1th hydroperox1des to form com—(
pound I and a study of cyanide blndlng to the enzyme. They
are:organized ihto three chapters in the thesis. Each
chapter is intended to be complete with regard to an in-
troduction, experimental secticn, results,‘and discussion.
In addition there is an appendix on the enzyme csrhoxy—
peptidase A,a zinc conteining hydrolytic enzyrie.

1.2 Historical Background of Cdtalase

Catalases are enzymes that promote the catalatic

reaction:

2H,0, ——— 2H,0 + 0, (1)

They were first reported by Thénard (1) who described the
H,0,-cleaving activity of various tissues in 1819. Loew
(2) introduced the term catalase and Warburg (3)identified

iron as the metal ion of the active group of the enzyme

Catalase was at the centre of intensive discussions
!
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A 4
concerning the action of metals in biological oxidations
in the 1920's and 1930's. Weiland'(4) regarded the func-
tion of redox catalysts to be the activation of substrate
hydrogen, which now finds its expression in our views of
dehydrogenases, and assumed, in-the initial redox reaction,
hydrogen is transferred to Oxygen to form peroxide. The

role of metal ions was to remove the peroxide formed and

the "catalase function" was as shown in equations 2,3:

H202'+ catalyst: ——p O2 + catalyst-2H . (2)
H,0, + catalyst-2H ——u HyO + catalyst (3)
‘Warburg (5) did not belleve that hydrogen peroxide was

formed during blologlcal ox1datlons, but thought thatiron

of the cell activated oxygen to. react directly with sub-

strates, a view consistent with present 1deas on oxygena-

tion mechanlsms (6) Like Wlllstatter, who also doubted
the functlon of iron in g@rox1dases (7), he did not relate

the catalatlc reactions to: the metal content of the enzyme.

. But after Zelle and dellstrom prepared more concentrated

catalase from liver and demonstrated'its hematin nature (8)
analogles between catalase and other hematin compounds
were soon recognlzed Stern (9)'1dent1f1ed~protohemin IX
as: the prosthetic group of_tne enzyme and it was one of
the first enzymes to be isolated in auhigh state ofpurity

(8). 1Its crystallization in 1937 from beef liver extracts

R
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by Sumner and Dounce ranked among the early triumphs of
biochemistry (10) . Such studies opened the way 'to a sys-
tematic examination of the physical properties of catalase
and led to the discovery, SpeCtrOSCOplC descrlptlon and
kinetic evaluatlon of its catalytlc intermediates, com-
pounds I and II.

In‘l936 Stern (11) observed that the brown color of a
catalase solution changed to a red color upon the addition
of ethyl hydroperoxide. U51ng fast reaction technlques,
ploneered bydhartrldge ‘and Roughton (12),. Chance<ilscovered
that the red CORpound is preceded by a labile green com- |
pound (13), in a manner analogous to that of horseradish
perox1dase reported earlier by Theorell (14). The two
1ntermeolates compound I, the lablle'green species and
compoundWII the red, are respon51ble for the catalatic and
perox1dat1c activity of catalase Chance (15) erroneously

considered compound I to be an enzyme-substrate complex as

‘defined by, Michaelis and Menten, (16) but this was Z}s-

proved by George (17) who was able to form peroxidase’
N ' ,/ o
compound I with potassium chloriridate and other/oxidiiing

/
/
/

agents.

»

1.3 Physical and Chemical Properties of Catalase

Catalase isolated from most sources has a molecular
welght of 240,000 and con51sts of four identical subunits

each w1th a weight of 60,000. There are foUr‘ferriproto—



porphyrin IX gEque per molechlevof oatalase,one on each
“subunit. Ferrrprotoporphyrin'lx (Frg. 1) is the‘pros; -
thetic group found in other metalioproteins with very di-
verse biochenical functlons,lncludlng hemoglobin, nwoglobln
and perOX1dasee

Catalase is widely distributed in mammalian and non-
mammaiién eerobic cells and with a few exceptiohs it is
l%cking only in strict anaerobes (18). Althougﬁrcatalase
is present in plant cells most workers.have chosen to iso—
late the enzyme from bacterialandnmmmalian sources where
it is present in'high conoegtrations)i.ef,Microcoocus
lysodeikticus, liver and erythrozytes. Catalaees from
horse and bovine 1iver ooﬁtain less than four hemin groupev
'per molecule and this is probably due to some hemin’being
degraded to bile‘pigments (19). \ |

A number of ligands, (including ofeoidek\fluoriae;
: gformate; acetate-and ezide (20),) bina to cataiéée;to form
speotroscopically and magnetically distiqot derivatives.
Unlike‘peroxidese, metmyoglobin and methemoglobin (21-23)
catalase does not form alkallne derlvatlves (21) No na-
the catalase can be reduced to the ferrous form by dighio-
nite, and the malntenancelof the protein structure depends
on the oresence of hemin. The amino acid sequence of bo-
.vine liver catalese has been reported (24).

Catalase exhibits both catalatic and peroxidatic

activity. The catalatic reaction involves two'steps:



"OOCCH,CHy | CH,CH,COO’

s

Fi . l-' | t .
g 1 Sstructure of Ferriprotoporphyrin IX



A/ » . ,. \\‘ B

Native ferric catalase + H202 L;L—>.Compound I+ H,0 (4)
k2 ’\\ - .
—=> ferric catalase + O, + H.O (5)

Oy ' . 2Ty

Compound I +-H2

. g e L .
'Values,for kl andokz for catalase isolated‘from dif-

ferent sourcesarﬁshown 1n Table ﬂ 1. TheoxyéeneVOlvedin_-
equatlon 5 orlglnates from 1ntact O O bonds in hydrogen
peroxide (25).

' Compound I can react w1th one or two electron donors

to form Compound IT or native enzyme. The rate of peroxi-

datic activity, equations 6, 7.

.Compound I + AH .%_f;‘V Compound II + A- “T ' (6)..
Compound II + AH. ——» Ferric catalase;+ A? (7f
is much lower in catalase than peroxidases. @

4\Suitable electron donors for reaction 4 are ascorbate, )
ferrocyanide:and phenols,vforireaction 5 aecorbate and
ferrocyanide (30). In additionl¢atalase compound I canf
react with alcohols and'formate to give native enzyme in a
two-electron reduction reaction, The oxidation of ethanol
to acetaldehyde by - bovine llver catalase and hydrogen per-
ox1de was shown to be stereospe01f1c (31) 1

Nelther the molecular geometry nor the electronic con-

’flguratlon of the 1ron porphyrln molety in.either compound

I or II is known, their formal oxidation states are Fe V



' _ ‘ .o A
Table 1.1 ‘Kinetic constants of catalase reactions with

. hydrogen peroxide.

v/ V © ,'
Catalase - _ kl . "k2‘ - .
:Source x 107 M—ls—; x 1077 m-lg-1 .Reference
v Bacterial - : _ : '
- . (M. lysodiecticus) 1 ' : 1.6 (26)
Horse Erythrocyte 0.4 - 1.8 (27)
‘Beef Liver ~  0.30 S 0.56 . (28)
Beef Liver . 0.15 ‘ 3.0 (27)

‘Rat Liver 1.7 2.6 (29)
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and Fe IV, respectiVely A discussion of the nature of
»compound I is found-in chapter IIT.

The physiological function of catalase ie uncleer and
it waSIOnce suggéeted that it is a "fossil enzyme" at least
~in higher animais (20). 1t seems clear however that cata-

lase has a ge%eral function in detoxification of oxygen
‘metabolltes, although many detalls remain to be clarlfled
. \(32) Hydrogen peroxide-is produced by a number of enzy-
matic reactions occurring in living'drganisms, i.e., by
oxidases and superoxide dismutase. A number of the hydro—
gen peroxide produc1ng oxidases are found in the perox1—
somes of liver'cells where,catalase'is localized,(29).
Compound I formation in cells has.béen demonstrated by
spectrophotometry ef perfused~rat liVer;.compound IT has

not been detected in cells (29).

A number'of'reviews of“iig%&geﬁﬂhave recently appeare

on the molecular and catafgtic properties (18,33,34) on
S T ’

catalase biosynthesis (32) and the biochemistry of peroxi-
SOmes (29). For more'specific information these reviews

should be consulted.
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CHAPTER II.

SPECTRAL STUDIES OF HUMAN ERYTHROCYTE CATALASE ~

2.1 Summarx

The optical absorption énd circulaf diéhroic&QCD)
spectra of human'erythrocyte caﬁalase (EC 1.11.1.6) and -
its ¢yanide, azide and fluoride defivatives over the
wavelength range of 210 to 700 nn areurepé£ted. Treat-

ment with acid or alkali solutiohs~causes épectral chan-

A4

ges which nay be due to dissociqfion df the\enzYmeﬁ{nto
subunits and removal of the heme group fromkthe protein.
: Tﬁe>frattiqns of the‘pﬁétein structure present’ as a- ~Yx
‘helix, B pleéted sheet and unofderedlstrﬁctufe'héve beeﬁ
estimated from the“CD speptrﬁm in the far‘ultravioleﬁ‘,
region.; The CD spectra also ihdigate thét the protein
" conformation dées not change appreciably after cyanide"
binding. -EPR spectroscopy ofbthe‘native enzyme and‘its
cyanide complex are reporﬁea.v The spectral results are
'?épmpared tofcatalase'obtained from othef,mammalian and

-

_bacterial sources.

2.2 Introduction

"-‘Human'QIYthroéyte catalase (EC1.11.1.6, hydrogen-
~§ef°§idé= hydrogen—peroxidé Oxido:eductase) is a fe;ric
B hemoprotein‘whicb has been isoléted in pure form (l?5$b‘
i.':a.nd parfidllfléhéraCtérizbat AI% déntains'fbur intact
heme grdupsiqnd,is presént inﬁrelatiVely large amdunts in

12

g
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‘Bonaventura et al. (4). The pPreparation consists of

13

whole-blood, about 300 mg/Q The physrcochemlcal proper—

tles which have been studied include isoelectric p01nt
- T

sedlmentatlon coeff1c1ents, molecular weight, amlno acid

' content, EPR and NMRfspectra (3-7). Circular dichroism

(CD) studles are USeful probes in obtalnlng 1nformatlon
on the secondary and tertiary structures of protelns in
-4

solutlon and on conformjzlonal changes whlch accompany

ligand blndlng and denaturatlon (8). However, no Cb, stu—'

'_dles of human erythrocyte catalase have been reported as

yet. This chapter describes stud1es<x1the circular dichro-

ism and absorption spectra of human erythrocyte catalase
and-lts Cyanide, fluorlde and azide derlvatlves and the_
EPR spectra of the native enzyme and its cyanlde complex.
The conformatlonal changes with denaturants such as ac1d

and alkali are also reported-

2.3 Experimental Procedures

The isolation procedure followed is a method developed

by Aebi and coworkers (5) with modifications suggested by
' ' | °

nine steps;

i) 'isolation and washing of red blood cells

1i) "hemolysis ) ey ]
’ ' N ) i

1ii) desalting qof hemolysate using—dialysis

iv) - batch adsorptlon of catalase , DEAE cellulose

Q) 1wash1ng of resin and desorptloq'of enZyme
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vi) concentration by ultrafiltration Or ammonium
su;fate Precipitation
vii) chromatography on CM cellulose

viii) chromatography on Sephadex G-150 or LKB AcA22

~Ultrogel

ix) ,concentrationkﬂzvacuum dialysis or ultrafiltration

|
preserved in a solution containing citrate, phosphate and

Two pints of 2l-day-o0ld blood or fresh blood samples

~dextrose commonly called CPD are used for the isolation.
Slxty three ml of CPD is added to each unlt as .an antico-
agulent and antihemolysant. The whole blood is centri-
fuged at 4°, 4000 X g for 20 .min and the plasma and buffy
layer (white blood cells and lipids) ‘are removed‘by aspir-
atlon from the packed red blood cells. The cells are
washed three times w1th four volumes of cold isotonic sa-
line solutlon (0.9% NaCl). For each wash the cells are
- suspended in salihe, centrifuged 13,200 X g, 20 minutes,
and the Supernatant is decanted

The packed cells are hemolyzésghy adding an equal
volume of cold distilled dejonized water and stirring
gently for 1 h at 4°. The hemolysate is centrifuged 201nin;
13,200 Xg at 4° to remove stromata,i.e.;the cell membranes,
yielding a supernatant liquidhwhiCh is dialyzed'OVernight
against dlstlllEd water at 4° to lower the ionic strength
of the solutlon for batchwise adsorptlon on DEAE cellulose.

