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ABSTRACT /

' ] x

The effects‘ofichem&cal modifications1and specific@heme'ligandsdw
on the k1net1cs of hemoglobin denaturation in alkali were

1nvestigated by both precipitation and specdtral assay methods.

were obsgj?ed. A model for the denaturation of oxyhemxglobin is

f

pro osed 1n "which two rea 1on .Sequences compete for the native
P

proteln. The two pathWays d1ffer in that oxidation of ferrous
. ¥ )
heme follows denaturation in the first and precedes denaturation.

in the second. In the first (faster) reaction, the formation of
' ‘native oxyhemoglobin monbmers, is the/rate limiting step. |
Subsequent unfolding le ds{todthe partial reddctidn of.molecular;
oxygen with production of superoﬁide anion 2} hydrogengperoxiﬂef
These convert some of the nativeJoxyhemoglobin in the alkaline
ﬁ\ | ‘reactlon mixture to methemoglobin which, in tdrn,»denathres
rapidly by thevsecond'reaction sequence. The second pathyay is
not limited hy formationtof mondmers and is»characterized'by the

production of a hemichrome i;tArmediate which is,modified

further in a slow reaction.

ror‘ﬁnmodrfred“nyhemoglobinsboth~aAfastuandea*— ~reactionwe;4sliml

‘Human hemoglobin A was purified by ion exchange chromatography. -~

Denaturations- were carried-out-at pH'll,? and 25.0°C in
0.025 M sodium phosphate, 0.100 h NacCl and were.measured by both

the absorbance decrease at 576 nm and the loss of’protein due ‘to
° - - 1’ : '57'7 T

precipitation after neutralization to pH 6.8 in the same bdffer.

[

[ M

. S il



Denaturatlon of oxyhemoglobin by the first pathway (fast
reactlon) had a‘tirst-order rate constant of ' '
0. 42 % o. 02 min 1.7 Fub% t1tration of the interfac1al
sulfhydryl groups w1th HgCl, was_ found to reduce th1s rat

23 fold whlle slm;larvtreatment wlth the larger mercurial e

i

p:merCUribenioate'wasﬁjoundtt,Minoreaseaitm4w£oid;@ihis' '{
sens1tjv1ty of denaturatlon to mod1f1cations of the dlﬂl
aﬁlnterface supports the rate limiting. role of monomerization. /
| Deoxyhemoglobin denatured only 7% faster by the first pathway
than did oxyhemoglobin wh1ch suggests that they share thé same

Arate_11m1ting step and demonstrates that autoxidation is not a

prereguisite_for.denaturation by .the first pathway. R

Methemoglobin was prepared by careful oxidation With,,
KyFe (CN)g. Alkaline denaturation occurred before the first

measurement at 0.5 min. The rate limiting-step for this

e

‘derivative cannot be monomerization as for oxyhemoglobin since
. A

methemoglobin has’ a similar «3;pf, interface structure and

stability to oxyhemoglobin and yet had a much higher

\ «

denaturation rate. A hemichrome intermediate is formed by this

-

‘reaction, which reacted further with a first-order rate constant

of 0. 014 % 0.002 min~l. A similar intermediate observed -with — -

-

~oxyhemoglobin reacted at the sameﬂrater;mhissindicates;t, S —

oxyhemoglohin is oxidized to methemoglobin-before denaturation"

(the second pathway in the proposed scheme). Eg?”hothﬂfi

iv



S s o N g
S oxyhémoglo;in’and methemoglobin, the 1ntermediate was soluble in \ B

-

the neutral buffer but not in neutral buffer containing o
24% (w/v). (NH4)2804. Also ih both cases, the intermediate

. was rendered insoluble in neutral buffer by t1tration with 2

T equivalents of HgCl, per tetramer prior to ‘the start of the

fdenaturatron**Thusrthe*intermediate*appears“torbe*identicai“*““
whether oxyhemoglobin or methemoglobin is the start1ng material.

As expected from the reaction scheme a lower amount of the

"1ntermediate was observed for oxyhemoglobin.
, L . . e .

Oxidation of denatured hemoglobinfdurihg the fast reactioniwasl

. -

clearly evidént from the chandesbin the visible spectrum that

, parallel denaturation."since oxygen ishthe only oxidant |

‘ present, reduction to supergxide'or.peroxidegShouid,occur at the
sane‘time. The formation of these reactive speciesgduring -
oxyhemoglobin denaturation was indicated by concurrent o .
sulfhydryl oxidation. Aireductibn in the titre ofvfree N
sulfhydryl groups and production of . disulfide linked multimers
were observed.' Superoxide ‘or. peroxide should not be produced

‘ during methemoglobin denaturation and, as expected, sulfhydryl

oxidati®pn did not occur. These agents also cannot be present -

during the denaturation of deoxyhemoglobin because of the -

’”"ﬁ*f4“*”frabsep?e4ﬁf4°xyyean4;4444;4444*’
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P

' difference has been well known since the 19th century, a

"structural basis for itrwas‘not~postu1ated until recently

7

INTRODUCTION R B .
S ,

Studies of'hemogiobin stabilfty'at alkaiineipH‘date back to 1866

when Vong Kerber demonstrated ‘that hemoglobin from the blood of

newborn ch11dren is’ less susceptlble to a1ka11 than that of ;>'

'adults (Brinkman, et al, 1935). Today 1t 1s well: known that the

t

S > [ - S — — N

hemoglob1n and’ hemoglobin F is the basis of a number of c11nica1
procedures for measuring the level of foetal hemoglob1n in human

blood (Slnger, et al, 1951- Jonxls, et al,\1956). Although this

(Perutz, 1974).
Protein Denaturation

The function’of globuIar protein5°re1ies on'thelintactbess of a
‘ PR .
specific ordered conformation which is commonly called the

&

"native state”. The persistence of the native state depends on

the weak interactions between key functional groups distributed

throughout the protein.' The degree of interaction is dependent

on the chemical and physical environment Protein denaturation

is a major shift of" protein structure away from the native state




due to changes in these weak interactions. Minor changes of the -
~native state such as the aggregation of protein molecules into a'
crystal are not considered denaturation. - : Jﬁ

)
~

The denaturation of globular proteins is usually accompanied by

a decrease in their water SOlubility. Since non—polar am1no acid

e — e - B S

re51dues within the interior of the protein molecule are

frequently exposed by denaturatlon, the stabilizing 1nteractions' )

L3

between protein and aqueous solvent is usually'reduced and
I

pred;ctably aggregation of prote1n molecules is enhanced. The
‘degreenof precipitation of denatured protein can depend on many

‘factors such as the concentration of the protein,  the

‘denaturation method and the physical state of the solvent
(tempegature, pﬁ{and ionic‘strengthl. Althoughkprecipitation is
often used tovmifsure denaturation, the tenuous relationship

between the two phenomena. should always be considered.

, e |

. Most detailed investigations of the effects of pH extremes-on -

-

protein denaturation have been confined to acid pH values.
Undesirable irreversible changes are more prevalent at alkaline

PH, of wh1ch the oxidati n of cysteine sulfhydryl groups with

formation of covalent d1su1fide llnkages is the most widely

d1scussed (Tanford, 1968). This type of covalent modification is

a ma]or problem in 1nvestigations where reversib1lity is to be

investigated since it impairs refolding. Although disulfide

b



<

- formation has not been demonstrated in past studies of "the
alkaline denaturation of hemoglobin, it is known to occur with
thermal® denaturatlon of oxyhemoglobin at physiological pH "’i
(Winterbourn, et al, 1974)., Since sulfhydryl reactiVLties |

©

generally increase at alkaline pH (Means, et al 1971) disulfide

~wformation—1s~veryelikelyeto~besprevalent inethesalkalinesgssssssss_—s

denaturation of oxyhemoglobin also, provided a suitable ox1dant

4o

is present.

The denaturing effect of high temperature and extreme pH are not

clearly separable becauSe protein stability at high temperature

is generally PH dependent. Denaturation,of‘a protein at’ a

~particular acid or alkaline pH is often severely reduced or

effectively terminated by lowering the temperature and could be‘
regarded as having both pH and thermal denaturation components._v
Since the ignic state of the protein may'differ’substantially T
between an extreme pH and the most stable pH, the thermal
denaturation mechanism may also differ. ﬁowéger information
acquired from investigationS'of:the thermal'stability of a

protein is often relevant to studies of 'protein denaturation at

acid or alkaline pPH. ~
- SRS R

al . Y
©

The instability of globular proteins at extreme pH is often
attributed to ionizatlon of‘critical amino acid residues within
the hydrophobic interior of the molecule such as histidines at

acid pH and cysteines and tyrosines at alkaline pH. Amino acid



residues which are charged in the native structure of the

protein at normal pH_are typically confined to the protein

surface and should contribute 11tt1e to destabilization at pH

extremes. The available detalled information on the structure

+

of hemoglobln is thus a major asset ¥n deciding the role of

specific aminewaeid~residues—infthefdenaturation“process

Because of this structural information, hemoglobin’ is an”

“attractive experimental_system,for studies on‘protein

denaturation. .

Hemoglobin Structure

i

)
The 3-dimensional structure of hemoglobin was determined by the

X-ray crystallographic studies of M.F. Rerutgjand collaborators:
(Perutz, et al, 1968). Mammalian hemoglobins are basically
tetramers, constructed of two'pairs of.polypeptide chains;

termed oLand/B arranged tetrahedrally around a single two fold

symmetry axis. One molecule of heme, ferroprotoporphyrin IX, is

.inserted into a hydrophobic pocket of each chain. The hemev

component of hemoglobin structure is solely responsihle for its

characteristic Qisible’sgectrum,.

The O(andzB chains consist@of 141 and 14644miggtagidtresid

resﬁectively arranged into BlX helical segments which are

normally labelled from the N terminus as segments A through R

according to the convention of Watson and Kendrew



: 5 o . .

