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ABSTRACT 1 

a .  
I .. . ). 

The effects 'of chemgcal aodif icatiok and specif ic-!heme 1 igands 

on the kinetics of hemoglobin dena'turation in alkal'i were - 

investigated by both precaipitation and spestral assay methods. 
/ 

r ed. A model for the denaturation of oxyh,emyobin is 
were O b V  r ,e l i  

proposed in which two rea@ion.sequences compete for the % ~ative , . -- 
I .  

protein. -The two pathways dlffer in that oxidatian of ferrous 
- 

% 
heme follows denaturation in the first and precedes denaturation 

in the I I second. In the first (faster) reaction, the foimation of 
, % 

native oxyhemoglobin mo mers is the rate limiting step. P L -  

Subsequent unfolding le ds to the partial reduction of. malecular, 1 
oxygen with production of superoxide anion OJ hydrogen peroxlee. 

These convert some sf the native oxyhemoglobin in the alkaline 
LL. 

reaction mixture to met.hemoglobln which, in turn, denatures 

rapidly by the second reaction sequernce. The seconh pathway is 
\ 

not limited by formation of monomers and is characterized by the 
, +-, 

production of a hemichrome intdmnediite which is nodif ied 

L 
further in a slow reaction. 

f 

rS 

\ 
Human fiemog~08iri < was purified by ton exchange-chromatogr*phy. 

0.025 M sodium phosghate, 0.100 M NaCl and were.measured by both 

the absorbance decrease at 576 nm and the'loss of protein due to 
C 

2 4 4 '  

precipitation after neutralization to pH 6.8 in the same buffer. 
7- 

\ 

L 

iii 
C " y t V ;  



"~enaturation of oxyhemoglobin -by the first pathway (fast 
4 

reaction) had a f irst-order ?ate ~ o n s t a ~  of 
a 

'0.42 2 0.02 min-l. F 4 3  titration of the interfacial 

sulfhydryl groups with HgC12 was.found to reduce this rat 

23 fold while similar treatment with the larger mercurial \ a , ,  . %  

p-mercuribenzoaYe was 3~d-to-+crease -- 
sensitivity of denaturation to modi-ficdtio& of the qfll 

/ 
. , 

.interface supports the rate limiting role of monomerization. 
Q - - - -  

Deoxyhemoglobin denatured only 7% faster by. the first pathway 
r 

than did oxyhemoglobi-n which suggests that they share the same* i .  , % S 

rate limiting step and demonstrates that autoxidation is not a 
< S , .- 

- 

- I 
prerequisite for denaturation by,the first' pathway. -I 

, 

Methemoglobin was prepared by careful oxidation with 

K3Fe(CN)6. Alkaline denaturation occurred bedore the first 

measurement at 0.5 min. The rate limitingstep for this 
. - 
derivative cannot be monomerization as for oxyhemoglobin since 

* 
methemoglobin has a similar 41P1 interface structure and 

stability to oxyhemoglobin and yet had a much higher 
\ 
'b 

denaturation rate. A hemichrome intermediate is formed by this 
* 

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

- - -  of 0.014 2 0.002 akin-'. A similar intermediate o b s e r ~ - w t t h  - - 

oxyhemo~lobin reacted at the same rate. T b s  lrxhcat- t . . .  
--- - - - - - - - - hat-som- 

oxyhemoglobin is oxidized to methemoglobin-before deiaturation* 
? 3s -- - - - - - - -- 

(the second pqthway in the proposed scheme). Ffr both , , - 



oxyh8hoglobk aqd methqmoglobin, tire intermediate - - :as solubleamin * - 

a 

the an&tral bufker but not in - neutral buffer containing 

24% (w/v). ( N H i )  2S04. Also i-n both cases, the interboediate 
- 7 

. B 

. was reridered insoluble in neutral buffer by titratlion with 2 \ 
equivalents of HgCl2 per tetramer prior to the start of the . -  

whether oxyheiocjlobin. or lnethemdglobin is the starking material. 
' ' ? -  

As expected frbm the reaction scieme a lowe; amountLof the .I- 

- - - - - - - 

, ' intermediate was observed for oxyhernogl~bin~ 

Oxidation of denatured hemoglobin.*durihg the fast reaction 'was' 
" 

clearly evident from the changes in the visible spectrum that 

, parallel denaturation. {Since oxygen is the only oxidant 

present, reduction to superQxide or peroxide should occur at the - 

samePtime. The formation of these reactive species during 
I 

oxyhemoglobinldenaturation was indicated by concurrent L 

sulfhydryl oxidation. A reductibn in the titre of free 
< 

sulfhydryl gr&ps and production of .-disulf ide-linked multimers 
< - 

were observed. ~uperoxidebr.peroxide should not be produced 
v' 

4 during methemoglobin denaturation and, as expected, sulfhydryl 

oxidat$gn did not occur. These agents also cannot be pre~ent 
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1 
. . 