One hundred and seventy five g of Whatman DE-52 1s equlllb—

rated with 1.5 mM phosphate buffer PH 6.8. The dialyzed
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hemolysate is added to equilibrated DEAE in the ratio of
0.5 volumes of settled DEAE to 1 volume of packed cells.
The resin does not have the capacitﬁ?%q adsorb even a ffac—
tion of the hemoglobin present since the.concentration of
hemoglobin in adult males is 16 + 2 g/100 ml of whole blood
(9) , whereas the capacity of Whatman DE~52 is 850 mg (Insulin) /g
~dry resin. Further, hemoglobi11With.an isoelectric{point (pI)
©f 6.9 is slightly positively charged at pH 6.8 while catalase
(pI 6.1 (3), 5.8 (10)) has a net negative ehayge; DE-52 has

a net positive charge from pH 3 to bH"9 and will adsorb

catalase completely and hemoglobin slightly at low ionic
strength. Care must be taken in this step to. ensure that

the ionic strength of the resin and dialyzed hemolysate is
low; the specific conductance of the solution should be at
least 0.30 mmho. If adsorption of enzyme to resin is not |
completelafter 1 h an equal voéume of dlStllled delonlzed
water should be added to lower the 1on1c strength of the
solutlon When adsorption of’catalase to tﬁe £e51n is com-
plete the resin is washed in a large_Buchner.funnel with
1.5 mM phosphate buffer pH 6.8, to get rid of most of the
remaining hemoglebin. Next the resin is'packed in‘a-

6.5 x 60 cm column, and four liters of 1.5 my phosphate
buffer, pH 6.8 are run. through the column. The eluent
‘containing hemoglobip is discarded. Catalase is desorbed
by passing 20 mM phosbhaﬁe buffer, pH 6.8, through'the

lAdsorptlon is complete when there is no activity in
supernatant solution above resin. Activity measurements

carried out as described on page 19.
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column.. Flfteen ml fractions are collected and those con-
taining lO% of the activity of the tube withmaximum enzyme
activity are combined and concentrated in a 200 ml Amicon
‘ultrafiltration cell with an XM-50 membrane. Coneentration
can also be carried out by ammonium sulfate precipitation
of the\pooled fractions. Solid ammonium sulfate to 35%
saturation (11) is added to the fractions after 0.1 volume
of 1M phosphate buffer pH 7.0 is added. After 3 hr of slow
stirring, a tan pbrecipitate is centrifuged off and dis- $
carded: ~The solution is brought to 40% saturation, stirred
overnight and centfifuged. The red sﬁperpatant fluid is
discarded.

The dark green pre01p1tate is dlSSOlVGd in 100 mM
.acetate buffer, pH 4.8 and adsorbed on a column 2.5 x 14 cm
packed With Whatman CM-52 resin’previously equilibrated
with 100 mM aoetate buffer, pH 4.8. The column is devel-
oped using a linear pH gradient consisting of 1000 ml of
100 mM acetate buffer pH 4.8 to 1000 ml 50 mM phosphate
buffer pH 6.8. Catalase elutes in a volume of 200 ml
étartiqg at 1500 ml in the gradient. Its desorption is
often preceded by an unidentified "yellow band". Hemo-
rglobln does not desorb and is effectively removed from
catalase in this step. ¢

In order to ellmlpate traces of contaminating profeins
a 1.5 x 90 cm Sephadex-G-200 column is used. Sephadex

G-200 has a‘fractionation range of 10,000—500,000 molecular
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weigﬁt and catalase is eluted béfore contaminatingpmoteins.
LKB AcA22 Ulﬁfogel with a'fractionation range lO0,000—
-1;200,000 has also been u;ed in later prepa;%tions. 3 ml
fractions are collected -and active fractions pooled and |
concentrated to at least 10 mg/ml (12) on a vacuum dialyzer
or 50 ml Amicon ultrafiltration cell with an XM-50 mem-
brane. The concentratedvsolution is then dial&zed into
pH 7.0 buffer with an ionic strength of 0.05 prepared from
quintuply distilled water:(iB)u The concentrated enzyme ig
kept at 4° until needed. |
The,foilowing precautions ngtAmentioned aboﬁg shouid
be taken. Rubber gloves should be worn when handlingvmole
blood sémples; there is a danger bf déveléping'some'"non—
specific" infection. Neither whole blood nor catalase
should be frozen; red cells lyse and catalage denatures
aft‘g freezing (14). Before sample is- added to.d1a1y51s
tubing, ‘the tubing shouid be checked for pinholes by fil-
_iing with Qater.

‘Seventeen enzyme iSOlétions were carried out during
the author's research. The RZ (Reinheitszahl) value, the
iatio of absorbance at 405 nm and 275-nﬁ-is most often
usedbas a measure of purity of a catalase preparation, and

%/should be greater than 1.2. Thé purity éf such prepafa—
~tion is greateflthan:95% ‘(5) as .seen by SDS disc gel
electrophoresis, Fig. (2.1). Ultracentrifugal analysis was

carried out on a Beckman Model E .ultracentrifuge using a
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Fig.(?.l) SDS disc gel eiectrophoreéis of Human Erythro-
cyte catalase. Electrophoresis Was carried out on

25 ug of enzyme as described by Porzio angd Pearson (17);
10% acrylamide gels, 1 ma ber‘tubé, 7 hr, Coomassie Blue

" Stain.



uv scanner, at 20° in 0.05 M phosphate'buffer pH 6.6. The
sedimentation veloc1ty pattern showed a 51ngle boundary, -
and‘Si0 = 10.5. Low speed sedlmentatlon equilibrium cen-
trifugation for 52 h at 20°, w = 5600, assuming a partial
specific volumelof 0.724 (3), gave a weight average mole-
tular weight of'225 000 which did not vary over the cell
(15). Catalase is obtained in approximately a. 40% yield,
about 130 mg of.enzyme from two pints of whoie blood.
Catalase activity is measured by a mOdification of
»the method of Beers and Sizer (l6)‘in which the dieappear—
~ance of hydrogen peroxide with time is followed spectro-
'photometrically_‘ at 240 nm. In the assay 2.6 ml of V.05 M
. phoSphate buffer, pH‘6.8 and 0.3 ml of stock substrate
solutlon are added to a 3 ml cuvette and absorbance at
240 nm noted A measured amount, 1l- 5 ul, Of solution to
~be assayed is added tqq¢he cuvette on a paddle and the'
change in absorbance is recorded for up to 30 s. The de-

. d[H,0,]
Crease in absorbance (which ig equal’to.f g ) is

determined from the slope of thevbest—fit line drawn
through the'recorder line, The observed rate constant is
calculated u51ng equation (1)

d[H202] ‘ ‘
T TTat T Kops [Hy0,] | St

The concentration of catalaser[E] is determined spectro-
photometrically at 405 nm using a molar extinction coef-

ficient of 3.97 x 105 M_lcm-l (4)l’ Specific activity is .

expressed as kobs/[E] and should be greater than 3.4 xlO7
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e

M s . There were four unsuccessful preparations w1th an
RZ < 1. These were used for prellmlnary measurements. Other
isolations had RZ values of 1.15 to 1. 29 One preparatlon
with an RZ value of 1. 13 was used for CD and some prellmln—
ary kinetic measurements and had 1dent1cal properties to
enzyme w1th an RZ of 1.27. All studies used enzyme fromat
least htwo and usually three preparations and the results:
obtained from different preparations‘did not vary. Typical
specific activity values are 3. 5 X lO7 M ls . for Rz 1. 27,

3.6 x 107 171

for RZ.1.13 and 3.6 x 10’ M Ts"? for
RZ. 1.20 enzyme. | |

For spectral studies the azide'and‘eyanide deriva—,
_tlves were prepared by the addition of KCN, KF and 1 \IaN3
to a flnal concentratlon of 0.1 M cyanlde and 100 mM
fluorlde ‘and a21de Denaturatlon was performed by ad-
Justlng the pH with dilute HCl or NaOH. Unless otherdise
noted,_all spectra were obtalned in phosphate buffer with
an ionic strength of 0.05 and pH 7.0 at 25°cC. .QUintuply
distilled water was used for preparlng all solutions. All
chemlcals used were of reagent grade.

‘Thebmeasurements of CD were carried'out with a Jasco
model ORD/UV~5 spectrophotometer equipped with-a CD attach-
-ment; The 1nstrument had been callbrated with an aqueous
solutlon of d- lO camphorsulfonlc acid (Eastman Kodak) .

The cells were 20 mm in length and‘Jacketed so they could’
be thermOstated to 25°C. Below 250 nm a 1 nm cell was
used. Directly before and after recordinglof CD Spectra,

absorbance spectra were measured with a Cary 14 or Cary

t
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219 recordlng spectrophotometer to check that no absorb-
ance changes had taken place durlng recording of CD
- spectra. . Enzyme solutions were filtered with a Millipore
filter of 0.45 y pore size before use.

| EPR spectra were recorded at 77°K w1th a Bruker.model
ER 420 X-band spectrometer The fleld'modulatlon amplitude
dwas 5 G, the microwave frequency 9.210 GHz. Quartz sample
tubes with a 3 mm inner diameter were used. Solutions of
catalase were made up in 60% v/v glycerol buffer mixtures.

The molar ellipticity,- [6]M in de‘grees-centimeters2

decimoles -1 was calculated by the equation

[e1, = 3300(¢L-5R) o : (2)

vwhere'(eL-eR) is the difference between the molar extinc-
tion coefficient for left and right-circulariQtpolarized'
light;' Ellipticities below 250 nm wete expressed as»mean_
reéidue ellipticity [8] = [8] /n, where n, the number

of re81dues per molecule, was taken to be 2020 (5). The
equations of Chen et al. (18) were used to analyze the

CD data between 210 and 243 nm for the dlstrlbutlon of

a hellcal, B structure and randon c01l in the proteln

molecule.