.(Watson, et al, 1961). }he non-helical segments are labelled AB
through GH‘éepending on the helical segﬁeﬁtsrfhey séparate of
are labelled ﬁA or ﬁc ﬁﬁ.théy occuf‘at;the N or C tefminus
respectivély. &he individual amino acids within»each.seéméntiare
numbered in the N to C direction such that each amino acid is
specified by its position in the tertiary’'structure of the .
subunit. This s?siem_a}lows_functionally relevant cqmpariéons
between the émino acid'sequences of different hemoglobins and
myoglobiﬁs.‘ 7 i_ - -

Both chains have two relatively hydrophobic sites on their
‘'surfaces which bind the subunits together into tetramers.
S?bunit contacts are almost entirely between unlike subunits

- such that two typéslof subunit interfaces occur. The\strongést
inFerface, termed the difﬁ interface, involves hydrophpbic‘
contacts between’BA amino acid‘reSidUes belonging.to segments
B;,G and H. The remaining inperface, the Nlﬁg interface, ,
ihvolves 19 residues from segments C,F and G iq ﬁydrophobic‘
interactions. . *- ot o j | '
; o ,/{‘

The, heme resides in a hydrophobic pocket created by segments C

tthrough'G‘making*épproximatély 90 Vah;déT”WEEIS”CGﬁtééfﬁ’Withf’"””’

rthelpe}ypeptideia?he—hememifen~is~eeva}éﬂtiyka&tatehed—te¥af

‘histidine residue, called the proximal histidine, at position F8

Ss

and is normally displaced slightly out of the plane of the” heme

-
7Y

o



towards this ligand. Molecular oxygen binds to the opﬁosité side.,//

of the heme iron in oxyhemoglobln such that, including the four

- ligand- p051tions occupled by the por hyrln, the iron is
' Six-coordinate. In deoxyhemoglobin the oxygen binding site = -
remains vacant -such that the heme‘iron i\ only five-coordinate.

Movement oﬁ\the 1ron 1nto the plane of the heme with the bindlng

of oxygen is believed to be the trlgger event for the
cooperativdhheme—heme 1nteraet1on whlch is characteristic of‘ .
hemoolobin fdnction. | | |

R
A remarkable feature oflthe in vivo function of hemoglobgn is
‘the ability of the constituent ferrous-heme to comhinei - -
reversibly with O, without oxidation to the‘ferriC'state.
Free ferrous heme in. aqueous olutfon is tapidly oxidized by
-0, (Falh, 1964). The 3-D struzlure of‘the heme pocket must
constrain the-interaction betmeen-hemehandtpz such that V
oxidation does not occur. Ié:denaturation, the integrity of the .
heme pocket will likely be lost. Oxidation of the heme iron is
lthue a predictable as .well as‘obsermahle consequence of the
i denatdration of oxyhemoglobin. | R
As well as exposing the heme to oxidation, denaturation of most
hemoglobin derlvatives is accompanied by changes in the ligand O
state of the heme. In general, both/thE'fofﬁ”iﬁa‘§Tifh %Kk

coordinate positions of the heme iron become occupied by £



B
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- =3 o :
histidine imidazoles of the polypeptide chains. Heme compounds-
of this sort, in which both ligand positions ‘are occupied by
nitrogenous bases, are called "hemochromes” if the iron is in

the ferrous state and "hemichromes” if the iron has been

6xidized. Characteristic changes in the visible spectrum which

accompany the formation of these derivatives are offen used to -

monitor the denatytation reaction.
Denaturation Mécﬁaﬁismg

, : ; . . s . A .
Denaturation of hemogiobin at extreme pH might befregarded as a
series of confdrmational adjustménts triggéred by thé ionization
of particular amino acids in the bolypepfide sequence. - Because
of the dependence of the native structure oﬁ the ipteraction of
many amino acid residues, denaturatiog is éredicfably a:
cooperative phenomenon,sudh that the rates 6b£ained-by the

majority of these adjustments are governed by relatively few

'~ rate determining steps.

'Dissoéiationrof the native‘hémoglobin tétramers,into‘diﬁl,i

dimers occurs readily, is reversible, and precedes alkaline

denaturation of mqyﬁglign,hemqg;obins,uA; pﬂﬂyaluestanging,from_LNTJ

9.5 to 11.0, this dissociation has bee“,@?EEE§E£EEE§49¥4P°th -

sedimentation velocity (Edelstein, et al, 1970) and light

séattering (Flamig, et al, 1977)>methods. Carboxyhemoglobin =



(Co-hemoglobic) is fopnd‘to di550ciate completely at pHQlI.O
(Hasserodt, et al, 1959)r Because the rate constants obtaihed
for disSociation into dimgers (Flamig, et al, 1977)‘are.huch
larger than those obtaihed forAalkaline’denatUraticzldPeruti,
1974), nat1ve hemoglobin must exlst ai/dLﬁl dimers in the

alka11ne reaction mixture. e '“ff

Compared to other globular proteins, human oxyhemoglobin is
relatlyely stable at alkaline pPH, requ1r1ng pH values: greater
than 11.0 to produce a significant denaturation rate'at room
temperature. va denaturation is triggered.by ionization of
specific criticai ahino acid residues then tHemrequired‘pH
implicates only cysteine and tyroéine. Replacement of these
residues by structurally simllar spec1es which do not ionlzer
rwould be expected to confer greater alkali stabllity to the
proteln.‘The 1dent1ty of the residues which are critical to ‘the
‘denaturation mechanism might then be obtained by comparing‘the
alkaline denatutation kinetics of hemoglobin variaﬁts} -
"hemoglobins_from_other species and chemicallylmodified

hemoglobins.

The rate of alkaline denaturation variesﬂgreatly,between

‘hemoglobins of different species. Human adg%fzﬁokgmgglqbin ,
denatures in 0.1N NaOH at 20°C w1th a: half tifme of 20 sec

while bovine hemoglobin is stable under the same conditions



s

(Hauroﬁité, et al, 1954) . By correlating the differences 'in

4alkaline’suscept3bility of these and other hemoglobins with the

~ [

bresence or absence of 2 cysteines within the qlﬁl subunit

iinterface at positionstllu.and Glgﬂ and a tyrosine between

segments A and H at: position H%ﬂ Perutz has deduced a reaction
scheme which explains some of the basic features of the ) _
denaturation kinetics. 1In Perutz's model cleavage of the
<X;Bl interface is the rate limiting step and the .
denaturation rate is equal to the difference between the rates
of dissociation and -reassociation. The ionization and
stsequent hydration-of»the 2 interfacial cysteine(residues
should impair normal reassociation of unstabIe native monomers
into stable dimers, and thus should increase the net rate of
monomer formation. In the absence of the two interfacial
cysteines, as in the case of bovine‘hemoglobin, suhunit

reassociation should not be 1mpaired and” thus the denaturation

rate should be lower as is observed.

Perutz also suggests that dissociation of the native dlf&
dimers into monomers is followed by the uncoiling of the

1ndiv1dual subunits from the C terminus. The tyrosine at

p051tion Hgﬂ is depicted as having a.minor role in this process

by enhancing the unfolding of the subunit. This proposal is
supported by the alkali stability ofuthe/B subuﬁits of
hemoglobin Rainier, a hemoglobin yariant in which another

tyrosine, the penultimate C-terminal residue of the/6 subunit,
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is replaced by cysteine. The alkali stability is thought‘to
arise from a df;ulfide bridge between ihis’cysteine and that B
nofmally at position'F%BFSUCH that helices F and H are iinked
directly, prev;nting the movement necessary for’theruncof{IREbe

¢

the latter helix. Since the “&ﬂl interface links helices G

and H, an intact interface would-also be expected to prevemt
uncoiling from the C-terminus, thus explaining the stability of

the intact dlﬂl dimers with respect to monomers.

Althqugh Perutz's reaction scheme'was intended for deﬁaéuratibn
of hemoglobin iin alkali,?the dffferencés betweén this scﬁéme and
oné proposed for thermal denaturation of oxyhe@oglobin at
physiolbgical pH values (Rachmilewitz, et al, 1971) merits
consideration. In the latter scheme the subuhit state of the
initial reactants is not’ defined, Eut unlike Perutz's scheme;

' autoxidation of oxyhemogiobin to less stable methemoglobin is
presented aé an obligatory step prior-to denaturation. | ‘

Methemoglobin denatukes much’'more readily than oxyhemoglobin at

\

A major consequence of the conversion of oxyhemoglobin to

all,pH values (Rieder, 1970).

methemoglobin is a large reduction ip the affinity of globin for - -

heme (Bunn, et al, 1966). Because of ;b}slwsgmg;aggﬁggé;haygrﬂwzuwwwwrjmr
suggested that a displacement or expulsionmof the heme is
responsible for the instability of methemoglobin relative to

ferrous <iron derivatives such as oxyhemoglobin (Rieder, 1970).



Compléta expulsion of heme has been‘prOPOSed as an initial'stepg
in the denaturation of cerfain unakableAgenetic variants of
’hemoglobin characterlzed by am1no aciad substltutions in’ the>
vicinity of the/B chain heme (Jacobﬁ\at al, 1970). A major
advantage of reaction schemes based on dlsplacement of the heme .
rlS—that they. account for theAstabllLZLngaeffectgofacyanide

=, This ligand impairs both methemoglobin denaturation»

(Winterbourn, et al, 19?4) and heme exchange (Bunn, et al,

3 - ——

1966) . - : -

) . '
To account for my results I have adopted a reaction scheme in
which denaturatidn af oxyhemoglobin occurs in two parallel

reactions; one initiated by mbnomerization and the other by .

oxidation to methemoglobin: -

. Hb, ==——T=2Hb—7——H£mcnRom:

0; OR H,0,
 Hb? _ _ INTERMEDIATE _® _  FINAL -
, T HEMICHROME \——“ HEMICHROME

e - oasmvsn RATE LIMITING STEPS.

- The denaturation of oxyhemoglobin monomers is assumed to be

accompaniedtby the production of partially reduced forms of
molecular oxygen such as superoxide anion and hydrogen peroxide.

These oxidants, then convert som& of the unreacted native



oxyhemoglobin to methehogldbin which Qenaiurés rapidly by a

separate mechanism in which the rate determining step precedes

formation of monomers. This step ﬁay be the expulsion of ‘heme

from one or both of‘}he dimer subunits as observédgfor the acid

denatufation of methembglobfn (Polet, et al, 1969).