- - /' - 
INTRODU~TION 

3 
- ,  

I t  * .  
I 1 *  

i 
Studies of hemoglobin stability at alkaline-p~ date back to 

u 

when Von,Korber demonstrated that hemoglobin from the blood 

newborn children is leis susceptible to alkali than that of. - 
adults  rinkma man, et al, 1935). Today it -is well known that 

- - --- -- - A - 
hemoglobin of human newborns is predominantly hemoglobin F, 

I - . 
immediate developmental precursor to adult hemoglobin o t  + 

the 

hemogiobin * A  The differ$ce 'in alkaline stability betw&enladult, 

hemoglobin and hemoglobin F 'is the basis of a number of clinical 

procedures for measuring the level of fbetal hemoglobin i n  human 

blood (Singer, et al, 1951; Jonxis, et Hl,, 1956):  though this 
I 

difference hab3been well known-since-the 19th a 
F 

structural basis for i t  was no; postulated until recently 

Protein Denaturation b 

The functionvof globul'ar proteik.rel.ies on the?ntac&es; of a 
+ B i - 1 

specific o2dered conformation. which is commonly calle 
0 

.native staye". The persistence'of '.the native state depends on 

the weak interactions between key functional groups distributed 
1 

throughout the protein. The.degree of interaction is dependent - 
1 

- - -- -- 

on the chemical and physical environment. Protein denaturation 
f 

is a major shidt ofaprotein structure away from the native state 
I 
4 



due to changes in these weak interactions& Minor chang'es of the , a 

native state such as the aggregation of protein molecules into a '  

crystal- are not considered denaturation. 

w 

The denaturation of globular- proteins is usually accompanied by 

a decrease in their water solubility. Since non-polar amino acid - -  - P  - -  

residues within the interior of the protein molecule are 

frequently exposed by denathration, the stabilizing intelactions 8 '  

- 
between protein and aqueous solvent is usualay Ledwed and 

1 

predictably aggregation of protein molecules is enhanced. The 

degree of precipitation of denatured protein can depend on many 

-factors sdch as the concentration of the protein, the 
+ 

denaturation method and the physical state of the solvent 

(tempvture, pH 'and ionic strength&. Although precipitation is 

often used to measute denaturation, the tenuous relationship 

2- %?i 

between the two phenomena,should always be considered. 
* 

4 
Most deta.ilede investigations of th,e effects. of pH extremes-on 

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

pH, of which the oxidati n of cysteine sulfhydryl groGps with 

formation of covalent disulfide linkages is the most widely 
- - - - - - 

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

i\ a major problem in investigations where reverksibility is to be .. 
4nvestigate.d since it impairs refolding.. Although disulfide 



- formation has not been demonstrated in past studies of the 
w 

I &  alkaliqe'denaturation of hemoglobin, it is known to occur with 

thermal'denaturation of oxyhemoglobin at physiological pH 
I 

.+ 

(Winterbourn, et al, 1974). since sulfhydryl reactivkties 

generally increase at alkaline pH (Means, et a1,,1971) disulfide 

denat"ration of oxyhemoglobin also, p'rovided a suitable oxidant 
a- 

is present. 
-- 

B 
I * ,  

The denaturing effect of h5gh temperature and extreme pH are not 
6 I. I . . 

clearly separable because protein stability at high temperature 

is generally pH depe,ndent. 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 botoh pH and thermal denaturation components. 

Since the i~nic state of the protein may differ substantially 

between an extreme pH and the most stable pH, the thermal 

denaturation mechanism may also differ. ~ o k v e r  info~mation 

acquired from investigations of the thermal'stability of a 

protein is often relevant to studies of protein denaturation at 

. ' acid or .a,lkaline pH, . x 
, \ . .- t "  $ 1  

L -, 5 .  ,3 , , ,  . . .  - .  
- - ; 1' 

, . 
\ 

- ~- -- -~ - - -- - -  ~ - -  - - -  -~ ~ - - - -  ~ - -- - - -- ~ ~ - - ~ ~ ~ - -  ~- - 
4 

  he instability of globular proteins at extreme pH is often 

attributed to ioAizatfon of critical amino acid residues within . \  6 

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 
P 

1 .  

protein at normal pH are typically confined fo the. protedn . z' 
'. Y , . - .  

surface and should contribute little-to destabilization at pH 
' 4 ,  

extrenes., The available detailed information on the structure 
a 

of hemoglobin is thus a major asset fn deciding the role of 

Because of this structural information, hemoglobin. is an4 . ., 

attractive experimental system for studies on protein 

denaturation. . 