2.4 Results

~Spectra_in Visible and Near—Ultraviolet.Regibn

The CD and absorption spectra of native‘catalase;and

its cyanide and azide derivatives at pH 7.0 in the wave-
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lehgth range 250-700 nm are shown in Fig. 2.2. The ab-
sorption spectrum of native catalase exhibits three char-
acteristic bands in the visiblé'regioh at 505, 540 and
624 nm, the Soret bané at 405 nm and the protein absorp-
tion band at 275 nm. The native enzyme shows negative
CD bands at}388 and 64Q nm and positive bands at 294,

420 and 550 nm. The addition of the'ligand molecules

cyanide and azide causga a complete loss bf enzymatic
éctiviﬁy as well as changes in the CD and absorbtion‘spec—
tra. Cyaﬁide binding to catalase caused a decrease in

the intensity of the 388 and 640 peaks and new negative
bands at 4lOland‘455‘nm appeared. - The intensity df the
positive éeak ét 294‘increased and a shoulder appeared at
340 nm. There was a decfease,in the inﬁensity of the
‘band at 420 nm, a shift of the positive band to 530 nm and
a new band at 590 nm. The absorption speétrum shows two |
bands in,the:visible region.atl555 with a shoulder at
v580—590 ahd a decrease and shift of the Soret band to

424 nm. The addition of azide caused/a shift in the Cb
band ‘at 388 nm and a new band at 330 mm appeéred. The
positive peak at 294 mm decreased; the 420 nm band_ih~
éreaééd and there was a shift of the peak at‘550‘nm to

530 nm.  The absorption spectrum of the azide complex
’shows the characteristic thfee band spectra with different‘
intensities £han that of native enzyme. There is a new .
shoulder however at >80 nm which is not seen in native

1

~enzyme. The Soret band has shifted slightly with a small

~
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increase in intensity. The resdlts dre outlined in Table
2.1. Fig. 2.3 shows the changes accompanying fluoride
binding at pH 5.0. There is a shift of the 420 nm CD

band to 415 nm and a decrease in the 1nten51t1es of the
other peaks. The binding of fluoride causes a loss of 40%
of the enzyme activity, a decrease in the Soret’ absorption
‘band and changes in the VlSlble region (Table 2.1). Al-
though the absorption spectrum of native enzyme is identi—
cal at PH 5.0 ‘and 7.0, the CD spectrum shows a decrease in
the band at 388 nm at lower PH values. The ligand mole-
cules were removed by dialysis and the recovered SOlutions
showed identical CD profiles to those of the native enzyme.
The spectra of native enzyme'remained unchanged from 9° to

54°c and over the PH range 5.7 to 9.6. Enzyme isolated

.from fresh and 21 day samples gave identical spectra.

Fig 2.4 shows the effects of denaturation Wlth acid-
at pd 2.9 and base at pH 12.0. There is a loss of all CD
bands at wavelengths longer than 300 nm. The acid denat-
buration ‘caused a blue-shift of the 294 band to 280 nm.'
with & decrease in intensity whereas denaturation with
:alkali caused a shift to 250 nm with an enhancement of the
band inteHSity In the absorption spectrum (Flg 2.5)
alkaline treatment causes a shift of the 405 nm band to
390 nm with a decrease in intenSity, a new peak at 360 nm
and cnanges in the'visible region. At pH 2.9 the Soret

peak diminished and shifted to 380 nm and the intensities

of visible bands decreased. On the other hand the absorp-
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Table 2.1 Absorption‘and Circular Dichroic Spectra of

Human Erythrocyte Catalase Complexes

Absorption - CD

1

; Ao’ 1073 A, [6]y,-1074 i
Ligand mm M leml nm deg.cm?-dmol
Phosphate buffer 624 28.0 - 640 - 1.6
pH 7.0 540 35.2 550 1.2
505 40.5 420 . 10.0 ,
405 397.0 388 -21.7
| : 294 16.1
Cyanide 0.1 mM  580-590(s)® 34.4 640 - 1.2
pH 7.0 555 44.9 590 " 3.8
’ 424 325.0 530 4.4
. 360 119.0 455 - 8.4
o 410 -16.1
390 -15.3
340 5.6
o 294 . 19.2 _
620 36.1 640 . - 1.6 :
580~590(s) * 30.0 530 1.2
540 © 0 31.2 - 420 26.9
505 40.5 - 380 - 8.0
413 411.0 330 - 2.0
T | 294 11.6
600 43.8 550 0..1.0
530 ~39.1 416 10.0
485 47.4 385 -10.5
405" 365.0 298 8.1
624 28.0 550 1.2
540 . 35.2 420 10.0
505 40.5 388 . -17.3

405 - 397.0 - 294 16.1
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tion maximum at 275 nm remained virtually intact on acid

denaturation.

Far Ultraviolet CD Spectra

In Fig. 2.6 the CD spectra of native, denatured and
liganded catalase in the wavelength range 210-250 nm are
illustrated. Average fractions of the secondary structure
in human erythrocyte catalase calcﬁlated by the method of
Chen et al. are 27% a helix, 9% B pleated sheet and\64% |
random coil. The théoretical curve predicted for these
fractions is also shown in Fig. 2.6. Theqaddition of the
inhibitory ligand CN did not change the spectra. Acid
aﬁd base caused tﬁe spectra to change dramatically with’

a complete loss of structure.

EPR Spectroscopy

Fig. 2.7 shows the EPR spectra of native human ery-

“
¥

throcyte catalase and&i£s éyaﬁide derivatives. The free
catalase spectrum has two intense signals.g =.6.42 and
5.26 at low magnetic field, and a weak signal around

g = 1.98 atjhigh magnétic field. The qyanide complex
Shéws three peaks with g values of 1.66, 2.24 and 2.84.

Both show a weak signal at g = 2.00.

2.5 Discussion

The results in the far uv region indicate that the

- . addition of cyanide to native catalase causes no detect-

-able changes in the secondary structure of the protein.

This has been shown for ligand binding to a number of

Y
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Fig. 2.7 First derivative of the EPR spectrum at 77°K
of native human erythrocyte catalase (upber) and its
cyanide derivative (lower) in 0.5 M phosphate buffer pH

7.0. Concentrations of enzyme and cyanide were 0.781 and

920 mM respectively. Microwave fréquenéy was 9.210 G Hz.
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hemoproteins including myoglobin (19,20); soybean leg-
hemoglobin (21), horse erythrocyte catalase (22), Japanese
radish and turnip peroxidase (23,24) ang compound I and
II formation for beef liver catalase (25).4 This is in
contrast to the findings of Samejima and Kita (26) who
reported a decrease 1n the helical content of beef liver
catalase from 50% to 30% on the binding of cyanlde or
azide. The calculated content of o helical structure of
“human erythrocyte catalase is 27% which is comparable to
. the 35% and 29% calculated for horse and porcine erythro—
cyte enzymes respectlvely (22 27) and conslderably lower
than the 50% reported for natlve beef llVer enzyme (26) .
»Treatment with acid and alkali caused complete randomiz-
ation of the molecule. The results are similaf to the
randomization seen after a urea treatment of B. simplic-
ifolia lectln and cytochrome bs (28,29).

The changes in the CD spectra in the near ultraviolet
and visible regions in the presence of acid and alkali
are simiiar to those of'Samejima.and‘Kita (26) for beef
liver catalase. The loss of CD bands above 300 nm may be
due ‘to denaturation in which the,heme‘is still bound but
no longer contrlbutes to the Opthal act1v1ty or is de-
tached from the protein (30). | At pH 12.0 the CD band at
250 nm was found to be proportlonal to the number of ion-
' ized tyrosyl groups (31), and lnvolves no 51gn1flcant

Y

contribution of protein.
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The changes in the optical absorption spectra after

acid or base treatnent are also similar to those seen for

other catalases and ‘show spectra characterlstlc of acid

and alkaline heme solutlons (32,33). Basic treatment of

beef liver or porcine. erythrocyte enzyne produces a new

1

peak at 362 nm, a decrease and shift of the Soret band
max1mum to 420 nm and an ultrav1qlet Shlft to 290 nm (34).
The ultraV1olet shift has been attributed to the exposure

of embedded tyrosine re51dues and to ionization of tyro¥

sine to the phenoxy form (35). The spectral changes for

human erythrocyte enzyme are comparable but the Soret

"band shift is to 390 nm and not 420 nm as for the’other

enZymes Jones et al. (36) have reported that for bac-

terlal mlCrOCOCCUS enzyme, two overlapplng peaks with

_maxrma at about 355 and 392 nm replace the Soret band of

native enzyme after alkaline treatment They also related
the degree of dlssoc1atlon of the enzyme to the changes

in the optlcal spectrum The spectra of free heme in
basrc solutions- also have both 360 and 390 nm peaks

Slnce alkaline treatment is known to dlssoc1ate,native
beef liver and bacterial catalase into four subunlts of
about 65,000 molecular weight (36- 38), the alkaline
treatment may result. in both subunit formation and de—'
naturation. The ~absorption spectral changes after acid
treatment of.human-erythrocyte enzyme are a decrease-in:'

the intensity of the Soret band and a shift to 380 nm.
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‘Beef liver enzyme gHows identical changes (39) and the
resulting spectra of both resemble’thét of free heme at
PH 2.0 (33). Since acid treatment dlSSOClateS ‘beef liver
uenzyme 1nto 120 000 molecular weight subunlts (39)- the
overall effect of acid treatment on human erythrocyte
catalase may be Spllttlng into heme and proteln, and

p dlSSOClatlon into subunits.

The absorption spectra of native enzyme in the vis-
ible and Soret regions show.the group_of bands typical of
‘all metal porphyrlns, B(y), Qo(a) and - Ql(B) bands due to |
n—n* tran81tloﬁ§ of the porphyrin ring and extra bands
which are thought to grise'from charge transfer transi-

— tions between the metal and the ring (40,41). For native
erythrocyte catalase the bands at 624 and 505 nm are prob-
ably charge transfer bands, analogous to the charge trans—'
fer bands of beef llver, horse erythrOCyte and bacterlal

- micrococcus catalase at about 625 and 500 nm (41-43). |
‘These bands were found to. be characterlstlc o} a hlgh

spin ferric hemoprotein with five unpaired electrons.
Similarly the band at 540 nm is the Q, (8) band. vThe ab-
'sence or obscuring of the Q,(a) band by charge transfer
bands is further evidence for a high spin state (41 42) .

The CD spectrum of natlve human erythrOCyte enzyme
from 250 to 700 nm resembles spectra reported for natlve
porcrne»and horse erythrocyte catalases (27,43). They

are quite dlfferent from that of beef liver enzyme (26)
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This may be due to bile contaminent seen in liver but not
blood catalases. ' The EPR Spectra of liver enzymeS'show |
extra bands not seen for blood:cetalases‘and these have
also been attributed to bile contaminants in the liver
samples (6).

The absorptlon spectrum of the cyanide bound enzyme
has distinct Qo(a) and Ql(B) bands and the charge trans-
far bands are not eV1dent.  This is a characteristic of
low spin compounds‘with one unpaired'electron as‘is>the
Shlft of the Soret band to longer wavelengths after lig-
and blndlng (41).

The EPR spectrum of natlve enzyme shows three peaks
g = 6.42, 5.26, 1.98 correspondlng to rhombically distor-
ted high spin ferric heme. This is in agreement with
values reportea by Wllllams Smlth and Patel (6) who flnd
3 peaks g = 6.50, 5.33 and 1.98 for human erythrocyte
’enéyme. The EPR signal at g = 2.00 is‘probably aue to
trace amounts of copper in the greparation.i A similar
signal-wae found for.myeloperdiidase at g = 2.05 (44).
All native catalases studied to data are in high spin
»state at neutral pH (6, 43)

The EPR spectrum of the eyanrde complex shows three
'signals with g values 2.84, 2.24'5nd 1.66 typical of a
“low spin ferric heme. ‘These correspond to the signals
Awithré values of 2.84, 2.25;and 1.66 found for the cyan-
ide complex of horse erythrOCyte'and beef liver catalase

(45,46) .
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EPR andvmagnetic susceptibility data (6,7,45,47)
indieate that beef liver, bacterial, horse and human
erythrocyte enzymes form a high spin coﬁplex on fluoride
binding. The optical spectrum of human.erythroc§te en-
zyme‘exhibits characteristics of a high Spin‘complex and
is similar to catalase isolated from other sources.

Azide compiexes'of catalase show a temperature de-
penaence of the spin state. At room temperature magnetic
susceptibility studies indicate the eomplex is of a high
spin ‘type but as the temperature is'}owered to thatyef
liquid nitrogen there is a mixture of high_and low séin.
srares'(47,48). At room temperarure the azide complex
of erythrocyte enzyme has the spectral characteristics
of a high spin compound, that is WeakaO’ahd Q, bands

ahd stronger charge transfer bands.
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- compound I are 1.4 x 105, 2.7 x 10% ana 3@ x 104 uismd

y CHAPTER III.