I utilized a kinetic»appr;;bhquiéxplore the effect of heme

ligands, chemical‘modffications and heme oxidation on the
. , S

-alkaline deh;turatioﬁ"of“hemogiobin;f The -reaction: scheme

’ diagrammed above accounts for‘éll of the results I have

t

obtained. ' o




METHODS AND MATERIALS

N

Preparation of Hem globin»Samples

Twoilevels oﬁvpurifioation are commonly usedainkstgdies of human
 hemoglobin. ‘st;omaﬁizeeihemolysatesTminuwhiehese%iof»the¥prote}n*s~*s;
is a single hemogIobin componeht, can be- prepared in a few hours

from adult human blood Although this level ‘of pur1fication is
adequate for many experiments, more homogeneous samples are

requiréd to obtain reliable denaturation kinetics. The

“remaining protein 1mpur1t1es,.which consist of non-heme proteins

and two minor.hemoglobin compgnents, namely hemoglobin A2 and
foetal'hemogiobin, can be removeiﬁgy ion exohange chromatography°
usino\DEA@—Sephadebe—so.v Fully pﬁrifiedwsamples, prepared}byfﬂ h_, .
the latter method, were used in aii experiments'where kinetic ‘ |

LA

parameters were derived.

I.  Preparation of Hemoliysates

)

H§P01ysates'wereyprepared by'a%modified-version of the method of

Olson (Olson, 1976). Blood was drawn into a 20 cc

Becton-Dickinson Vacutainer (lavender stopper) centaining——

1 0.17 ml of 15% KyEDTA as an anticoagulent. The blood was then
washed into;a 50 ml polycarbonate centrifoge tube with 0;9% NaCl o
and diluted with the same to about 40 ml. The ‘red blood cells

were pelleted by centrifugation at 600xg and 4°C for 10 to 15

min in a swinging bucket rotor,fThe supernatant containing both



plasma protein and suspended white blood cells was. then
d1scarded completing the first cycle of the wash procedure. The

-~ ceéells were washed 3 more times in this manner and Ehen lysed by
mixing them with 3 volumes ‘of glass distilled water and stirring :

4

slowly at 4°C for 1 hour.

The stromal impurities were ‘removed by first adjusting the -
hemolysate to 3% NaCl‘by:adding a suitable volUme-of'30% (W/v)
‘NaCl andrthen,‘after loxmﬁnrof stirring,jcentrifuging the X ’

4f'solution at 35,0deg and 49C for 1 hour. The supernatant was | )//

' collected with a Pasteur pipette taking care to avoid the'

_viscous material on top o{fthe pellet. Usually about 30 ml.of

stroma-free hemolysate is obtained at this,point.
! . } . - )

)

4// Before us1ng the hemolysate it was established in a defined
buffer system by gel filtrat}bQ at 4°C A 2.2x90 cm column of

'Sephadﬁg\cezs (me um), previously equilibrated with 50 mM ,

sodium phosphate,‘o 10 M NaCl at pH 7.5 was used. A ratio of 13

‘volumes of gel to 1’volume of sample assured complete removal of

2,3-diphosphoglycerate, a%,organic phosphate which is normally .

¢ found associated with hemoglobin (Berman et al, 1971). "The

i

4 sample was finally transferred to unbuffered 0.10 M NaCl by a

S — -t

second gel fiitration step. Dilution was minimized in both gel

'~fi1tration steps by discarding the leading and trailing edges “of
the_ hemoglobin bands.jThe'purified hemolysates obtained were ‘

typically 3-5 g/d1 in hemoglobin. ‘ .
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II. Preparation of Fully Purified Hemoglobin A
Further purificatidh was accohplished by the ion-exchange 3

chromatography method of Williams and_Tsay,(1973). ‘The
ion—ekchange'buffers‘were prepared as follows:LBuffer A (50.0 mM -

Tr1s HCl, pPH 7 60 at 25°C) by dilutlng 231 ml of 1 000 N HCl

: and "36.6 g of Tris base to 6.00 1 with distilled water; Buffer B. . -
(50.0 mM Tris-HC1, pH 8.40 at 25°C)’by diluting 17.2 ml of
1.000 N HCl and 6.06 g Tris base to 1}009 1 with distilled
Qater; Buffer C (50.0 mM Tris—ﬁCl, 0.200 M Naél, PH 7) by .
diluting 46.6 ml of 1.000 N HCl,.6.06 g Tris base and 11.69 g
~ NaCl to 1.000 1 with distilled water. The Tris base was R
purchased from Swartz/Mann ("Ultra Pure" grade), the HC1
(certified 1. 000 N) and the NacCl (certified A.C.S. ) were: Cwﬁa
acquired from Fisher Scientific Company. Glass distilled water
was used throughout and all buffers were equilibrated to»4‘°C |
 before use. |
A.3.1x70,cm cdlumn‘of'DEAE—Sephade# A-50 was equilibratedﬁ
overnight iff a 4°C cold room with 1—2 colcmn”volumes of buffer
- A. The ion exchanger was then overlayered with 1 cm of

Sephadex G 25, also equilibrated with. buffer A ‘to stabilize the

bed surface and - facilitate sample application. A peristaltic

pump ma1ntained the flow rate at 40 ml/hr.



The eamples were prepared by the method deseribed above*for

- hemolysate except that the f1na1 gel f1ltration steps were

replaced by a 51ngle gel filtrat1on in which the hemoglobin is
transferred to buffer A. The sample, containing'about 1 g“of

hemoglob1n, was then developed on the ion exchange column with

buffer A, A flow rate of 40 ml/hour was maintained for about 36

hours when hemoglobin A, which migrates between the non-adherent
‘hemoglobin A2 fraction and the almost stationary foetal

hemoglobin, began to elute from the bottom of the column.

A small, 2.6x8 cm column of DEAE;Sephadex A-50 in the same 4°C
- cold room was used to collect and concentrate the hemoglobin
sample. It was initially equilibrated with an equa yolume
mixture of buffers A and B. When'hemoglobin h reached the
bottom of the first column, the;outflow tubing was rearranged so
that the column eluant and buffer are pumped with equal flowJ
rates into a Y—connectornwhere thedy mix and continue into the
collection column (Williams et al, \1973). When all of the
des1red hemoglobin has been collected in this fashion it is
removed from the collection column by elution with buffer C.
The resulting sample, usually 5—7% hemoglobin A, was then

transferred to unbuffered 0.10 M NaCl by a final gel filtration

step. - ,)i o ' Ny




III. Preparation of Hemoglobin Deriva

Deoxyhemoglobin samples were prepared immediately prior to use.
First a 10 to 25 ml sample of oxyhemoglobin‘in 0.10 M NaCl was
placed in a 30x200 mm test tube immersed in a thermostated,

25.0°C watet bath. The sample was then exposed to a ssst;seady,,.s, R

I
“,

stream of‘Coz-fpea, moist nitrogen (Union Carbide, technical 3
grade) for at least 1 hour using the arrangement~of apparatus
depicted in Fig. 1. Just prior to starting a denaturation '
Jreaction by addition itrogen equilibrated alka11ne buffer,
Na,S,04 (sodium Qithi‘nite) wasradded to the sample in

amounts not exceeding 0.2 mg/ml.r A nitfogen atmosphere was
maintained for the_duration of the expefiment.

N
Carbon-monoxide liganded hemoglqpin was prepared and utilized
with essentially the same méthod used with deoxyhemoglobin.
tTechnicallgrade carbon monoxide (Union Carbide) was used instead
of nitrogen and Na28204 was not nssd” Except when removing
,;a11quots from the reaction mixture the exhaust'port in the

apparatus (Fig. 1) was connected to tygon tubing used to channel .

the outflowing CO into a fume hood.

N

Methemoglobin (ferric hemoglobln) samples were prepared by

oxiqgtion of the heme iron with potassium ferricyanide.

Sufficient 0.20 M K3Fe (CN) g was added to a measured volume
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&
Figﬁré 1. - Arranéement of apparatus uéed\to maintain
deoxyhemoglobin under an agmospheré of N, gas.:i
The reaction mixture was sampied through the.exhaust
port using a 1 ml dispensing pipeﬁle. A special
pipette tip was constructed from a 2‘m1'p1as£i6
syringe which was édaptéd to reéch theﬂﬁéﬁtoﬁ bf the

reaction vessel with a teflon catheter.
P
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of-oi?hemogbéiin°to aéhieve a 2-fold stoichiometric excess of

the pxidant over the heme contenf of the‘samble. The'sahple was
buffered with a pH»of>9 or lower to ensure a reasonableb |
oxidation réte'(;he rate decreases with increasing pH
(Mansdufi et al; l973)).‘Tris—HC1 buffered sampleé obtained

directly from the collection column were nvrﬁaIIy‘ﬁééd;'Kfféfw'"

allowing 30 minutes for full oxidation the ferrocyanide and

excess ferricyanide were removed by.filtration through 12 to 15

sample volumes of Sephadex G-25 (fine) equilibrated with 0.10 M

%

NaCl.

Mercurated hemoglobins were prepared just prior to fise by
dilutiné’a concentrated aliquot of dxyhemoglobi (2 to 5 mM

ng the appropgiate
amount of mercuraty. By dilﬁting the mercur_lias mﬁch as possible
prior‘to‘addition:of hemoglobin, the undeEY;able effects of
1oc$lized high concehtrations of mercural during éample mixing
are minimized. When titrating the-bu%{éd sulfhydryls, tﬁé‘
mercurated samples were allowed to react for 2 hours when

HgCl, was employed and 5 hoprs with p~hydroxymercury benzoate
(PMB) . The exposed sulfhydryls were considered to(be_mercurated
immédiately after mixing. chlz—treated«sampies~wefe”found”to

gradually develop a,PreGi;;&gtg,and,weLe,thexefo;ehusedhwi%h%n g?

- hours of preparation.



Measurement of Hemoglobin Concentratian

Loar
h: At

%he.hemoglobin concentration of b%%ﬁfhemolysates,;;é fully
purified samplés was déteraned“by the méﬁhod éf Wootton and
Blevin (1964) in which all of the hemoglobin is converted to
cyanide lliganded methemoglobin. The assay employs a solution
which was prepared just prior to use by diluting 0.10 ml of

1.00 M NaH,PO4, 0.26 ml of 0.500 M kCN and 0.30'ml of 0.20 M
K3Fe(cﬁ)6 to 100 ‘ml with ﬂistilled wéter.‘r7.5 ml aliquots ~ , .(
| of this solution are added to 25 ml volumetric fiasks.
%arefuliy measured am&unté;(usually less. than 2 ml) of the
hemoglobin sample (not COQhemoglobin) are added to‘each of the
~flasks and the mixturé is allowed to react forv15‘minutes.