I C 

Hemoglobin Structure . 

J 

The 3-dimensional structure of hemoglobin was determined by the 
1 

X-ray crystallographic studies of M.F. Perutz and collaborators~ 

(Perutz, et al, 1968). Mammalian hemo'globins are basically 

tetramers, constructed of two pairs of polyp,eptide chains, , 

k * 

termed Nand ,.arranged tetrahedrally around a single two-fold 

symmetry axis. One molecule of heme, ferroprotop,or.phyrin IX, is 

inserted into a hydrophobic pocket of each chain. *he heme 

component of hemoglobin structure is solely responsible for its . . 

characteristic . ~ lisible ~spectr"m. 

The o(and) chains - - 'consistw -- - - of - 141 and 146 amino a d d  resid ue-- - 

resdectively arranged into 8 a-helical segments which are 

normally labelled'from the N terminus as segments A through H 

according to the convention  of Watson and Kendrew 



- - -- -- - - - - -- -- - 

< 

(Watson, et al, 1961). The non-helical segments are labelled AB 

through GH depending on the helical segments they separate or 

are labelled NA or HC B f  they occur at the N or C term,inus 
. . 

respectively. The individual amino acids within each segment are 

numbered in the N to C direction such that each,+amino acid is 

specified by fts position Tn the tertiary'structure of the 

subunit. This system - allows functionally relevant comparisons 

between the amino acid sequences of different hemoglobins and , 

myoglobins .' , 

~0th' chains have two relativ=ly hydrophobic sites on their 

'surfaces which bind the subunits together into tetramers. 

Subunit contacts are almost entirely between unlike subunits 

such that two types of subunit interfaces occur. The strongest 

interface, termed the dl(la interface, involves hydrophobic 

contacts between 3$ amino acid residues belonging to segments 
B 

B,G and H. The remaining interface, the q1A interface, 

igvolves 19 residues from segments C,F and G in hydrophobic , 

interactions. , a .  

I I j 1 

. . P 1 
The,heme resides in a hydrophobic pocket created by segments C 

- .through G making hpprox'imately 90 van der Watils contacts-wlth 
&he pe&ypep&We, T h d m e  *R &+ e e w a h W A y + & i - -  -- 

I ' 

histidine residue, called th$ proximal histidine, at position F8 ,...-- 4 .  

and is normally displaced slightly out if the plane of thef heme 
. * 

"i 
4 

. 



~6 

- - - - - -- 
- -- 

* .? 

towards this ligand. Molecular oxygen binds to the opposit~ side 

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

ligand positions occupied by the hyrin, the iron is 

six-coordinate. In deoxyhemoglobin binding site P ' 

4 

remains vacant such that the heme iron iA only f ive-coordinate. 
r 

Movement od. the iron into the plane of the heme with the binding 
- -- -- -- 

of oxygen is believed to be the trigger event for the 

cooperativ&heme-heme interaction which is 'charactellistic of 

hemoglobin function. 

r 
A remarkable feature of the in vivo function 6f hemoglobin is 

/ 

1 

the ability of the consti;uent ferrous-heme to combine 

reversibly with O2 without oxidation to tse ferric state. 

Free ferrous heme in. aqueous Qolut?on is rapidly oxiaized by 

1 -02 (Fglk, 1964). The 3-D struc ure of the heme pocket must 

constrain the interaction between heme and -02 such that 
I-' 

oxidation does not occur. I denaturation, the integrity of the 4 I , 

heme  pocket will likely be lost. Oxidation of the heme iron is 
1 

. ~ thus a predictable as well as observable consequence of the ' 

I '  

denaturation of oxyhemoglobin. I , 

As well 5s exposing the heme to oxidation, denaturation of most 

hemoglobin derivatives is accompar-iied by changei in the ligand 
a x  

stake ef heme. frr gmml, M dzhz =f€K and six€Ii - \ 
coordinate positions'of the heme iron become occupied by 



histidine imidazoles of the polypeptide chains. Heme compounds 

of this sort, in which both ligand positionsSare occupied by 

nitrogenous bases, are called "hemochromes" if the iron is in 

the ferrous state and "hemichromesn if the iron has been 

6xidized. Characteristic changes in the visible spectrum which 

accompany the formation of these deciuatives are o&en used te-- - 

monitor the denaturation reaction. 
1 

Denaturation Mechanisms . 