THE REACTION OF HUMAN ERYTHROCYTE CATALASE WITH

HYDROPEROXIDES TO FORM COMPOUND I

- 3.1 Summary

>

A klnetlc study of the reactlon of human erythrocyte

:catalase with peracetlc ac1d methyl hydroperox1de and

ethyl hydroperox1de to form the prlmary oxrdlzed compound

(compound I) has- been carrled out at 25° C by means of a fif

stopped flow technlque The pH dependence of the apparent

_second order rate constants 1nd1cates that the process

occurs by reactlon of catalase with unlonlzed hydroperox1de

molecules. The reactlon of catalase w1th methyl hydroper-i

ox1de is pH 1ndependent in the range pH 5 8 to 9. 4 and

slows as methyl hydrOperox1de (pK ll 5) 1s deprotonated

Srmllarly the reactlon with peracetrc ac1d is 1ndependent

, of pH from pH 5.8 to 6.5 and slows as peracetlc acrd (pK

8. 2) is deprotonated

-

| The pH 1ndependent rate constants %or the formatlon of,

- for methyl hydrOperox1de, peracetlc acid and e§EYl hydro-

perox1de respect1vely,follow1ng a trend of decrea51ng rate '

-

as the size of the substrate increases. =

The optlcal absorptlon spectrum of compound I fron1360

o

to 680 nm at pPH 7.1 and 25°C obtalned by a rapld scanning

stopped Flow technique is also reported . .

41



3.2 Introduction

&

Cé&élase is a ferric hemoprotein which mediates the
decomposition of hydrogen peroxide. 1In this catalatic re-
action a molecule of hydrogen peroxide reacts with native

£

enzyme to form a spectroscopically distinct intermediate,
compound I, -which reaéts with a second molecule of hydro-
gen pefoxide to givelngtive enzyme, water and oxygen. It
is difficult to study the formation of compound I with
hydrogen peroxide because hydrogen peroxide reacts rapidly
bothlas an oxidizing and redﬁcing substrate for the enzyme
and compleﬁé conversion to compouhd I is hot pbssible.
Substituged peroxides can be used to examine the for-
mation and properties of compouﬁd I since catalase reacts.
with an exceés of these pseudo-substrates to form compound
I which is stable for a few hundred milliseconds after the
steady staté is rea;hed. Some aspects of compound I for-
mation Qf’catalase‘have"been previously investigatedT In
‘a bioﬂeering study Chance (1) showed that the rate of re-
action of beef liver catalase with methyi_hydroperoxide
was independent of pH dﬁtil the enzyme denatured. More
recentlf Jones and Middlemiss (2) reported that beef liver
and bacterial catalase react mainly with unicgnized perace-
tic acid‘molecuies. Here compound. I formation of human
eryth}ocyté catalase ié stpdied using a series of hydroper-
oxides. By using a pH jump technique to avoid enzyme de-

naturation the formation of compound I has been studied
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over a wide pH range to determine whether the state of
substrate protonation is always an important factor in the
formation of compound I by catalase. In addition the
ob;ical absorption spectrum of compound I of human erythro-

cyte catalase was determined by a rapid scanning technique.

3.3 Experimental Procedures_

| Human erythrocyte catalase was isolated froq 21-day-
old blood samples as previously described (3).‘ The enzyme
was stored as a concentrate and passed through a Millipore
filﬁer of 0.45 UM pore size before use.b-The ratib of ab-
sorbances at 405 to 280 nm was used as an 1ndlcatlon of
purlty and was gfeater than 1.2. The concentratlon of
catalase was determined spectrophotometrically at 405 nm
using a molar ?xtinction coefficient of 3.97 x 105 M-l chl
(4).

Metﬁyl hydroperoxide was prepared as described by
Criegée\(S) but the first disti}late was fractionally re-
distiiled (25°, 15 torr). The hydrogeh‘perOXide cohtentof
the fiést fractions was less than 4% as detérmined spectro-
’photometgicélly after the peroxide oxidation of jodide to
ioaine using molybdate as é.catal§st (6). Total peroxide
(methylandhydrogen)Qasdeterminedusinghorseradish peroxi-
dase(Bbehringer—Mannhehn)as a catalyst (7). Peracetic acid.
wasobtainedfrmnPfaltzandBauerInc{asea40%aqueoussolution
andwasassayediOdometricallyafterpretreatmentwithcatalase

to remove hydrogen peroxide (2). Ethyl hydroperoxide was
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purchased from Polysciences Inc. as a 10% aqueoﬁs solutidn,
pretreated with catalase to remove any hydrogen peroxide
and was assayed iodometrically (7). Potassium nitrate and
all buffer combonents were reagent grade and used withou£
further purification. Multidisﬁilled water (8) was used
in the preparation of all solutions.

Constant “ionic strength buffers were prepared (9)
and buffers were éhosen to overlap whenever possible to
test for specific buffer effects. In the pH range 5.8-6.2
citrate buffer was used, 5.9-8.7 .phosphate buffer, 8.8-10.8
carbonate buffer, 10.7-11.9 phosphate buffer énd 12.1-12.6
potassium hydroxide~potassium nitrate buffer. All solu-
tions contained buffervcontributing 0.05 to the total ionic

strength of 0.11 with the remainder contributed by potas-

sium nitrate. To test for the éffect of nitrate, phosf
phate buffer contributing 0.10 to the total ionic strength
and potassium nitrate contribﬁting 0.01 were used in the
peracetic acid study at pH 7.4 and 6.3.

| Optical absdrption.spectra were measured with a Cary
Model 219 spectrophotometer equipped with thermally jacket-
ed cuvette holders.

All kinetic and rapid.scan measurements were carried
out on a Union Giken Model RA-601 stopped flow spectro-
photometer equipped with a 1 cm cell thermostated to
25 + 0.2°C. For a reqiew of stopped flow methodology refé
erenée lO‘should be consulted. The rapid scan absorptlon

spectra are measured by means of a mult1 channel phOtOlede with
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a speed of 95 nm/ms and are memorized in a digital computer sys-
tem. The analoguerepiicais\afterwards obtained by use of a
X-Y recorder. The dead time of the flow appératus at the )
nitrogen gas pressure for the experiments was 1.5 ms. 95

Fz3

nm‘regions were scanned from 360 to 680 nm with 10 nm

A3

overlap in all regions. : | v

For kinetic measurements one reservoir of the stopped
flow contained 0.2-0.5 uM catalase in 0.10 ionic strength
buffer and the Other at least a ten fold excess of hydro-
peroxide in 0.12 M potassium nitrate solutlon. At high pH
values{ greater than 11.4, a pH jump technique was used to
avoid denaturation of.catalase prior to mixing- of the reac-
tion solutions. . Only the substrate contained buffer; the

enzyme was in 0.12 M pota351um nitrate solutlon ThlS

method is feasible since the rate of compound I formation

is faster than the rate of enzyme denaturation but slower

than the rate of deprotonation of the enzyme when mixed
with the buffer.
The reaction was followed at 404 nm in the absofbance

mode, which resulted in a decrease in absorbance as a func-

"tion of time. For the above conditions all kinetic curves

were found to be first order.. The observed rate constants ‘
were determlned from a nofilinear least squares analysis
(ll) Six to ten determlnatlons of the rate constant were

performed; these were averagedufor a single value with

FknOwn standard deviation. - The solutions were collected

¥
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after the reaction and their pH measured with a Fisher
Model 420 pH meter in conjunction'wit%-é Fisher Micro Probe
combination electrode calibrated with standard buffer solu-

tions from Fisher.

v3;4 Results

-

The spectral changes during the reaction of catalase
with methyl hydroperoxide are shown in Fig. 3.1.  The Soret
rpeak of native catalase at‘405 nm decreases to less thén
half the originai intensity aftef compound I formationand
is shifted to 399 nm. The distinct isobestic point at
435 nm indicates that compound I is the sole product of
the reaction. Identical spectra were observed when 40 to
100 uM peracetlc acid were used to form compound I, Fig.
3.2. Compound I formatlon is 1ncomplete if ethyl hydro—
perox1de 1s used as a substrate "When 80 uM ethylkhydro—
perox1de was used as a substrate 45% of the enzyme yas
converted, to compound f, for 350 uM or 1.4 mM ethyl\§ydr6—

_ ’ .
peroxide, 70% compound I'was»formed. : : -\

In the visible region from 450 to 680 nm, 300 uM
‘methyl hydroPeroxide was used to form compound I, Fig: 3*2.
The isobestic points between native cafalase and compound
I are at 480“ana\572 nm; The reSults are outlined in
Table 3.1.

The concentration dependence of the klnethS of Com-

pound I formation are shown in'Figs. 3.3 and 3.4. No rate -

saturation was observed over the concentration range of
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Fig. 3;1 Rapid-scan spectrophotometric meaéurement of
the reaction of cataiase with methyl hydroperoxide. a]l
spectra obtaineé’with 1 ms scanning times at pH 7.1 and \
25°C. A, absbrption Spectrum of native catalase before
reaction;:B, the spectrun obtalned durlng the dead tine,
1dent1cal to spectrum at stop of flow; C, spectrum scan
started 2 ms after the stop of the flow; D, spectrﬁm.
started 71m$ aftgr'the stop_of the flow;lE, 12 ms spec-

trum; F, 47<ms spectrum. Enzyme concentration 1. 5 uM,

methyl hydrOperox1de concentratlon 100 uM.



48

"DoSZ pue T/ Hd 3® TTe ‘posn I9M @seTe3es pr 8°6
Ucm epTxoxadoapiy TAyjsu W oo¢ EOHme mﬂndmd> SY3l UT !p3asn aI1I5M wmmwmumo
Wl G*T pue proe ST3soexad wr gg coamwu 3IDI0S ByY3z ur .wﬁOﬂmmu STqTISTA pue

39x08 Byj cﬁ I punodwod Ucm wwmamumo aaT3eU JO muuomQWVCOHumHOmnﬁ r s .mﬂm

?ccv Yibusjaaopp

059 009 . 05 00§ oSy T oor
i i T i 1 1 i ) 1 1 { { i i [ SO 1 1 I ) | S i ] )| i -4 I ! { 11 ]
- 93DJ2;DY) .
dA1ON
nodu 1
m 0. 1 punoduwoy "
ol ] punodwon X
O. unodwo 0.
z 2
5 orf 3

502D ALON

930,007
SAl DN

-1 097




49

Table 3.1 Wavelength maxima and extinction coefficients of
optical spectra of human erythrocyte catalase and
compound I.

- ‘ - Wavelength ‘Extinction

Compound Maxima, nm  Coefficient
‘ ' € x 1079, M~lcm-1

Catalase ' : 405 397

PH 7.1, phosphate buffer 505 : 41
250 | 540 35

625 28
Compound I 399 - 180
pPH 7.1, phosphate buffer .  54pb 29

25° - 624 28

} . 3compound I formeq by the addition of 40-100 uM
methyl. hydroperoxide or 80 uM peracetic acid to 1.5 uM
_ catalase in Soret region or 300 uM methyl hydroperoxide’

to 9.8 uM catalase in_the visible region.

bShouider{
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substrate which was used, 15 to.80 UM peracetic acid or 15
to 180 uM methyl hydfOperoﬁide. At constant ionic strength
at pH 6.3 and 7.4 the amount of nitrate had no efféct on
the obéerved rate constant. True second order kinetics
are demonstrated by the linearity and zero intércept of
each of'theée plots, obeying the'fbllowing equ:tion:_

)

kobs = kapp [HydrOperoxlde] , (1)

Values of képp obtained in this manner are listed in Tables

3.2 and 3.3."