2;5 ml of 0.10 M sodium tetraborate is tien added and the
mixtp;e is diluted to the'hark withyfhe first solut@on. The
‘absorbance of the soluti§n is determined a£ 540 nm and converted
.to the heme cbncentration of the sample usiné the extinétion

coefficient recomended by Van Assendelft and Zilstra (1975)Vof

11.0 mM~ L em~ 1. -

Measurement of Methemoglobin in Oxyhemoglobin Samples

RIS . [ 5 O [

»

The amount of methemoglobin in oxyhemcglobin samples was - — - -
determined by a modification of the method of Evelyn and Malloy

~ (1938). This method assumes that the decrease in the absorbance
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~at 630 nm due to the addition of cyanide is solely due to
changes in the absorbance characteristics of methemoglobin. It'
also assumes that the presehce of ferricyanideiénd ferrocyanide
in methemoglobin solutions does net'effect‘their absorbance at

© 630 nm.

- N

Four soluéions were employed in this assay: Solution'i (0.10 M
Na phosphéte, PH 6.5) was prepared by diluting. 10.0 ml of 1.00 M
NaH2964, 4.00 ml of 1.00 M NaOH to 100.0 ml with d;étiiléd |
water. Solution 2 (0.10 M Na phosphate, 1.00 mM K3Fe(CN)6;
PH 6.5) was prepéred identicallybto solution 1 except for the |
inclusion of 0.500 ml of 0.200 M K3Fe(CN)6.' SolUtion 3‘

.(0.10 M Na phosphate, 40 mM KCN, pH 6.5) was prepared by
diluting 10.0 ml of 1.00 M NaH,PO, and 8.00 ml of 0.500 M

kaN to 100.0 ml. Solution 4 (0.10 M Na phosphate, 40 mM KCN,
1.00* mM K3Ee(CN)6,'pH 6.%5 was prepared idéhticéily to

solution 3 éxdépt for theAinclusion'of 0{5 ml of 0.200 M

K3Fe (CN)g. The sblutions éontaining KCN were prepared fresh

2

before use to minimize loss of cyanide as HCN fumes.

The methemoglobin content of an oxyhemogl&bin{éolution is

" measured by mixing 2.00 ml of 0.400 mM(heme) hemoglobin

dissolved in unbuffered 0.100 M NaCl with 2.00 ml-aliquots of
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each of‘the four solutions. The percentage methemoglobin is
determined after allowing 30 minutes for reaction from the .
formula

$Met = 100(A; - A3)/(Ay - Ay)

f

where Ay, A,, A3 and A4'represent°the 630 nm absorbances

of the aliquots treated with solutions 1, 2, 3 and 4
respeetively. W1th this method freshly prepared hemoglobin
samples were ‘always f9und to be léss than 2% methemoglobin.

N

The Alkaline. Denaturation Kinetics

Two buffer solutions were used routinely to assesshthe stability
of hemoglobln samples at alkallne pH. An alkaline buffer

(50.0 mM Na3P04, 0.100 M NaCl, pH 12 0), prepared by \

diluting 100.0 ml of ,1.000 N'NaOH, 50.0 ml of 1.000 M |

NaH9PO4 and 5.84 g of NaCl to 1.0000 1 with distilled water

was used to. initiate denaturation and a neutral buffer (25.0 mM
Na phosphate, 0.100 M NaCl, pH 6.4)}‘prepared by diluting |

25.0 ml of 1.000 M NaH,PO,, 8.00 ml of 1.000 N NaOH and

5.84 g NaCl to 1.0000 1 with distilled water was used to restore

aliquots-of the reaction mixture to near neutral pH.,

-
/ N ’f{’
/ e M,@r
pr]
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A fixed set'of denaturation cohditions were used in the majority

+ of experiments. 10.0 ml of q.ld mM hemoglobin im 0.10 M NacCl wé%
first placed in a 30x200 mm test tube. Both this test tube and'a4
second test tube‘containing;a largervaliQuot of alkaline buffer
were immersed in a'25.0°C{ thermostated water bath and‘ailqwed,‘\
,t;o, r,e,ach,,ther;narlAequiLiblpihm% “The denaturation reactiom was v
thén initiated by abruptly adding 10.0 ml of the equilibrated
alkaline buffe; to the hemoglobin ;olution. The resulting
réaction{mixture,'with a ﬁH of 11.7, was mainiained at 25.0°C‘

for the duration of the denaturation. The extent of denéturation

’

- was then assessed at selected time intervais-using one of the

following assay'procgdures. -\ﬁ\\K\\;

Because of the potential for variation in the dénaturation
kinetics due to diffgrentsbétches of hemoglobin or alkaline

N buffer, control reactions with air-equilibrated hemoglobin were

“}ﬁﬂsed. These reactions were normally performed at the same time
as the expe;imental reaction(s) so that the kinetic data
' obtained for a particular hemoglobin derivative could always be

compared with that for an appropriate oxyhemoglobin control. -

Solubility Assay Methods = . . L e

The extent of denaturation at a particular time was determined
by procedures based on decrease in solubility. -The reaction was

. first,tefminated by addition of a 1.00 ml aliquot of the

-
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~

reaction mixture to 4. 00 ml of the neutral buffer. After

o

allow1ng 2 to 4 hours for the denatured protein to aggregate 1t

bl

was removed from s01ution by centrifugation at 35 000xg for

30 minutes. The amount of protein remaining d1ssolved in the

”

supernatant was then determlned by measuring the absorbance at

N\J\275 nm. In ‘the case of deoxyhemoglobin the supernatants were o

’

- comp051tion of the neutral buffer. In the 'low salt assay®, the

Pl

thoroughly oxygenated before measurement to remove residual
dithionite which abSorbs significantly at this wavelength.

» .
The absorbance that would have been obtained if no denaturation
had occurred was estimated as the absorbancejof'a mixture of
4.00 ml of neutralizing buffer, 0.500 ml of the alkaline«huffer
and 0.500 ml of the initial, Unbuffered hemoglobin solution. The

absorbance values obtained for the entire reaction were then

expressed as fractiens of the 1n1tia1 absorbance. In order to

obtain precise estimates of the different kinetic-parameters it-

-

is important to obtain data through the~$ntire span of the -
reaction. The reaction was considered complete when the
observation time exceeded 10 times the halfétimé of the siowést»

component.

. ' NGO

Two solubility procedures were used Which'diffEr in the e

neutral buffer was 25.0 mM Na, ph\gphate, 0.100 M NaCl (pH 6.4).
The "high salt assay used an 1dentica1 buffer except for the

‘inclusion of 300 g/1 of reagent grade (NH4)ZSO4.' The two: -

methods differ in that the absorption spectrum of the protein

-
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which remains soluble with the high salt method is that of pure
native-hemoglobinthereas’that'with the low salt method

indicates that a substantial level of hemichrome is present.
. p _

The Direct Absorbance Assay Method

_ . o N i 7 —— o %.

An alternative method measures ‘the qhanggs in the visible-
épectfum{?Fig. 2)ftha£ occur as hemoglobin is denatured. The
extent of denaturation was assessed by measdring the absorBance
decréase at 576‘nm. The cuvette was maintained at 25.0°C by
circulatingAwater %rom a thermostated bath.through>a’
water-jacketed cuvette holder. The fraction of native
undenétured protein present at a particular fimg,was caiculated

using . the equation

F = (A - Ap)/(A; - Ag)

-

Gﬂﬁ?:ﬁht represents the absorbance at time t, A represents
the final absorbancé value and A; represents the initial

\\absorbance.‘

Sulfhydryl Oxidation

LA

The process 6f sulfhydryl oxidation was followed by periodica11y 
) removing aliquots and measuring the concentration of free
cysteine sulfhydryl groups during exposure to alkali. The

- unreacted sulfhydryls were measured by the absorbance increase
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=1

50 nm due to their reaction w1th PMB Two neutral buffers
wer used 1n th1s procedure, prepared by 51mple addltlons%to the
neutral buffer used in the low salt assay procedure. Buffer D

1ncl ded sodlum dodecyl sulfate (SDS) at a concentration of 2.5%

] and buffer E 1ncluded, 1n add1t1on, 0. 15 mM PMB

1.00 ml aliquots of the reaction*mixture were neutralized with"

t

‘4.00 ml of either buffer D or E at selected time intervels. The <
AR

absorbances of the neutralized aliquots were then measured

250 nm-after allowing 2 or more hours to ensure equilibriumr By Ly

alti?hating between the 2 buffers, 2 absorbance versus time’

profiles were generated The difference between the two

‘absorbance ‘profiles represents the absorbance of PMB plus the

'absorbance increase due to reaction of PHB w1th sulfhydryl

q&g;g:ir‘The absorbance of a hemoglobin ~free reference solution
(4100 of buffer E, Q;SOO'm& of 0.100 M NaCl and 0.500 ml of '

RS

alkaline bufferj was subtracted. The remaining absorbance

increment was converted to sulfhydryls per hemoglobin tetramer - -

<

using the molar‘extinCtion coefficient given by Boyer (1954) of

7.6x10"% M1 cm~1,
’ P ' ( B

The mercural in buffer E should prevent further disulfide -

"presence of disulfides using the SDS gel electrophoresis

formation in the SDs- solubilized prdfein. Some of the aliquots

neutralized with this buffer were used to demonstrate the - o ;
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procedure of Weber and Osborn (1975). Aliquots ranglng from
0.050 to O. 20 ml of the neutralized aliquots were applied

directly to 10% polyacrylamlde 5. 5Tx 100 mm tube gels.

2—mercaptoethanol was added to a few of the gel samples. .Highii

N

molecular weight bands~which were converted to lower molecular
L B .V ;,,,il‘ P e
weight bandsbe'Zimercaptoethanolttreatment were probably

' disulfide-linked multimers.
Analysis of the Reaction Kinetics -

h »
L]

The‘denaturation data were fitted'by APL programs to first or"i

second order models using an algorlthm based on the non-tin ar‘

‘

least-squares procedure of Marquardt (1963). This iterat1ve .

\ .

‘Vprocedure converges,rapidly on the m1nimum,sum;of‘squareskby
'approximating the method‘ofﬁsteepest descent'When the minimum»ist

,distant and’ convertingfto a direct analytical method based on
. %

11nearization of the fit equat1on when the minimum is near. In

this manner Marquardtfs procedure uses each of its component
methods when they are most effective. : |
i - - | : N

s .

All of the models used in the curve fitting procedures were

lpolynomials ‘contructed from 3 types of terms; constant ‘terms

(i;eT—BU}Tsﬁitst-ofdef'tefms—{i%ef—ﬁiexpf-kjtffandrsecond

The second order terms are

S

jorder terms (i.e. By/(l+kyt)).
L -only appropriate for second'o der reactions in which the ratio

between the concentrations af the 2 molecular species involved

[N
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in thé“rate détermining step remains constant. Terms'were added

to the fit model only 1f the resulting decrease in the fit sum
8

of sj:jyés was@assessed to be suff1cient by a part1a1 F test

(Bevi gton,»1969).

\%‘\
In additign,tg, the .fit itself, 7h/ PL”pregra siprQyidede

A

v
C W

: relavent stat1st1cs on the quality of the fit as well as plots

@

’n.of the data and the f1tted curve. Among the stat1stics were the

[

h'standard dev1ation of the flt-(SD) defined by

. and the\coeffieient of déterminatidn of thevfit (Rz)rdefined

by | \ . | ’

. .. : i . S ’ ‘; »
' /// .. 7“ . i B .:\ ﬁ 2 <
D 20 1 AR {5 A

where YO0; is the y-valye obtained for\the it data point,
JYEi is that prediEted by the fit model\and YM.is_the meé;

Y- value of the data. N is the number of data points and P is the

number of parameters in the fit model Note that RZ represents
the fraction of the overall var1ance of the data about YM that

is accounted for by the fit model.
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RESULTS . », IR
\:

Oxyhemoglobin.

' Theidenaturation of oxyhemoglobin‘by alkali is accompanied by a

reduction 1n absorbance at the oxyhemoglobin absorption max1ma

of 540 and. 576 nm along with correspOnding increases at- v1sib1e '

wavelengths aboye 590 nm and below 520 nm (th. 2). This
‘errail flattening of’the absorption spectrum indicates
conpersion of oiyhemoglobin to hemichromes such that the direct:
absorbance procedure measures the kinetics of hemichrome
formation. When the direct absorbance procedure is applied to‘
oxyhemoglobin denatupgation, thetdata are fit by a'
single-component first~order model with_a_half time of about

2 min (Fig. 3, Table 1).

The denaturation kinetics obtained with the high salt,assay
procedure appear identical to those obtained with the direct
absorbance method (Fig. 3, Table 1). .Thus the‘formation of

alkaline hemichrome demonstrated by the direct absorbance

procedure clearly corresponds with the loss of protein

solubility demonstrated by the high salt method The absorption

" spectra of the final supernatants obtained w1th this method were

indistinguishable froﬂ%that of oxyhemoglobin indicating that ~
)a-—
. only the native oxyhemoﬁiobin fraction of the reaction mixture

remains soluble ‘with thigkprocedure. Y ”

N

¢ i

~
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Figure 2. -.AbsorptiOn Spectrum of the hemichromes resulting
| from expésing oxyhemeglobin to alkali for 20'min“
" (solid line). The abébrptioﬁ‘épectrum of native
\\oxyhémoglobin (broken line) is supplied for
.comparison. Both spectra were obtaihﬁé;g;%ﬁgk ’ 7
concentrétions‘of 0.10 mM heme. The'natiVe ' |
hemoglbbin sample was unbuffered in 0.100 M NaCl ifj
w{zESh;measﬁréd pHiof 7.6. The hemichrome in this
rspectrﬁm ana all susgéqueht spectra was”dissblved iﬁ .
25.0 mM Na3PO,, 0.10 M NaCl at pH 11.7. The
values of the molar extir)ct;:..oefficientéﬂ in thisf
,spectfum and ali sﬁbséquentjébéctra pertain to the

N 0 - \
- .

heme concentrations.
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. Figure 3. - Comparison of the denaturation kineticsvof
oxyhemoglobin as detefﬁined with the low salt .
procedure (+), éhe high salt procedure (x) and
direct absorbanée monitoring (*). The "remaining
fraction” is eifher the fraction of the initial 275
nm absorbance that remained in solution after
neutr&lization'(low salt or high s§lt methods) or
the remaining fraction of,the’total change in 576‘;m
abSorbqnce (direct absorbance method). Models based"
on first order kinetics are applied in all three
gaSes.-The particular models and values of the
fitted‘paramefers ére,p;esented in Téble 2,

‘Denaturation was considered complete in 20 min with

the direct absorbance procedure.
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Table 1 - Parameters and statistics for least squares fits as

assessed with the low sélt, high salt and direct
absorbance assay procedures. First order models were
used in all cases. The k, valpeé gré the

first-order :ate‘conétants in units of min“1;~The

B, values are a measure of the fraction of the

overall change accounted for by eachutefm of the
fitted ;odel. Tﬁe statistics abbreviated 'SD“,"R?P
and "df" respectively represent the standard
deViation, cbefficient of determination and'degreés of
freedom for the fits. The errors in the parameters

are standard deviations derived the error matrix for

'the»particular fit.
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The kinetics observed with thexkow salt assay method are more
complex‘(Figs-3 and 4). Precipitation occurs after a time lag
of about 1 min with 2Acléarly distinct rate,components. A
reproducible final level of soluble protein is observed for‘
which”t e’concentration was unaffected by changing the initial(
reaetanw,eoneentration1 The fastest and mostk;rominentmofwthefzfaAA%~
components is kinetically equivalent to the;singlegcomponent‘
obtained with the other 2 assays and there is very good N

agreement between the the kinetic parameters (B; and ki)
obtained\with/all. 3 methods (Table 1). The less prominent slow
component,‘representing the disappearance of an intermediate, is

only observed with the low salt assay method. The prec1pitated

protein could not be redissolved in the precipitation buffer.

Table 2 contalns parameters and statistics for least—squares

fits to the low salt results based on -first or second order _ qui
_kinetlcs. Partial F test shows either of the 2 component models

to be significantly better than the 1 component models at the

0.01 probability level. | o | |

In addition to’ the major changes in the visible spectrum of the = -
reaction mixture due to conversion of native oxyhemoélobin to

hemichrome, much slower changes occur-due to-some further - - - .

alteratlon of the initial dena r,ti”niproddctlﬂThese appear as .

a further decrease in the 540 nm absorbance with corresponding

increases at 480 nm and 610 nm,(Fig. 5). It is of interest if

CoA

£
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L,
Figure 4.’f Alkaline,denaturation of otheﬁbglobfn by the
" low-salt method. The fraction of the 275%nm

absorbance remainingrin soiutidn after low-salt
neutralization is plotted vershs thé neutralization
time (points). A model consisting of a constant term
and two exponential terms isrfit to the data (solid 7
line}. The exponential terms (Tabie_l)rare depictédv
separately by the broken lines. Only data for

exposures greater than 1 min were used .for the fit.
§
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Table 2 - Cé:;arisoh of models. applied to the kinetics of

Rl

35a

alkaline denaturatioP of oxyhemdglobiﬂ as*méasuréd
with the low salt aésay method.VTﬁe‘pafameﬁers were
estimated by non—linear least squares fits to the data’
bplotted in Fig. 4. Data for reécgibn times less than 1

, min waszhot used. The liﬁqu_paramete;s are unitlesS'.u

i;‘ ~and the'nbn—lineér parametefé aré in uhi£; ofvminfl.

The "T_ " values refer;tp‘réaction,half fimes. The v
third’fit modél w§s~used fo generate'fhe curves -

depicted,in Fig. 4. Errors and statistics are

.

explainéd_iﬁ Table 1.
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Figure 5.'- Absorption spectrum oflggﬁi;xyhemoglobin reaction :
. ’. . " 4\ o . s
mixture after 20, €0 and 400 min. The difference
‘spectrum obtained by subtracting the absorbance at
t=20 min from that at t=400 min is ihdicated-by the )

- broken line. The rightﬁhandvofdinage pgrtains to /j
the difference spectrum. ‘ -
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"
!

, - e
the time course for these slow spectral changes is the same as.

Rl

that for the disappearance of the‘intermediaté}observed with the
T r .' . R . ) ,
low salt assay. U§jng the rate constant for the latter reaction

~

’(kz of Table 2), ohé/qah pfidict that the hemichrome spectrum
for 60 min of exposure to alkali‘sh&uld be positionedfabéut'galf
way beﬁween.the,zo min and 406 @in séecfra if the two prpcesées'
were identical. Since this is clearly mot true, the slow changé
in the hemichrome spectrUm and the slow component of the low"
salt assay must fepresent Hifférént reactions.

-
. Déoxyhémogiobin
The dénqturétion of deoxyﬁemoglobin hés characteristics thaﬁ
‘distingu&sh it from that of oxyhémogiobin.aFirstly,ﬁihe heme
iron mustyremain in the reduced or,ferrousvstate;due to the
absence of*oxidaﬁts such as‘oiYgen and the preéence of the:
reducing agent dithioniée. The viéiblg absorptiop spectrum of
native deoxyhemoglobin”is converéed to a spectrum'with_sharp
absorption bands at 527 nm;and.5§8 nm which'are Characteristic
of hemochromes,‘the‘ferroﬁs iron équivaléﬁt~of hemichromes

~

(Fig. 6). No furthef,spectral changes are observed after 15 min

of exposu;e to aikali, the time required for full conversion to

e
A

hemochrome.