, cal- .
app

culated from these results decreased markedly with increa-

The apparent second-order rate constants, k

sing pH (Figs. 3.5, 3.6). Below pH 5.8 Compound I is not .
stable and décomposed‘beforé complete formation was |
achieved. : |

The simplest ;chemewhich éccounts for the kapp vai—
ues is: |

k .
E + SH P Compound I - . (2)

I

. where Ka is the acid dissociation constant of the hydfo—

'R , .
L S o
peroxide and kq is the pH independent second-order rate

constant for the reaction of enzyme and hydroperoxide.



10 .20 30 40 50 60 70 80
[Peracetic Acid] (M)

Fig.‘3.3“ Plots of k_, o+ the pseudo first order'rate con- -
stant for compound I formation vs. [Peracetic Acid]. Cata-
lase concentfation was 0.2 - 0. 5 uM, temperature 25°¢c,
total ionic strength 0.11.  The slopes of the lines cor~‘
respond to k'pp' the second order rate constant and are
calgPlated by a welghted linear least Squares ana1y51s

- The 1ntercepts are equal to zero within the standard

deviation. @ pH = 6.61 phosphate buffer; O pH = 7.89

- phosphate buffer; A phi = 8.98 carbonate buffer.
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160

1 1 L L L L 1 . )
20 40 60 80 160 120 140 160 180
[Methylhydropcroxide} (M)

Fig. 3»4 l?lots.of'kobsy the pseudorfirst order rate
constant for coﬁpOund-I formationvvs' [methylhydroper-
ox1de] | Catalase conceotratlon was 0 2 -0.5 uM,
temperature 25°C, total 1on1c strength 0.11. | The slopes
. the second order rate

app
constant anu are'calculated by a welghteo linear least

of the lines correspond to k

jsquares analy51s. lhe 1ntercepta are equal to zero
within the sténdardvdev1atlon. O pH = 5.85, phosphate
buffer; @ pH = 9.17 carbonate buffer; A pH = 11.59

phosphate buffer, pH jump technique.



S

" Table 3.2

Rate Constants for the Formation of Compound’I.

with Peracetic Acida

PH Bufferb
5.81 P -
6.12" P
6.28 P
6.40 P
6.61 b
6.85 " P
7.13 P
7.34 P
7.41 P’
7.43 P
7.70 P
7.75. P
7.89 P

- 7.98 P

8.27. P

- 8.44 Ca
8.56 - Ca
8.72 - Ca
8.75 - Ca

- 8.82 - Ca
. 8.95 " Ca.
9.10 Ca
9.15 Ca

- 9.28 - Ca’
9.47 Ca
8.98 “"Ca

- 9,57 . Ca
9.67 . Ca
9.85 Ca

- 9.69 - Ca
- 10.08 Ca

53
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Table 3.2 continued.

®Measurements cérriéd out at 25°, ionic strength

- 0.11.

b

,-NaOH.

Buffer code: P, KH,PO,-NaOH; Ca, NaHCO,

C

raté constant by the appropriéte peracetic aCid;concen—

: tratibh, unless othefwise indicated. Error is the

stahdard deviation of the mean vélue of kaﬁp;v
kapp determined from the’lepe of ko K

[peracetic acid]. Error is the standard deviation .

4 .
ver
ps Versus

calculated by the least squares analysis. -

kaép determined by dividing the pseudo-first order

"



55

f

Table 3, 3 Rate Constants for the Formation of Compound I

with Methyl Hydroperox1de o

pH : B&fferb. | Kapp X 107
' : (M~1g- 1y
5.81 Ci 1.50 £ 0.06_
5.85 P 1.21 + 0.02d
6.04 p - 1.35 +°0,06
6.23 P = 1.34 + 0.05
6.23 " Ci 1.51 +.0.0%
6.43 P 1.36 + 0.04
6.62 P - 1.35.% 0.04
6.66 P S 1.39 *+ 0.06
6.82 P 1.23 + 0.04
6.83 P 1.38 '+ 0.04
7.08 P - 1.25 + 0.06d,
7.22 P | - 1.33 +0.04
7.45 P D 1.38 '+ 0.08
7.68 P 1.38 £ 0.03
8.00 P 1.37 '+0.03
8.36 P 1.44 + 0.08
8.69 . P | | , 1.43 + 0.05
8.84 ~ Cca | ~ 1.40 * 0.03
9.17 . ca - j 1.31 + 0,034
9.28 Ca . 1.43 + 0.01
9.31 Ca ' 1.44 + 0.04.
9.44 S Ca S 1.32 + 0.02
- 9.88 .- o Ca : 1.37 * 0.06
10.36 | Ca A - 1.18 £ 0.02
10.63 . - ca 1.13 £ 0.03
10.68 . p . ‘ , 1.04 *+ 0.03
10.82 - ca . 1.02 + 0.03
- 10.84 Ca : - 0.99 *+ 0.03
10.96 o Ph - - 0.89 * 0.04
11.20 ' Ph . | -, 0.73 * 0.08 -
11.43 ~ Ph - - 0.60 + 0.02€
11.48 : Ph \ a °0.38 + 0.028e
'11.59 : Ph : . 0.44 + p,01d |
11.60 ‘ Ph o | 0.426 * 0.004
11.90 ~ Ph o 0.216 * 0.004
12,12 . K o . 0.18 + 0.01
12.24 . K . 0.27 £ 0.02
12.52 . " K : . ;7 0.13 £ 0.02
12.60 - : K -~ - 0.073 0. 005

.A;’,Y |

P -‘*
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Table 3.3 continued.

aMeasurements carried out at 25°, ionic strength

0.11. . _ ' ;

bBuffer.code- Ci, citric acid- sodium citrate;

P, KH2P04~NaOH Ca, NaHCO

K, KOH- KNO

3—NaOH Ph, NazHPO4-NaOH;

ckappvdet’er‘mined by dividing the pseudo-first order
rate constant by the approprlate methyl hydrOperox1de,-
concentéhtlon, unless otherw1se 1ndlcated Error is the

standard deviation of the mean value of k

app’
a
kapp determlned from the slope of k obs Versus
[methyl hydroperoxide] . Error is the standard deviation

-calculated by the least‘squares-analysis

\

Measurement at’ pH 11.48 carried out by means of pH
jump technlque, measurement at pPH 11.43 carrled out with
enzyme pre-equilibrated to the PH of measurement to verify

overlap of pH jump and other measurements.
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i

Kapp (M1s7)

107 |-

l

{

Fig. 3.5 fThe PH dependence of compound I formation with
peracetic acid. The best line through the data was
calculated using a nonlinear least Squares analysis of

3

Equation 3,
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Fig. 3.6 The pH dependence of compound I formation with
nethyl hydroperoxide. The best line through the data
was calculated using a nonlinear least analysis of

Eguétion 3.
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The apparent secdnd—Qrder,rate constant, kapp is
given by:
R N (3)
app Ka :
1+ —2
(H']

Analysis of the kapp vs. pH rate profiles usiqg a
nonlinear least squares analysis program (12) give values
of pK and kl compiled in Table 3.4,

Ethyl hydrOperox1de, pK 11.8 (13) was studled in the
pH 1ndependent region 6.30 to 9.23. No rate saturatlon
was observed in the order plot at pH 7.0 for 41 uM to 4.3
UM ethyl hydroperoxide (Fig. 3.7). The pseudo—firstorder
rate constants were also directly proportlonal to ethyl

i

nydroperoxlde concentration. The value of kapp which

equals kl is (3.8 + 0.2) x lO4 M-ls_l.

3.5 Discussion

When hydroperoxides react Qith catalese an intermed-
iate, compound I is formed. As compound I disappears com-
pound II and native catalase appear. The formation of
compound I is a bimolecular reaction between catalase.and
hydroperoxide following second order kinetics over awide
range of hydroperexide qoncentrations.' It is a 2 electron
oxidation of native enzyme to form a formal Fe (V) species
(14) . The reaction is very complex and is eésentially

irreversible. It has been shown that oxygen is retained’
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Table 3.4 Compouﬁd I formation. Kinetic parametérsbob-
tained by a non-linear least squares analysis of the

data in Fig, 3 according to Equation 3.

5

Parameter® Methyl Hydroperoxide Peracetic Acid
Ry YT (1,40 2 0.04) x 105 (2.7 + 0.1) x 10°
PK_ 11.37 + 0.04 8.25 + 0.03 "

vt b : ) 7
pKa : 11.5 = 0.2 (13) , 8.2 (28)

a.. Yo . . ‘ ' .
Errors are standard deviations by the nonlinear

least squares analyses.

bLiterature values of pKafs of methyl hydroperoxide

-and peracetic acid.
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200 —

100

' l(obs (S-})

L T T

2 3 4
[Ethyl Hydroperexide] (mM)

E Fig. 35%~7Plot of kebs; the pseudo first order rate con-
stant fer compounde formetion'vs [ethyl hydropero>1de]
Catalase concentratlon 0.3 uM; temperature 25°; total
ionic strength 0.11; pH 7.0, phoSphate buffer. -Sloées of
the lines correspond to k‘pp the second order rate con—‘

stant and are calculated by a weighted linear least

squares analy51s
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in chloroperoxidase compound I (15), .and horseradish per-
oxidase compound I (16). 1t is generally supposed that

retentlon of an oxygen atom is a general feature of com-

" pound I formation reactlons of catalase and peroxidases

(17).

In order, to ensure complete formation of catalase com-
pound I an excess of hydroperOXide must be used. This re-
sembles the behaviour of myél‘operokidasel and is unllke
~the vegetable peroxidases that form compound I completely
after the addition of an equlvalent.of peroxide _ The com-
pound I spectrum ig 1ndependent of the ox1dant used in its
~ preparation. ' |

The spectra obtalned for erythrocyte compound I dlf—r
fer from spectra reported prev1ously Although theextinc—
tlon coefficient of 1.8 x 10° M—lcm_l at 398 nm agrees
with values for norse erythrocyte (18) and mlcroblal (14)
catalase the v1s1ble region does not show the’distinct
“band at 660 nm reported in these tltratlon determlnatlons

Arguments have been made on the basis of the peak at

660 nm that catalase compound I is an Fe(1V) porphyrln
n-cation radical w1th a 2 l ground state (19) It is
dlfflcult to as31gn the ground state for human erythrocxte

‘catalase but the POssibility remains that compound I 1s a

lnarrlson J.E., Araiso, T., Palcic, M.M. and Dunford,
H.B. (1980) BlOChen Biophys. Res. Commun. ~
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m-cation radical. 1In cytochrome ¢ peroxidase the free
radical of compound I is‘probablyvlocated dn an amino acid
residue?(zo) and it has been suggested that the radical of
horseradish peroxidase compound I is néar the paramagnetic
center. on an amino acid residue (17,21,22),

The formation.of coméound I'héé been shown to be by
reaction of erythrocyte catalase with unionized peracetic
. acid and methyl hydroperoxide molecules. Bacteriél enzyme
reactsvsimilafly.with peracetic acid whereas beéf liver
enzyme appears to react at least partly with iohized per-
~acetic acid molecules (2); ‘In addition the size of the
5ubstrate_provides.a constraint onbthe reaqtion with the
rate of reaétion decreasing as £h¢ size of the alkylgrbup'
of the sgbéfrate increases. The rate constants for.the
formation of compound‘i with peracetic acid'and ethyl -
hydr0perbkide are éOmparablé, in agreement,with.the idea
that the size of the end groﬁp restrictg éccess:to.the.

active site of catalase.