Figure 6. -
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Absorption spectrum of tge hemochromes resulting - »7{ 
from exposure of deoxyhemoglobin to alkali (solid" ‘

line). The spectrum of native deoxyhemoglobin}is

included éor compar ison (broken\iine). The native .-
deoxyhemoglobin was dissolved in unbuffered O.iOO M f ) :}

NaCl with a pH measured at 7.4. wConcentraEibnS~weret

0.050 mM heme for the hemochromes and 0;10 mM‘heme . .
for the native protein.. ”
w -
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The reaction profile observed with fhe low salt essay’is similar
‘to that obtained with oxyhemoglobin (Fig} 7), in that some
protein‘remains soluble. However, only one rate component was
‘observed and therfinal level of soluble protein was considerably
higher. . The data fit a first-order- model far better than a

-

7 comparable second —order model (Table 3). The first order rate
constant is comparable to that obtained for oxyhemoglobln under
identical conditions (Table 3).

e .
" In contrast to what was observed with oxyhem&globin, the
supernatants obtained with the low salt assay had‘visible
sﬁectra which were indistinguishable from that of native
oxyhemoglobin (the neutraljziné buffer contained 0, and the
samples were exposed to air after neutralization). Since full
conversion to hemochromes occurs in less'than 15 min of exposure
to alkali (Fig. 6), the netive éxyhemoglobin in these
supernatants must have arisen by‘renaturation; When aliquots of
the reaction mixture were neutraiized with oxygen-free buffer
and maintained at 4°C without 0, for 16 hours, full'
renaturation to deoxyhemoglobin was obtainld The renaturation
kinetics were not’ investigated. | |

4

Methemoglobln

Methemoglobin was much less stable than oxyhemoglobin to
alkaline conditions. At least 1 fast reaction occurs within 30

sec of the start of the reaction with a product that is 20%

A
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Figure 7. - Comparison of the denaturation kinetics of
deoxyhemoglqbiﬁé(f) and oxyhemoglobin (x) by.the low
salt method. The solid lines represent
~1east—squares fits to the data based on first order‘
kinetics and were generated using fhe first-ordeb

modé1§ and fit parameters presented in Table 3.
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‘Table 3 - Parameters and statistics for least squares fits to

IR

the alkaline denaturation kinetics of methemoglobin‘
and debxyhemoglobin. Results from control experiments
with oxyhemoglobin are included for comparison;
Single component first and second order models were
applied to the methemoglobin.and deoxyhémoglobin data
while 2 component first order models were applied to
the oxyhemoglobin controls. Much of the difference
between the oxyﬁemoglobin‘controls‘£s due to the use
of diffefent batches of alkaline buffer. The k,

1

values are in units of min™-. Errors and statistics

are explained in Table 1.



11866°0 = ¥
2LL00°0 = aS

L1

Anﬁs,m.mmv- 1)

" '6200°0 F LL10°0 = “A  §700°0 F 9YE1°0

(urm 49°T = T2

v

i

T 718°0

610°0 3 €29°0 = T3 19000 7 90720

(3T3-)dxaly +
(3T1-)dxalg + Og

! szoqmozmmnxo

|

6196°0 = ¥
0910°0 = @S

61

(utm 4z°Q = 1)
yg T T = 1y

0°T 3 6°T
§00°0 F SL¥°0

79266°0 = ¥
11£00°0 = as

[4

(urm €6°T = I1)
20°Q 3 TSY°0 = I3

(uTm g6y = CL)

S10°0 3 0T%°0 -

200°0 T 98%°0

(3Tw+1)/Ta.+ O | NIg9oTOORERAXOZG

Og . (alx-)dxelg + O NI9OTOOWAHAXOHA

| $Z00°0 F6ET0°0 = “X  4£00°0 F 6611°0 = ¥
L£866°0 = ¥ (orm 97°1 = Ty) £20°0 3 ST6°0 = '&  (3ly-)dxelqg + \
9¥800°0 = G5 LI £10°0 3 €6€°0 = 1 £900°0 3 sszz°0 = Og  (3Tw-)dxelg 4+ Og NI90T90KEHEXO
05566°0 = ;¥ (urm gopg = T1) 210°0 3 0%9°0 = 'g |
0S10°0 = @ €I  9T00°0 T %810°0 = ™ 110°0  %61°0 = Og (3T1+1)/Ta + Og  NTHOTO0HIHLIN
2686°0 = ¥ . (urm 1°8y = I1) 910°0 F 2€S°0 = 'q -
Z€70°0 = @S €1 Z100°0 7 ¥%10°0 = ' 010°0 3 182°0 = %8 (3T3-)dxalg 4+ Og ”;szoauozmmamz
| , |
SOTLSILVIS SHALINVAVA SHALINVEVA TAAOR WWHH<>Hmmn
3P . AVANIT-NON

LI4

- AVANIT

a1 1ddv -

[ 0TOONEH

=t



42

précipitated by the low salt buffer aﬁd.completely precipitated
by the high salt buffer. A slow reaction follows within the
" experimental tihg\frame (Fié. 8). The single kinetic component

L
‘represents a reaction of an intermediate which has lost the

native structure since, like the intermediate-observed for

othemgglobin,;itris ingo%uble~ih high,salt buffer. o

A slight shift in the visible spectrum.of‘the‘réactionvmixture
occurs during the transformétioﬁ ;ndicated by the low salt assay
(Fig. é). The spec£raﬁafevt§pica1 of hemichroﬁes. The observed.
' chénges a;é §mallerAthan those observed witﬁ oxyhemoglobin

(Fig. '5) énd'the difference spéctrumlobtained by subtracting the
2 .extreme spectra is also different from that obtained with
oxyhemoglobin. The positions of the 3 spectra are consistent
with the kinetics of the slow reaétiog obéérvéd'with fhe low
salf assay and are not consistent with’the kinetics of the slow

changes)in the hémichromes derived from oxyhehogiobin.

N Carboxyhemoglobin

2 ; o
7 S m
‘The /effects of carbon monoxide on hemoglobin denaturation is

/

seen in Fig. 10. A single rate component is observed with a much ~

"larger half time than the fast component obtained with

identically treated oxyhemoglobin (Table 4). A colour, change

_indicative of hemichrome formation was observed in the reaction



Figure 8. -
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Comparison of theralka;ine denaturation kinetics of

methemoglobin (+) and oxyhemoglobin (x) with the low

salt assay. The solid 1ines_represent least-squares
fits based.on the first-order models presented in

Table 3.
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, Figure 9; - Absorpii%h Spectra of thé reacgion hiktgre derived
froﬁ thg alkaline denaturation of méthemoglobinfi
after 15, 40 and 400 min (solid lines).k The

>; ' difference spectrum obtained by subprécting‘the

spectrum for t=15 min from that at t=400 min is also

/2/ ' v to the difference spectrum.
Y .
} s &=

’included'(brbkenﬁline7i]’ThE”right=hand*axismappliés*””'”
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Fiéure 10.~ The dehaturat;on kiéttics of CO equilibrated (+) and
‘ air equilibrated (x) hemolysate as assessed with the
l;w salt assay méfhod. Dehaturation'was performed
in 31.3 mM Na3PO,, 0.10 M NaCl at’a pPH of 11.8‘
and temperature of 25°C.  Least squares fits based
‘on first order components are represented by the
sofid lines. Values of the kinetic parameters are

presented in Table 4.
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Table 4 - Parameters and statistics for least-squares fits to
the alkaline denatﬁration of carboxyhemoglobin.
Comparéble parameters and statistics from a confrol
éxperiment with oxyhemoglobin are includéd. ‘The data
used for these fits is plotted in Fig. 10. The
reaetion:conditionsvused in these experimént#
(described in the'legend*of”Fig..IOT’ﬁéfé B

significantly more alkaline than the.conditions used

for all of the other experiments. ErrorsAand‘

statistics are explained in Table 1.

-
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mixture indicating the presence of Oy whdéh was likely an
ihpurity ih the technical drade CO used. Since the colour change
appeared to parallel the denaturation profile, ox1dation may be
a prereguisite for precipltat1on of denatured carboxyhemqglobin.
In the complete absence of 0,, denatured carboxyhemoglobin

_might not precipitate at all with the low salt procedure.
Mercurated Hemoglobins | : r

Modifying all of the cysteine sulfhydry}'groups by addition of
8 equivalents.of HgCl, per tetramer (a 27equi;alent excess)
reduced the alkaline denaturatidn rate 23 fold (Fig. 11,

Table 5) whereas mercuration of only the 2 most reactive
sulfhydryl groups by additionrof 2 equivalents of HgCl, per
tetramer decreased stability about 30% (Fig. 12, Table 5). |
‘These results 1nd1cate that modification of the interfacialf
cysteines hut nqt the reactive F%B cysteines increases the

_stability of oxyhemoglobin to alkali.

In contrast to the effects of HgCl,, blodking’all of the

sﬁlfhydryl groups hy adding excess PMB causee an increase in the .

alkallne denaturation rate as well as the reactlon order

, R

(Fig. 11, Table 4). The denaturatiqh profile for PMB titrated

hemoglobin is found to fit' a single component second order model

far better than the corresponding first order model (Table 5).

-/
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Figure 11.-

_with 8 equivalents of HgCl, per tetrémer*(x) and

48a - .

The denaturation‘kinetiésvof oxyhemoglobin treated

12 equivalents Qf p;hydroxymetcuribenzbatévper

/tetramer (*). Untréated oxyhemoglobin (+4) is

~

included for comparison. The kinetics were
determined by the direct absorbance assay method. o S

The solid lines represent least-squares fits based

- on_the models and parameters depicted in Table 5

(using the second-order model for the PMB—hemogloBin

, ~
data). '
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Figure 12.-

L 4

49a

v
)

Bl

The denaturation kineticés of oxyhemoglobin (x) and

Sa

methemoglobin (+) treated with 2 equivalents of
HgCl2 per tetramer as assessed with the low salt
assay method. First—order models were applied to
both sets of data (solld 11nes). The f1t parameters

obtained for oxyhemoglobin are presented in Table 5.
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Tabiéls - The effects of mercuration on 'the alkaline
~denaturation kinetic; of oxyhemoglobin. The first 4
fits febfesént apglicétion of first—order'reaétion '
kinetics to the dénaguration of oxyhemoglobin thatuﬁas’
untreqted,iand-treated with 2 equivélentsyaf HéCl2
per ;etiaher, 8 équlvalents of HgCl2 pér tetramer 
’ané_12 equiva}énts‘of'PMB;pe; tetramer. The last fit
represénts applicéfion of a secondé§rdérimodel to the
---—PMB=hemoglobin daté. The heméglobin(treéted with 2 | )
‘ equivalents of ﬁgClz per tetramer.was e*aﬁined with
thé low salt assay’meéhod while the direct absorbance
method was used for all of the othbf derivaﬁi?es; 'The
1

kn values are in min~*. Errors and statistics are

explained in Table 1. | ' ' -
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‘—1VTfeatment'of.methemoglobin’with‘2 equivalents of HgCl, per
btetfamer was observed to cause cdéplete'precipitation without
any‘empOSUre to alkali. hs an additional test of whethbr the

intermediate observed with, methemoglobin denaturation,end that

‘ Obtained with oxyhemoglobin are the same, samples of

- oxyhemoglobin and methemoglobin were each treated with HgCl,
prioryto testing the alkaline denaturation reaction. The |

precipitated methemoglobin-dissolved immediately on adding the

alkaline buffer. The low salt assay profiles show that in both

cases the intermediate is rendered insoluble in low salt buffer

by mercuration (Fig. 12).

Sulfhydryi Oxidation

v - | J
The effects of. alkali on'the sulfhydryl titre ofromyhemoglobin
and methemoglobin is oepicted in Fig. 13. Loss of PMB-reactive
sulfhydryls is ciearly more pronounced with oxyhemoglobin,'and
proceeds as 2 distinct rate components. The first of these
' components is similar although about 40% slower than the fast
component obtained with the low salt’ assay (Table 6, Table 2)

,and accounts for 2 of the sulfhydryl groups (Fig. 13) . The

Fremaining 4 sulfhydryl groups react much more slowly with a raterww#w B

constant which is too small to coincide with ¢the slow component

robserved with the low salt assay.
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Figure 13.- The kinetics foq the less of free sulfhydryl groups ;
N .

- , by oxyhenoglobin (+) and methemoglbbih (x). Free )
, - B

. f ,sulfhydryl groups are determined by the absorbance
1ncrease at. 250 ‘nm due to reaction with" p-hydroxy- .
f?r mercurlbenzoate. The data points were. fit w1th "two ‘
%A first order component;.and a constant parameter in .
\/§~ 7 tpe case qf oxyhemeglobin andeere cqnnected by_line
e f——f—&gv~ ’segaeatseintheeaaeofmethemoglobin,?hekinetic:‘"<
‘ paranéters;obtainéd for the oxyheneglébi; data are
7; rfvgreﬁented;in}TablerGg | | '
]
. - ) .
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'53a
’ Table 6 - The k1netics _for the oxidation of sulfhydryl groups
| dur1ng the alkaline denaturation of oxyhemoglobin. .
The two fits represent two-component least squares
fits ‘to the sulfhydryl oxidation data plotted in
- . Fiqg. 13. They dlffer only by the 1n¢ia§£5376£§an addeéﬁﬂm/ )
eonstant term in the first fit.a The k values are
“in min~1. Lo R ;"‘.*’ o .
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The products of alkaline denaturation of oxyheméglobin énd.
methemoglobin ﬁere examined by SDS gel electrophoresis. The
presence of hemoglobin dimers, trimers and tetramers as well as

two types of monomers were obsefved with oxyhemoglobin whepyeas

“only a single monomer band was observed with methemoglobin. The

monomer band obtained with methemoglobih,corresponds with the .

slower monomer band obtained with oxyhemoglobin. All of the .

additional oxyhemoglobin bands could be eliminated by treating

the~samples—with~z-me;qutoethanolﬁdemons;rating_thaf_they_a:iseﬁﬁmf

by disulfide formation. This includes the faster monomer band

. which prébably had an intrachain disulfide link. It is clear

that oxidation of sulfhydryl groups to disulfides occurs during
denaturation of oxyhemoglobin, however -the observed bands may
not rep;esent the exact disulfide gompbsition of the original
reactipn mixture since dfédlfi&é’Iiﬁkéﬁeé”éaﬁlaﬁhaVé‘éiéhéh@é&”'

during preparation of the electrophoresis samples.

TOLLec




2. Alkaline denaturation of methemoglobin has a diffefent

DISCUSSION
In the‘Introduction I proposed a reaction model which acco
for the two reactions observed for alkaline denaturation o

oxyhemoglobin with the low -'salt assay procedure (Fig.'4).
: ‘ : v .

fast reaction is limited by convefsionngCiiﬁl dimers into

unts

f

s -

Thg.

- \ B
monomers in accord with Perutz's model. &he subsequent rap

unfolding of the oxyhemoglobin monomers leads to productio

superoxide anion or hydrogen peroxide and oxidation‘of"SUmefdf"”9”"

the, as yet undenatured, hemoglobin. This methemoglobin th
denatures by the second pathway yielding a hemichrome |

intermediate. - The slow reaction is the further alteration

this intermediate.
The above reaction scheme is suﬁpbffed by bofh ﬁ}”fégﬁigéméﬁéwrmiw

correct each of the following details must be correct.

1. Monomerization is the rate limiting step for alkaline

denaturation of oxyhemoglobin by the first'pathway.

limiting step.

id

n’of‘

en

of

-previous publications. For the complete-reacﬁion scheme to be

3. Superoxide anions or hydrogen péroxide'result from -

denaturation of oxyhemeglobin.
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4. The superoxide or peroxide oxidizes the heme of some of the

native oxyhemoglobin.

The Rate Limiting Step for the First Pathway
Recall that, in Perutz's model, ionization a@dISuBSeQueﬂf
hydratioﬁ\of the two cysteine sulfhydryls buried within the

«1fﬁ intefface of human hemogiobin A accelerates

'denaturation of oxyhemoglobin by‘impairing reassociation of free

monomers. If this is true, the mercuration of these cysteines

lshould have a substantial effect on the denaturation kinetics.

Whether denaturation is incréased or decreased, however, will
depénd‘on whether the mercural disrupts the “Lﬁl interface
more or legs than ionization of the two cysteines. Mercuration

6f’both interfaciallqysteines with HgClz,was”fohnd to decrease.

'the'denatqration rate more than 20 fold whereés”similaf

treatment with the larger mercural, PMB, was found to increase

it approximately 4 fold (Table 5, Fig. 12). This high

supports Perutz's idea that monomerization is the rate limiting

step. ?
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Theirequirenent éor nononerization isgals° supported'byustuoies
of the formation of;subunit hybrids.bﬁhen'human'CO-hemoglobin
and canine'CO;hemoglobinfare‘mixediat PH 11.0, hyﬁrids are
formed in which<the‘aksubunits of one combine. with the/g

» -

subun1ts of the other (Robinson et al, 1960). In concurrence

with- the,postulated_rolelfor Ihe\two interfacial cysteines, both

hybridization and,alkaline denaturation occur less rapidly»with

human hemoglobin F, which has'only oné such cysteine, than with

-

hemoglobin A (Charlwood et al, 1960). In addifibn] beth -~ — ~
hybridization and alkaline denaturation of hemoglobin F are
enhanced by 1 M KI (Tomita et al, 1973) implying that both

processes are limited by monomerization,

The high susceptlbility of deoxyhemoglobin to alkali (Fig. 5)
demonstrates that autoxidation is not a prerequisite to alkaline
‘denaturation of ferrous hemoglobins. The absence.of 0, and the
presence of the reducing agent'Na28204'prevent heme

oxidation. The first order rate constant wasronly”about 7%.
larger than that-observed for oxyhemoglobin (Table 3). This
parallels the observations of ﬂaurowitz and co-workers (1954)
that the deoxyhemoglobins of rat, rabbit and cowlare slightly‘
less stable than the corresponding oxyhemoglobins. In these

Vstudies, species differences had a much larger impact on the-

denaturatlon\kinetics than the presence or absence of oxygen.

\
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The siﬁilar sensitivity of deoxyhemoglobin and dxyhemoélobin
denaturation to the amino acidf§equence ig_consiéiént with the
'idea that both derivatives share the same rate determining step.
The slight stabilizing effect of ;xygen is,greafly surpassed by
- ,,,J:hatJf_céx:bon-Jnopﬁxideg(Eiq; ,,lDA,fTable*B,)f,suggié sting«ihatﬂcoé_
| either slows the rate determining monomerizatio;ror slows
another normally rapid step to the point that it becomes rate
limiting. Since the structure of the ey f, interface of CO
hemoglobin should be similar to that of oxyhemoglobin .
(heidner et al, 1976) the latter eiplanation is more 1likely. »
Bec;use of the very high éff;nity.of Co for ferrous heme, this
nligand would be expected to slow formation of hémochromes, i.e.
it woﬁld effectively impéir”access df a ﬁeér—by histidine

imidazole to the ligand binding site. Tht‘conversion of

_hemoglobin monomers to hemochrome then becomes rate limiting for

~

alkaline denaturation of this derivative.
§

The oxidation of hembglobin sulfhydryl groups in alkali consists
of two, probably parallel, reactions (Fig. 13, Table 6). The
faster reaction of 2 sulfhydryl groups per tetramér shattly &

follows the loss of

native oxyhemoglobin suggesting that the
* oo

rate is limited by the supply of oxidant formed in the first’

pathway. A slower reaction involves at least 2 more sulfhydryls.

The similarity of this separation of sulfhydryl reactiVity with

that of the‘aativé'hemoglobin ]Cecil et al, 1962) suggests that

7
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the lea.interfgées of-the'hemichromes'resulting from
‘alkaline denatyrétion of oxyhemoglobin may be intact. However,
‘this apparently'contradictofy‘result m;y have anothér.r
explanafion. The,separation of sulfhydryl feacti&ity could as

well be due to the tertiary structure of the monomers or to the

~ involvement of different oxidahts7igftheﬁgﬂg_xgagtionslﬂm'

The Rate Limiting Step for Methemoglobin

‘Although monomerization may limit the alkaline denathriiion‘of

ferrous hemoglobin derivatives, it appears not to do so for

methemoglobih.sMethemogiobin denatures tapidly at pH vaiues from
W_VIO;O to 10.5 (Anusiem et al, 1974) whereas oxyhemoglobin

- requires pH values greater than ll.S,to’achievé'Similar ‘ o

denaturatidn rates at thgrséﬁérgehpératuféé; If 1onization‘of_/
the buried cysteines is critical tojthe:denaturaﬁion.of both
oxyhehoglobin'and methemoglobin the the sz for these éystein;s'=
must bé‘mUch lower in methemoglgbinr Because the environment of
these Cysteines is almost ident&éai in tﬁe two valence forms, it
"is more likely that their ionization is not critical to the

methemoglobin denaturation mechanism.

" At pPH 11.7 énd 25°C, methemoglobin bed%mes insolubiéﬂéifﬁchéwwwwwmw“w””

high salt assay gethod bgfore the first measurement (within

307séc)'imp1ying that the denaturation half time is less than
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0.1 min. The half timerfor“oxyhemoglobin under the same
reaction conditions is'about 2 min. To be consistent with a
monomerization rate determiﬁing step the methemoglobin dimers
would have to dissociate at least 20 fold faster than the.

oiyhemoglobin dimers.

This difference in dissociation rate-is too large 'in view of the
structural similarity between the two derivatives. The reaction
of PMB with the ihterfacial sulfhydryl groups of both )
,oxyhemoglobin and‘methembglobin at pH 10.5 and 19°C appears to
be limited‘hy dissociation of dimers into monomers 77
(Currel et al; 1974). This reaction is found to be‘ohly 67%
faster with methemoglobin than with oxyhemoglobin under the same
condltiqps The stabil1t1es of the tha interface of )
methemoglob1n and oxyhemoglob1n are thus too similar to account

for the wide difference in alkali susceptability of the two

proteins, Denaturation of methemoglobin must therefore'have4a

- different rate determining step.