No kinetically important ionizations oh'“.e.en?Yme
have been detected altﬁbugh a recent EPR study on-dative
beef_liver enzymé suggests a group»withﬂapKa of 6.0 influ-
ences the rhombic envirOnmentvof the heme (23). This may
be related ﬁo the instaﬁility of compound I below pH 5,9

and the change in the CD and MCD spectra of native enzyme

below pH 5 (24,25).
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The stolchlometry of the reaction has been studied
with peracetlc acid and bacterlal catalase and it was‘
found that one mole of acetic acid is released per4moleaof
' catalase heme converted to compound'I (26). .Ethyl hydro-
peroxide is converted mainly to acetaldehyde (27) whlle
some ethanol is formed (18) ~ The product of the reactlon
'w1th methyl hydroperox1de is 85% methanol and the. lowyaeld
of formaldehyde may be attrlbuted to a rapld dlffus1oncm
| methanol from the active Site (21) ' Conversely, the high
conversion of ethyl hydroperox1de to acetaldehyde could '
result from a slower dlffu31on of ethanol from the actlve.
51te, allow1ng compound I to react with, ethanol
| The react1V1ty of erythrocyte enzyme is hlgher than.
‘beef liver enzyme presumably 31nce erythrocyte catalase
contalns four intact heme . groups whereas beef llver cata-
lase has some degraded to blle plgments Both erythrocyte
and llVer enZymes have far greater react1V1ty than micro-
blal enZyme (2) wthh has four 1ntact heme groups ,Thé

- reason for the decreased react1v1ty of mlcroblal enzyme is

~ unclear but is p0551bly due to different amino acid’ re51-\ -

dues in the active 81te Indeed it is the protein around
'the heme group that accounts for the dlver51ty of blochem—
ical functlons of heme containing molecules " These 1nclude
oxygen transport and storage by hemoglobln and myoglobin,
electron.transport by‘cytochromes and peroxidatic and
catalatic decompos1tlons medlated by perox1dases and

N

catalase B
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Appendix - o C o o
The following is the derivation of Equatibn 3,“

V.= kapp[E].total[S]total - kl[E]L§§§ %

[E]total - ;EJ
W] oy = LSHL 4 (8]
k, [E] [SH]

kapp ~ [ET (IsH] + [81)
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CHAPTER Iv.

THE KINETICS OF CYANIDE “BINDING BY

HUMAN ERYTHROCYTE CATALASE
*“M\_\—

\

4.1 Summary

» The klnethS of theblndlngreactloncnfcyanldekurhuman
erythrocyte catalase at 25° have been studled over the pH
range 412 to 10.2 by means of temperature jump and stopped
flow technlques | Catalase reacts with cyanide at a con-
stant rate in the range pH 4.2 to 8 1 which decreases at

hlgher pH Thls is most 51mply explained by the reaction

of Catalase w1th unionized hydrogen cyanlde molecules The

-pH 1ndependent rate constant for the formatlon of the

catalase-cyanide complex is (1.3 + 0 1) x lO6 M il The

assoc1atlon equlllbrlum constant and the dlssoc1atlon rate

constant for the catalase Cyanide complex were determlned

by spectrOphotometrlc tltratlon and, fron the relaxatlon

independent region.

»354.2, Introduction

human erythrocyte catalase is a ferric hemoprotein
whlch mediates the - deconp051tlon of hydrogen perox1de. It
was shown.nuChapter I1I (l),that the enzyme reacts w1th the
protonated form of a variety of perox1des, but the reaction

could not be studled below pH 5. 8 since the intermediate
. . ‘ . h
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compound I formed in the reaction.is unstable and decom-
poéed before complete forhation was achieved Here‘the_pH'
range has been extended by u51ng cyanlde as a probe of,

the actlve site of erythrocyte catalase. In an earlier

. study (2) the effect of pH'on the dlssoc1ation-constantiof
the catalase cyanide complex?waS'reported. ‘The dissocia—wuh
tion constant followed:the theoretical curve‘for’the'dis—
sociation of»hydrocyanic acid but there?wére unekplainedb
deviations. By u51ng temperature jump,lstopped flow and
spectroscoplc technlques a detalled study of the effect of
pH on the forward and reverse rate constants ‘and the asso- -

01atlon constant of cyanlde bfﬁdlng to human erythrocyte

catalase_ was carried out. g .

4.3 Experlmental Procedures«
Human erythrocyte catalase with a 405/275 absorbanCy

ratlo greater than 1.2 was 1sola%§d from 21- day old blood

samples as descrlbed in Chapter II. The q‘pcentratlon of

x‘ i;"
catalase was determlned spectrOphotometrlcally at’ 405 _nm

u51ng a molar absorptLV1ty of 3.97 X'iO M -1 cm;l (4).

Triply ddstilled water Was'used,to]grepare all solutions;
Inorganic chemicals of reagent grade were used without
. . t

further purification. }Fresh potassium cyanideistock_solu4

tions were standardized before or after use by titration
with standard silver nitrate solution (5); ‘Buffers'off~
o ioniC'strength Oill:were.used for all determinations (6).

4 i . . ) . '
. o
¢
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-

A Fisher Mode) 420 pH meter in conjunction w1th a

\v

-Fisher Micro Probe combination electrode was used for pH
measurements‘and a Cary Model 219 Spectrophotometer equippeo
with thermally Jacketed cuvettes was used for absorption
measurements. All stopped flow and temperature jump-
measurements were carried out on a Union Giken Model RA-
601 Rapld Reactlon Analyzer. For temperature jump experi-
uments, the dlscharge from a 0.2 uF capacitor charged to

8 kv was;uEed to cause a temperature change of about 2.8°
‘as determlned by measurlng the temperature 1nduced absorp-
tlon change for a solution of phenol red. The reaction
cell was maintained at 2ﬁ 2° so that the temperature of
'the klnetlc experiments was approx1mately 25°, The volume
and optlcal path length of the sample cell were 1.2 nﬂ.and'
0.94 cm. Relaxatlon tlmes for the binding of cyanlde to
human erythrocyte Catalase were determined by adding small
volumes of concentrateb Cyanide solutlon to a buffered
‘solut.}on of enIZyme, then placing 1mmed1ate]_y the mixed
solutlon into the. ‘temperature Jump cell; thus, the loss of
cyanide at lou‘pH values was mlnlmlzed. The reaction was
followed at 402 nm where an increase of absorbance as a
functlon of time was'obserued. For all reactions studied
a single relaxation\was observed. At each cyanide concen-

*

tratlon six to elght determlnatlons of the relaxat;on time,

1

and amplitude were performed these were averaged for a

‘51ngle value. The relaxation time was determined by a
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non-linear least Squares analysis of the first order curve
(7). The relaxatlon amplltude was measured on an X-Y
;ecorder.

For stopped flow leasurements one reservoir of the
stopped flow contained 0.2 - 0.5 ﬁM catalase in 0;22 ionic
strength buffer and the other at least a ten folg excess ’
of cyanide in-aqueous solution. The association reaction
was followed at 404 nm in the absorbance mode, where a de—
Crease in absorbance as g function of time occurred For
the above conditions all kinetic curves were found to be
- first order and the Observed réte constants were also de-

~ termined from a non-linear least squares analysis.

4.4 Results

The optical spectrum of human erythrocyte catalase

optical spectrum of the heme groups, a decrease in the ex-
tinction and shift in the maximum of the Soret peak to
longer wavelengths. Here the difference in absorbance
w1th 1nc£eas1ng concentratlons of cyanide is used to deter-
mine the assoclatlon constant'KCN for cyanide binding by
‘meansVof‘a Scatchard plot (8) (Fig. 4.15. The number of
binding sites per heme of catalase is approximately one in
all cases. The'valuescm'the equilibrium constant deter-

mined from the slope and the intercept of Scatchard plots

decreased as pH increases (Table 4.1).
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() W/

[B-ound]/[Totol Heme} [CN] 105!

02 04 01.6'
[Bound]/ [Total Heme]

08 10

Fig. 4.1 Scatchard plot of cyanide binding to human

erythrocyte catalase. Enzyme concentratlon 0.40 umM,

pH 4. 69 c1trate buffer ionic strength, 0 ll

is the Equllbrlum concentration of cyanide.

25°.  [G)
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Table 4.1 continued
rotal ionic strength = 0.11, citrate buffer pH 4.16 -

4.69, phosphate buffer pH 5.51 - 8.09, carbonate buffer
pH 8.65 - 9.96.
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In the temperatufe jump study a single rélaxat}on-
process was observed;under all experimental Conditions.
(Fig. 4.2). The concentratlon dependence of therelaxatlon'
time, 1, at any glven pH corresponds to\the following

51mple,equatlon;~
' kla , » f‘ l N
Fe + cN —=2BBs pecy . (1)
e - - »
and is given by (9): - o v

= k: [(Fe) +(CN)] + k

app - (2)

oA

—lapp’m

where Fe ana CN fepresent the“concentrétion,of homo and
cyanide, FeCN the heme cyanlde complex and (Fe) + (CN) the.
equllbrlum c0ncentratlons of heme and cyanlde The values
of (Fe) + (CN) were calculated as prev1ously descrlbed (lO)
Examples of plots of 1/t vs. [(Fe) + (Eﬁy] are shown in
(Fig. 4.3). The values of‘k and k—l;pp oFtalnod in

“lapp

this manner are listed in Table 4.2.
» a

Values of k were also measured by means of a

lapp
stopped-flow technique, (Table 4.2). The concentration
dependence of the kinetics of cyanide binding is shown in "

Fig. 4.4. No rate séturation was observed over the con-

centration range 10 to 130 uM cyanide. Seconﬁéordon}”‘
- tics are demonstrated by the linearity of‘the\plots >

the following equation:

k JCN] + k

obs lapp ~lapp
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Qo!

0005

AA 402

33' - | - ]
= S0 - 100« 200 30 400 ° 500

Fig. 4.2 Temperature—jump.relaxation of catalaée-cyanide
b . ,

"at.pH'9,06. Enzyme cdncentration 1.1 uM, cYahide concen-

tration 10.9 uM, carbonate buffer ionic strength, 0.11. .
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1 it N S B | ]

0 20 X 40_ 50 60 . 70
(N« (Fe)] (uM) |

Fig. 4.3 concentration dependence of reciprocal relaxa-
tion time against equilibrijium concentration of cyénideand
~enzyme at yarious pH values. The slopes of the lines

' correspong to K the second order rate constant, the

lapp

intercept to k Catalase, concentration 0.86-0.96 uM. .

-lapp®
[CN] - and [Fe] are the equilibrium concentrations of

cyanide apg heme respectively.
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Table 4.2 EXperlmcntal Rate Constants from. St0pp34 Flow

Data at 25°C and Ionic Strength 0.11

6.

a
pPH o Buffer klapprllQ

4.19 - Ci = « 1;19 £ 0.02
5.54 P o 1.28 + 0.01
6.65 - P ' , 1.34 £ 0.02
7.50 o P - " 1.19 + 0.01

- 7 8.65 o Ca ' , . 0.97 £ 0.02
9.27 ca 0.64 ¢ 0.01
9.76 , Ca 3 0.29 + 0.01

+ 0.01

10.20 . -Ca a . 0.12

4Buffer key: Ci, citrate; P, phosphate, Ca, carbonate.
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‘40‘, .

Fig.l4,4 Stoppea flow klnet*cs of cyanlde blndlng to

'catalase at Varlous pH values ts of k obs t@e pseudo

-flrst oraer rate constant fogfcyan
. 4 R

;degcoﬁcentrgtlo [CNJ Inltlal cata—

v t1on of total cy:

lase. concentratlon 0. 35 0 51, uM, temperature\€5°, total

g

310nlc strength 0.. 11 The sloPes of the llnes correspond
to klapp” the second order rate constant and are calcu—

, -
»

vlated by a welghted llnear least squares ana1751s

de blndlng,-as a func—-



. Values of klapp decreased markedly with increasing pH,

Fig..4.5. The values of k from stopped flow results

' -lapp
are inaccurate due to the long extrapolation to the ordin-
ate. The 51mplest scheme which accounts for thejlapp

values is:

| k
Fe + HON —2% » pecy

P : :

e
o j" ' o'l '

| . ,-'i.

where K, is the dlSSOClatlon constant for hydrOCyanlC acid
v _and kl is the pH. lndependent rate constant for the reac-

) tlon of catalase and cyanlde The apparent second order
rate constant, k

lapp ls glven,by:

(5)

Analy51s of the kl app vs. pH rate proflle us1ng a non- -

llnear least squares program (ll) glve values of PK_

1

.The value\of.k_iapp increased‘with increasing pH .

9.20 £ 0. 05 and k, = (1.3 + 0.1) x 106 M lsvl.

(Fig. 4.6). .The 51nplest scheme which accounts for the

]

k_lapp data is: s
i 3
.k ‘
. —=L . Fe + Hen . |
HFecN - o (7)
—--'-2—[9->]Fe + CN” + H.O

2
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Ll bty g

1

app
through the data was calculated using a non-

' squares analy51s of bquatlon 5. C, stopped

O temperature Jump data

‘Fig 4 5 The pH dependence of- kl ‘. The best fune

| _
llnear least g

flow data,_.
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Fig. 4.6
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Lhe pH. dependence of k

-la

Mhe best fltb
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line through the data- was'. calculated@u51ng d non- llnear

'least squares analysis of Equatlon 8.
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where k;l and k are pH 1ndependent dlSSOClatlon rate

ccnstants. The apparent dlSSOClatlon constant k—lapp is

\

Agiven by .

'k-'lapp = -1t ,_.ZLQH—I | S (8)

?r

A nonllnear least sqﬁares analys1s of - k Versus pPH

~lapp
" profile (Flg 4. 6) yielded ‘the best flt parameters llsted

'1n Table 4.3. -
. v/-

\  In a‘temperatnre ]ump experlment the relaxataqncgm-‘
plitudes are functlons of reactlon enthalples and ext1nc-~l
tion coeff1c1ents and can be used to determlne ethllbrlum .
constants. For the formatlon o#fa l;l compléx o .

. - , ' ' . k‘l o - : | | . : , 2T
S Fe + CN —= FeCN =~ - PR - (9)
- | : : —l ' . N - N
the amplltude (6A) of ‘the relaxatlon is glJen by equatlon ‘
L '
10 (12-15) |

- é‘A = 2.Ae(—1@2—° GT)

L o)

where AH® 1s the 1ntr1ns1c reacﬁlon epthalpy, Ae ﬂhe dlf-

v ference in molar extlnctlon coeff1c1ents, T 1s the tem~

k)

perature change, L the optlcal path length and T is the

uamplltude factor. . S




Table 4.3 Parameters Obtained from Analysis of Rl 1 ,
o ’ : app
k—lapp and-KcN.Versgs pH Profiles for Cyanide'Bindin§

to Catalase

Numerical Val—uea

Parameter :
klapé analysis k_lapp,anarysis_ KCN analysis
. -6
X0 1.3 + 0.1 1.4 % 0.1
(M Ts )
k1 4.6 + 0.3 4.4 + .3
(s71)
. -5
k2’2‘1-O “ 4.7
(M~“s~1) :
1 -3
k T 10 negligible 8 | -
(M_»S_l) . '
’ -5
k_p x 10 ‘) 0.6 + 0.1 1.0 % 0.6
(M—ls""l) . \ %
PK_ 9.2 % 0.05 9.2 + 0.1

aErrors'estimated from the standdrd deviations of the

non-linear least squares fits.

..\.—"‘
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R; [ The amplitude factor can be éxpressed as:

(Fe) (CN)

T = — ) (11)

(Fe) * (CN) + Koy |
Sl - are) @)’/ () + e+ KD ATE 1) (12).
2Ry - T : CN '

1 ¥
where the superscript © refers s? initial concentrations
of heme and cyanide. Equation 10 can Be rewritten

as

o = wse & v a3

3\ ,
for finite but small changes in K (AK «< K). :

Since &, Aé, and AK/K are constants, the shape of the

J
experimental curve AOD versus (QN3O/(Fe)O will be the same

as that of I' versus (CN)O/(Fe)O. By using a non-linear -

least squargs program the experimental points can be fit-
téd to find the best statistical value of the equilibrium

" constant. An dsymmetric béll shaped curve is found for a
plot of AOD vsi (CN)O/(Fe)o (Fig. 4.7). The solid line
represeﬁtS‘the best.value of . the association constaﬁt KCN
caiculated for the curvé and is (2.9 t‘O.l) X lO5 Mfll

A scale factor was included ih‘the curve fitting program

to supéfimpose the theoretical curve predicted from T

versus initial concentrétions on the expérimentai points
\\(15). The valﬁés pf KCN calculdted from amplitqde measﬁre-

| )

\ments énd from ?empergﬁure jump kinetic éétalklapp/k—iapp’

174
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‘7/ l: i‘l N R N 1 t
| (CNJ*/(Fe)’

o
‘ ’

Fid. 4;7ﬁ Relaxation amplitudes as a function of total
cyanide, (CN) O. The heme conc?ntratldh (Fe) was 3. 2 pM
The curve represents the best non- linear least squares fit
’\of the data- to Lquation 12. Eaperlmental conditions,

PH 4.69 citrate buffer, ionic strength,‘o.ll,.final

S

temperature 25° .
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are shéwn in Qéble4.l;'iwthe‘absence of ligand thefe)were
no detectable absorbénce changes due to a temperature jump
of 2.8° of the enzymé in aqueous solution over the time
span of l to 1000 ms. Séec1f1c buffer effects on the re-
laxation amplltudes were checked by~ measurlng AOD at max-
‘imum values of (cN)° /(Fe) - keeping the 1on;c strength
constant ‘at 0.22 and varying the proportions of KéSO4 and
buffer cgmponéntf. Thé rélaxation amplitudes.wefe identi-
cal for phosphaté, citrate and carpoﬂate buffers when
the contribution of K soé’ﬁgcﬁhe total‘ionic strength

2
ranged from 0 to 0.15.

Ct

decreased with increasing pH (Fig. 4.8). Iﬁithe pH inde-

The‘equilibrium'constaﬁt K q determined(by all methods

‘pendent region the value of Kew

the values from all methods is (3.1 +0.2) xleS M

calculated by averaging
| -1 The
dissociatiop rate constant of the catalase cyaride complex
k_, in this pH region is 4.2 % 0.6 5-1;

‘The simplest ‘mechanism terxpiain’tﬁe pH depgndgnce of

values 1is

. Fe + HCN

"Rk Fttittﬁ H Fe CN -

o [OH™]
Fe'+ CN  + H,0 {i:f:::::;



—
n‘ 1 1 ] 1 ] : J
4 S 6 7 8 9 v
pH
Fig. 4.8 The pH erendence of K ihe best line

CJ
through the data was calculated u51ng a non- llnear

least - ‘squares analy51s of Equatlon 15. C)kinetiq
'determlnatlon, A relaxation amplltude data,

°

Q, Scatchard data.

RxY
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,,Thevvalue‘of‘k is assumed to be small as shown in klapp

analysis. The above scheme (14) for cyanlde blndlng pre-

dicts ' e

‘ Analysis of‘the'Ké versuys pH profile ylelded the" para—r
meters listed in Table 4.3. By applylng the principle of
detailed balanoihg k2 is approx1mately 4.7 x 10° M2

‘and k2 the second order rate constant‘for the reaction of

dlssoc1ated cyanide and catalase is 8 x lO3 M -1 _L in

[

agreement. with the ehperlmental data.
1

4.5 Discussion‘
— ==
1

| The values of the equlllbrlum constant determlned
SpeCtrOphOtometrlcally and from temperatére jump data are
comparable. In the PH independent reglon a value of
(3.1 £ 0.2) x lO5 M -1 was found. This result is 51mllar to
a:value of 2.8 x 10° M_l reported in an early kinetic
stuoy (16) where kl at pH 7.0 was - 9 X 105 M- l -1 and
ko 3.2's -1 for horse liver catalase but is hlgher than

the value later reporteo for human and horse erythroqyte

P
catalase, 4

diss = 7 x 10 é, and 4 x 10 -6 respectively (2).

“In all earller Studles an 1ncrease in KdlSS as a function

.of pH not attributable to the dleOC1dtlon of hydrOCyanic’

.

[
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¢ »

'acid alone was Obseryed. This can ndw be explalncd by an

inc:ease in k as obscrved in the present study.

-lanp
Curvature in. a Scatchard plot 1is ag indication of
c00perat1ve effects in-a blndlng reactlon The stralght
llnes obtalned in the Scatchard plots for cyanlde blndlng
to catalase 1nd1cate the. four heme roups act 1ndependently
The pK for the dlssoc1atlon of hydnj:;anlc ac1d is 9. 0 at
25° and an “lonic strength of 0. ll (17) . Analys1s of the

A}

klapp klnetlc data and hCN/equlllbrlum data ylelds a group

v

lwith a pK of 9. 2 that affects the association rbactlon,y
when thls group is deprotonated the reactlon slows "Thus
the formatlon of the cYanlde complex seems to be. by reac-
.tloa"of catalase with unlonlzed hydrocyanlc ac1d just as
componnd I formatlon required the unionized form of hydro—
perox1des/(l). The part{C1patlon -of the undlSSOClated |
_ac%d rather than the conjugate base in the rate llmltlng
step of the.reactlon does not necessarlly 1mply that the
‘;protonated a01d~1s llgated in the complex. | Evidence from
Lnorganlc chemlstry 1nd1cates that transition metals do
not bind the neutral form of llgands such as Cyanlde (18),
_ and although 1t cannot be proven the evldence above sug- |
gests it 1s the neutral form of cyanide’ whlch binds pre—

ferentlally ~ Upon binding the proton could ‘be plcked up

kby an exposed group on the proteln (19). The equilibrium

%Q‘

analysis also agrees with the observation that tcyanide

- _ & ]
binding to catalase occurs with no net uptake or loss of

o

. 3
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. < ‘
protons‘to the medium (ZO)A

The dlSSOClatlon curve, k-lapp Versus pH can be fit

to an equation where k_5 1s the dissociation of FeCN:

[ ’ q _

k

JdiFeoN — =1 L po 4 ohen |

+ , : , ' :

H ” Kew k, B | (16)
FeCN . ——= 3 re + Cn

This‘would lead to the‘equilibrium mechanism below:

. o . k .
- Fe =+ HCN Ml\ﬁ H Fe CN
T
+” kop o +”
H || K . H K
a k )
Fe +°CN # FeCN

This mechanlsm is invalid since parameters from thlS curve
fitting predlct that k2, ‘the reaction of 1onlzed Cyanlde
and catalase, 1s approx1mately the s&me magnltude as k

1’
The pH dependence of .the d155001at10n rate 1sunusual

- BEgs. 7 and 14 predlct that the 1ncrease in the reverserate

as pH 1ncr2ases is due to the’ contrlbutlon of k_,.