Most of the well-studied unstable hemoglobin variants have

disruptivehamino:acid substitutions or-deletions near the

;ﬂ—chain heme (Perutz and _Lehmann, 1968) andgare,known -to- have a——

reduced afflnity for heme and a higher susceptibility to =~~~ .

autoxidation (Jacob et al, 1970). Methemoglobins prepared from

these variants are much less stable than those prepared from _the
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nat}Ve protein (Rachmilgwitz et al, 1971). The low heme affinity
has led some authors to speculate’ that eXpulsion of‘the heme is
‘the rate limiting step (Jacob et al,’l968;rJacob,et al,rl970).
’°This hypothesis is supported by the hem: expulsion observed in
the-acid:denaturation of methemoglobin (Polet et'al, l969)-and”

~ the heme deficiencies in'precipitates of many unstable variants

including hemoglobin Koln (val FG§B - Met) Zurich (His

EPB - Arg) and Hammersmith (Phe CDlB - Ser) (Jacob et al, 1970).
The electrophoretii;pﬁttern.of heservariantsrLsmcharacterizedf,,
. by multiple bands which become a single band with the addition
of henin., The observation that cyanide inhibits both ‘
denaturation of hemoglobin Koln and the exchange of heme between
methemoglobins (Jacob et al, 1968) also snpports this heme |
expulsion hypothesis. - 8ince normal methemoglobin is stabilized
by cyanide (Rieder, 1970), movement or'expulsion7o£fthe neﬁéfmaY'

also explain its instability.

My own observations on the denaturation of'oxyhemoglobin and
methemoglobin mercurated at the Faﬂ cysteines with HgClz are
“similar to those reported for the unstable hemoglobin variants.
The modified oxyhemoglobin A does not precipitate at neutral PH,
but oxidation to methemoglobin results in rapid precipitation

similar to the results reported for unstable genetic variants

=

_{Rieder, 1970) . Although other sulfhydryl reagents such as



N—ethy1 maleimide do not cause immediateddenaturation of
xmethemoglobln, they do cause 1ncreased heme exchange and reduced

stability with respect to unmodified methemoglobin (Bunn et a1,

1968)0 ) E ) : N . ’ % -

'W;nAview of the instability of methemoglobin mercurated at the

FgB cysteine, this cysteine may perform a cr1tica1 role in the »?‘
a1ka11ne denaturatlon of methemoglobin 51m11ar to the buried
cysteines drscrrssed in- Peffutth ‘model Srtnce’%hifs“G’YSteinf?”.i’s’”” e
morerexposed, as demonstrated by its higher"reactivity'tcﬁards' o
sulfhydryl reagents, it likely hes a lower PK than the buried S
cysteines. The instability of methemoglobin at pH Qélués'where-
oxyhemoglobin is relatively stable might be ettributed to

greater sensitivity to icnizétion of this cysteine. Ferrousv
hhemoglcbine may‘withstandthisionizationbecaueeoftheir‘;
‘higher effinity’for heme (Bunn et al, 1968). Since nethenéglobin
‘tolerates addition of larger sulfhydryl reégents to the‘fgﬂ
cysteine, including PMB (Olson et al, 1976), itS‘sensitivity'to
HgClé mustidepend on some other prcperty of the‘HgClz addnct

‘than its size. The hypothesized role for this cysteine gight be\

tested by blocking its ionization with other sulfhydryl reagents

H,and checking for 1ncreased alkaline stability.

i
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Formation of Superoxide and Oxidation of Oxyhemoglobian

The inability of the oxygen of native oxyhemoglobin to .

dissociate as superoxide anion is attributed to steric

constraints app11ed to the ligand by the polypeptide structure

denaturation should release these constraints and allow this '

anion to dissociate. Methemoglobin is incapable of similarly‘

forming superoxkde— Formation of superoxide has been
| o . 3
demonstrated in the autoxidation of tetrameric oxyhemoglobin

(Misra'et:al, 1972) and isolated subunits (Brunori et al, 1975).

Superoxide anion and its reduction products, hydrogen peroxrde

EN

rand hydroxyl radicals are capable of oxidizing sulfhydryl groups

(Armstrong ‘et al, 1978) and the vinyl side chains of heme
(Rothschild 1960) as well .as the heme iron. Therefore the

reductlon in the sulfhydryl titre (Fig. 13) and the formation of

b

disulfide-linked monomers observed by SDS gel electrophoresis

provide good evidence that these agents are formed during

alkaline denaturation of oxyhemoglobin. As expected, sulfhydryl

x1dat1on did not occur w1th methemoglobin.

Ry

The slow shift in the visible spectrun of the hemichromes

derived from oxyhemoglobin denaturation (Fig;’S) was probably

the result of oxidative changes. It coincides w1th the slowest

h rate component observed for sulfhydryl oxidation (Fig. 13) and

. Y]
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gpresumably shares the same rate determlning step.z The fact that

. P

this particular shift does’ not match the "smaller shift obServed;

\/ N

,for methemoglobin (F1g. ‘9) and that no sh1fts occur with

deoxyhemoglob1n supports the involvement of oxidatlon.

‘Both- superoxide anion. andvﬁydrogen perox1de are implicated in

’constants“F 4, 5x105 m-1 sec'l‘(Behar et al 1970).

"negligible at*pH 7. However, the rate of dismutation of

sws—methemog}obin—by—superoxidershouid4be*1ow%since‘on1y;trace

tQF autoxidation of oxyhemoglobin at pH 7 -(Lynch et al, 1976

,Sutton et al, 1976}. Superoxide is thought to act as a reducing
agent in this process by reducing heme bound oxygen which then

dissoc1ates as peroxide leaving the heme iron in the ferric

state (Lynch et al, 1976). The second—order rate constant for

this reaction, 4x103 M—l sec'li(Sutton et al; 1976),

'suggests a half t1me of ahput 1 sec for 0.2 mM (heme)

2 f

.oxyhemoglobln and the same concentration of superoxide'k

‘ Superoxide also reduces methemoglobin under the‘same conditions

with. a second-order rate constant of 6x103 m-1 sec'l

-

Therefore net‘ox1datlon of oxyhemoglobin by superoxide is v
superoxide is severely reduced in-a;kali JBehaf/::\al, "1970) and
should become kinetically insignificant with:respect to the

other reactions. SiﬁfIEny;“fheWﬁétéAof"rédﬁcifén”afwwm’W

(Sutton et al 1976) and reacts with itself, with a rate &\\\\’ : '
. e

levels of native methemoglobin are anticipated in the reaction



‘mixture. Oxidation of significant amounts Of’oxyhemoglobin in
alkali .prior to denaturation is thus a predictable consequence’
‘of the presence of superoxide.

<

The Rate Limiting Step for the Slow Reaction

v

- - The slow’reactions of both methémoglobin and oxyhemoglobin

(Fig. 8).appear to involve the same:reaction intermediate and

rate limiting step. The strohgest evidence is'that their rate °

constants are nearly ifentical (Table 35 whether first-order or

second-order models are compared. A further indication that the:

)

same’ intermediate is involved is that in both cases the
'intermediate is precipitated under'the conditions of the high

salt assay. Eurther, when the initial samples are - treated with 2

equivalents of HgCl1, per tetramer, the modified 1ntermediate

Vs -

prec1p1tates under low salt conditions in both cases.

v
et

R ‘ gwer—dmount 6f the intermediate formed in the second pathway !

was observed with oxyhemoglobin than with methemoglobin (Fig.484J/;

o

. Table 3). This is predicted by my model. In the case of

oxyhemeglobin, and not methemoglobin,’thé°first pathway competes

4

-~ the second pathway. The model also correctly predicts that the

slow reaction should not be observed for the denaturationrof

deoxyhemoglobin.

-

for the native protein ‘and theretore less protein would enter 7W7¥jx
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With the hope of shoning a_speetral,identity;ofpthe,intermediate

obtained for both oxyhemoglobin and methemog}obin“in spite of
background absorption due to the other components of the h
reaction m1xture, spectral shifts occurring during the slow

(‘
'reaction were compared. In the’ case of methemoglobin

denaturatlon a small shift in the spectrum of the intermediate

(Flg. 9) appears to correlate w1th the slow reaction (Fig. 8).

—However any similar shift in the spectrum;after‘oxyhemoglobin.

denaturationwasma§ked_byarlargespeCti?ﬂchangewhich had ,“Lm

slower kinetics (Fig.'5). The 1atter change‘roughly‘correlated
' w1th the sloWest of the two components in the oxidation of |
'sulfhydryl groups (Fig. 13). As previously mentioned, this

change was probably due .to oxidative changes which only occur in

- the reaction mixture with oxyhemoglobin denaturation.-‘Thus, I

was unable to prove or disprove~the~spectra1"identity”of'theﬂ'*’“

. -

‘intermediates in the two cases, however, in view of the other

: strong 51m11ar1t1es in the intermediates, a common intermedlatef

hemichrome is likely. \;/' N

Denaturation and Precipitation

~Two characteristics of the reaction profiles obtained with the

. "7 low salt .assay procedure, (1) the initial t time 1ag in the =

4*————*——denaturation—and4f214the:‘inai‘ievei’of‘soiubTEJproteiﬁ‘are not

explained by my reaction scheme.(Since'the final concentration



of. soluble protein was always the'same regardIeSSfof the’initial‘

tﬂhemoglobin concentration, it cannot simply be attributed to a
: soluble component of the reaction mlxture. Also since the

"T'precipitated protein is not in equillbrium with the soluble,

fractlon,Atherfinalfsolublerlevel cannot be due to ' partial

) solubility:of the denatured protein. The're§glts suggest,that‘
the. aggregation and precipitation reaction'is effectively

1rrever51b1e and h1ghly concentratlon dependent. Bothnthef

lsoluble protein can then be explained as 51tuatlons where the

concentration of. denatured-protein 1n the prec1pitation bufferj ﬁi
,. -
becomes too low for precipitation to occur. Both phenomenatmay
N s a . N . ) “ .. c .

then be regardedpas artifacts of the low salt assay'method which -

are not relevant to my reaction model.

» : L
= ‘ R
<
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