+
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. APPENDIX-I. -,

5 ' CARBOXYPEPTIDASE A
IntfoduCtiQnu o

{-

An objectlve of research ‘in thls laboratory is.to
attempt to eluc1date the common features of the mechanlsxs

of actlon of- dlfferent enZymes." Although this is a 1ong; .
’ fé

term goal Wthh is at present nowhere near attalnment

this appenerls devote&‘to summarlzlng the present state‘:
. % ' ’
of knowledge of a well studled metaﬂloenZyme caernyg 

peptldase A. = 1;; ' ;nu' o . o

Carboxypept}dase A 1s an exopeptldase, removlng the' o
'?C termlnal amino groups from polypeptldes‘ specu';f fory'
large hydrophoblc amino acids such as. phenylalanlne._ﬁlhefll
clOSely related CarbOXprptlda‘ 13 spec1f1cally lemovesl S

ly51ne and arCLn%ne re51dues., Carboxypeptldase A contalns

-one atom of 21nc bound to a SLnglé polypeptlde chaln. The fh';#'

'most studied type is the bov1ne pancreatlc enZyme first
1solated by Waldschmldt Leltz and Purr in 1929 (l) ’The .
. nzYme was . crystalllzed by Annon in 1937 (i) ‘and - the se—fI'

quence was determlned by~ Neurath and CO workers 1n l969
2

(3).> The - enzyme has 307 amlno a01d re51dues and a mole—'

cular welght of 34,472, The X—ray structure at 2 A

.«n,.

~resolutlon was determlned in 1967 by Llpscomb and co—b
workers (4) ‘ The molecule contains 38% o= hellcal struc—
ture ana l7b«8 sheet (4). " at an : 1on1c strength of 0.2 the
/ . . K ,

Qs



: ;wg"ls free SR Sl

"1soelectr1c pOlht is 6 0 (5?.' The molar extlnctlon co-

”eff1c1ent at 270 nm' is 6. 42 X lO4 M‘l -1 (5).
q - , .
The enzyme is secreted by the acinar cells of the pan—"

creas. as a zymogen procarboxypeptldasesA The Zymogen 15,:'
*ﬂactlvated by the removal of“a peptlde of about 64 re51dues o

o from the N- termlnus by trypsln “The zymogen has slghlfl—
rf.

"\cant catalytlc act1v1ty- Carboxypeptldase A is commer- -
: \sﬂ

‘,h//C1ally avallable and an 1solatlon procedure u51ng aff1n1ty7f(

-

chronatography has been descrlbed recently (6)y.
. : , L .0

e Catalyt-c Act1v1ty

f,ﬁ’V y7 Cagboxypeptrdase removes the C- termlnal amlno ac1ds

N

from a peptlde chaln lf the C termlnal carbOXyLate.group

L

‘ ‘All-Rl amino ac1ds are hydrolyzed but ly51ne, arglnlne and

< .\\

prollne. The hydroly51s 13 most rapld when Rl is a neut—}e"

‘Hbic. Dlpept;des w1th a free amlno group are hydrolyzed

\

slowly but 1f thlS group 1s blocked By N- acylatlon,?the:’>

hydroly51s is rapid Studles Qf longer polypeptldes 1nd1

. cate that the nature of the s1de chalns of at least flVe.‘

i

Ll

‘o re51dues 1nfluence h and k £ tb some extent (7) ; Ester

bonds in a serles of synthetlc esters are alsc>hydrolyzed,~"

‘ral aromatlc or branched allphatlc re51due,1 e. hydropho— f?“b



.

rSubstrates used for standard assay aI warb@benzoxyglycl~~f”'

L—phenylalanlne [CGP] (Af and hlﬁpuf&lﬂL*phenleanlneﬂ

[HPLA] (B). The change in. abSOrbance at 254 nm 1s,mon1~_;

-

tored as the substrates are hy@roly@ed ffwgﬁf f*éj“_

’W: L e

. ' —CH,=-0~-C-NH~CH, -C ==~ NH ~‘CH: - G’OO T T L
, . " . ] - 2 ..‘ B " o ‘:‘- e ‘ f_‘v' . :2':\“: -4[ & ‘,:»',! l 2 e “ ¥ ) e . . ; - '

PR -

.. [
¢y .- ta
W . v
e & Y .
. .

X< Ray Structure

Ly e ’ o_

The 21nc atom 1s coordlnated to three groups,~ lutamlc

“a

ac1d 72 hlstldlne 196 and hlStldlne 69 . Water completes

a d;storted tetrahedrqn._ In 20% of the molecules, the

>

«;v

srde chaln of thls res1due 1s very moblle.. The X—raystruc-'

ture of a complex of the enzyme w1th the dlpeptldeglycyl—L—ﬁ

tyr031ne whlch is hydrolyzed very slowly has also been

determlned at 2 A resolutlon (8);‘ The blndlng features are

(Flg 5. l)fn*j; ','Taz, éﬁf:f fﬂ f”?h*ﬁffiﬁbi _g“f?f{ff%,;~fa§-

phenollc 0xygen of tyr051ne—248 ;s a fourth ligand (E)}ithé_J




" OH
CH
rl 2
- +
HC-CO,™ ..... Arg’ 145
His 196 |
; \ i -
. N ceovg.n HO-Tyr 248
Glu 72— zn4t o | ¥ S
N | //// Y=c
His 69 - éH
, 2
o / .
270 o .
hd .
L4 °
H,0

Fig. 5.1 Theyzpartly) non-productively bound complex

of a dipeptide and carboxypeptidase A (8).

&
.
‘ .
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- 1) the aromatic s;de chaln blnds in a hydrOphoblc
blndlng pocket that contalns no spec1f1c binding
;?éups and Te\igrge enough to acoommodate a t;yp—
tophan side.chain

1i) the termlnal carboxyl group of _the substrate(whlch

. s eséentlal for cleavage) 1nteracts with the pos-
1t¥vely charged ,guanidinium group of arglnlnel45

iii) the carbonyl oxygen of the peptide group susoept-
ible to hydrolysis reolaces\the water molecule et
the ‘fourth coordinationfpositiOh of Ainc

iv) = the phenolgc oxXyYgen of tygosine—248Ais within 3 g
of the scissile bond : | |

v) only in dipeptideS-does glﬁtamic ecid 270 bind -

through water to the a—amino group

Reaction Mechanism

A metal ion is needed for ‘activity and replacement of
zinc by othef metals changes enzymic efficien0y, Table 5.1
(9). Analysis of the klnetlc data is complicated by sub—
strate inhibitionr—end_product inhibition and activation.
The rate vs. pH profi£§:\¥ollow a bell shaped curve with an
optimum at pH 7.5 (lO,ll); Analysis of thevprofiles yield

<

. two enzyme pKy's, the first 6.5 1 0.4 and the second varies
from 9.4 to 7.5. Enthalples of 1onlzatlon are 3.1 kcal/
mole for the group with a . pKz 6.5 and 5. 4 kcal/mole for

the segend enzyme PKa (12). The lower PK, may be_glutamic
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. . . 7 {
_ Table 5.1 Activity df Metaldbcarboxypeptidases.a

2 ' . '
Peptidase - Esterase

E;el‘tént Activity Activity
v 2 i - 100 o 100
Co 160 95
Ni S 106° 5 8T
Mo, .8 - L35
Cu 0 : g 0
. | ‘ .
Hg - 0 . 116
cd - 0 | 150
’ Pb 0 / 52

*

aAbtivity toward quarbobenzoxyglycyl—L—phenylalanine
(peptidase) and O—hippurlyl—L—B-phenyllactate'(esterase)

at pH 7.5.
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acid 270 needed in its carboxylate form for:activity al-
though arguments have been raised that a conformation

‘ change of the enzyme may be responsible for the loss of

activity as pH decreases (13). Yhe higher pPK4 group has

not been assigned unambiguously' It may be ‘the lODlZathn

of the metal water complex or the pnenollc hydroxyl of
‘tyr051ne 248 since acetylation of this group abolishes
peptlde hydroly31s and- the hydroly31s of certain esters
Two classes’ of mechanlsms are suggested, based on
X-ray- and enzyme modlflcatlon work; In one case glutamic
acid 270 acts as a nucleophile at the scissile carbohyl.
This‘meshahism would lead to an anhydride acyl-ehzyme

intermediate temporarily attached to glutamate 270

(Scheme 1). .In the second type of mechanism the carboxyl=

ate of glutamate 270 acts as a general base delivering a

‘water molecule to the“scissile carbonyl (Scheme 2). Evi-

dence for the acyl intermediate comes from a study usin

¢ /

/
the ester substrate O—(trans—p-chlorocinnamoyl)—L—B—

/
/
/
VAR
/
S
/

phenyllactate | - ' | .

\ 0,”

Ho ) S
o y N
Cl — C=C—-4—o0-<Cc~-cCH <
SR B | 2\

The reaction was monitored by changes in the spectrum

of the cinnamoyl group and at low temperatures a biphasic -

reaction was seen in the presence of excess enzyme (14,15).

I

="



%n(II)
JH20
6] 0 "0
. | —_— g’ |
Glu-270-C-0 Rl NH-CH — C-0
|
.
Zn(II) , Arg -145
®
. . [ ]
. ~ -
0 f o
1u-270-0 c. 7N
G1u-270-C-0 /‘\N/TH 0
H '
Rl Rl
./H+ |
+
Zn(I1) Arg =145
(0]
. ' |c|> : “ T [ -
Glu-270-C-0—2C + HZNCHRICO2
,R]_
2 B0
A )
. H20 )
A 0)
“ - ~ “ - , +
Glu-270-C-0 + Ry=C-0" + 2H
j’ ) . : . £,

S%heme 1.
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Michaelis
Complex

<



Zn{II) N
. .
[ ] }
o ,
0 .0 -
N oy
 Ry-C-NH-CH-C-O ' Arg -145
~ 00 Ry o )
. TR ‘ B | B
Glu-270 coz’
Zn(II) . zZn{II)
. e . o ‘
® & ) [ ]
| .3 | ’<'3 .
Rl—é—NH—?ﬁ—c—of Rl—C—NH—CH—Cozf
J ] ‘ ' ll ’
— N
o\H R, O H R,
H 3 "H
. . ) BN
Glu—27Q—C02H . Tyr-248(2) . Tyr-248(?)
Zn(II)
T ﬂ; B .
— o . - —_ N
| / + H,NCHCO, + H,0
Rl_c': l 1 o : .
y Ry
Zn(I1) ﬂ -
, + Rl—c—o .
n20
.

o

4

- Scheme 2.
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1

't At higher temperatures the rate cdhstant for the second:
fphase 1ncreased more rapldly than for the flrst phase. »Thef
jtwo phases were 1nterpreted as belnglthe formatlon and |
hydroly51s of ap- aCyl enzyme Further eV1dence for this -
mechanlsm was shown at —58° where .the acyl enzyme ‘is stable.
A strongly blndlng competltlve inhibitor of the enzyme
L- benzylsuccrnate did not dlsplace the c1nnamoyl group,j
rndlcatlng it is- covalently bound |

| Ev1dence for the second general base mechanlsm comes
| from oxygen 18 exchange measurements (16) If hydroly51s
| occurs by the anhydrlde route then the synthe51s of a pep—

,tlde in the reverse reactlon requlres the initial forma-

'vtlon_of theAanhydrlde from enzyme, and'RCOz}

18 - - 18 :

RC™0, + E-COy "T: E-C0,""OCR -
Hy™"0 .
- —» "rcoot®o 4 E—CoO,
4 o
H,O

This’would 1ead to eXchange of l8O between thé substrateh

and'water' However exchange does not occur uinless a free
amino ac1d NH3~CH(R )CO ',-R' E‘phenylalaniné or leucine,
is added It may be that esters are hyarolyzed by the nu-
"cleophlllc attack mechanism and peptldes by a general base

‘mechanlsm (7). It is not 1mprobable that the mechanlsms
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are‘different becauée-chemicallmodification of . the eﬁzyme

~ 2

or- replacement of the metal ion affects esterase and pep-

tidase act1v1t1es in dlfferent ways.

CE
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