Denaturation otf hemoglobin at extreme pH m,ight be regarded as a 

series of conf&rnational adjustments triggered by the ionizatf~n 

of particular amino acids i'n the polypeptide sequence. Because 

of the dependence of the native structure on the interaction of 

many amino acid residues, denaturation is predictably a 

cooperative phenomenon such that the rates obtained by the 

majority of these adjustments are governed by relatively few 

rate determining steps. 

Disgociation of the native h'emoglobin tktramerb into dgl \- 
dimers occurs readily, is reversible, and precedes alkaline 

denaturation of mamkalian hemoqlobins.At pHyalues ranging from 
- 

9.5 to 11.0, this dissociation has been demonstrated by both 
-- - -  - 

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

scattering (Flamig, et el, 1977) methods. Carboxyhemoglobin *, 



(Hasserodt, 

is found to dissociate completely atpHell.O 

et al, ~ecause the rate constants obtained 

for dissociat;on into diqers (Flamig, e t  al, 1977) are much 

larger than those obtained for. alkaline denaturation APerutz,. 
5 - 4  

1974), native *hemoglobFn must diners in the 

alkaline reaction' mixture. 

\ 

*. 

Compared to other globular proteins, human oxyhe~moglobin is 

* relatively stable at alkaline pH, requiring pH values greater 

than 11.0 to produce a significant denaturation rate at room 
I \ 

temperature. If denaturation is triggered by ionization of 

specific critical akin0 acid residues then tKe req,uired7pH 
@ 

implicates only cysteine and tyrosine. Replacement of these 

residues by structurally similar species which do not ionize 

would be expected to confer greater alkali stability to the * . 
protein.The identity of the residues which are critical to'the , 

denaturation mechanism might then be obfained by comparing then 

alkaline denaturation kinetics of hemoglobin variants, 

The rate of alkaline denaturation varies greatly between 

hemoglobins of different species. Human a 
> 

denatures in 0.1N NaOA at ZO'C with a 

while bovine hemoglobin is stable und@r. the same conditions 



(~auro~itl, et al, 1954). By corielating the +differences .in 

alkaline suscept*ibility of these and other hemoglobins with the 
-, ' * 

presence or absence of 2 ~ysteines within the 4g1 subunit 
. interface at positions GllM and ~ 1 %  and a tyrosine between 

B segments A and H at position H8 , Perutz has deduced a reaction 

scheme which explains some of the basic features of the 
- 

denaturation kinetics. In Perutz's model cleavage of the 

o(Sgl interface is the rate limiting step and the 
D 

denaturation rate is equal to the difference between the rates 
* ... 

of dissociation and reassociation. The ionization and 
Jfl 7 

subsequent hydration -of the 2 intexfacial cysteine , residue? 
9 

sh-ould 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, subunit - 
reassociation should not & Tmpa ired and' thus the denaturation 

rate should be lower as is observed. 

Perutz also suggests that dissociation of the 'native d& 

dimers into monomers is followed by the uncoiling of the 

individual subunits from the C-terminus. The tyrosine at 

7 
position HY is depicted as hiving a minot role in this process 

- - /' 
by enhancing the unfolding of the subunit. This proposal is 

supported by the alkali stability of'the subudits of 
\ B 

hemoglobin Rainier, a hemoglobin ariant in which another 
/ k 

tyrosine, the penultimate C-terminal residue of the subunit, /8 



is replaced by cysteine. The alkali stability is thought to 
\ 

arise from a dlsulfide bridge between lhis cysteine and that 

normally at position ~9,8 such that helices F and H are linked 
I - 

directly, preventing the movement necessary for'the uncoiling of 

the latter helix. Sinqe the g1(la interface links tielices G 

and H, an intact Fnterface would a h  be expeeeed to prevextL - - 

T3 

uncoiling from the C-terminus, thus explaining the stability of 
\ 

the intact dfil dimers with respect to monomers. , 

Althqugh P_erutzts reacti'on scheme was intended for denaturation 
\ : b f  hemogl'obin bin alkali, the di'f ferencks between this scheme and 

one proposed for thermal denaturation of oxyhemoglobin at 

physiological pH values (Rachmilewitz, et al, 1971) merits 

consideration. In the latter scheme the subunit state of the 

initial reactants is notdefined, but unlike Perutz's scheme, 

autoxidation of oxyhemoglobin to less stable methemoglobin is 

presented as an obligatory step prior to denaturation. 

Methemoglobin denatlles muchumore readily than oxyhpmoglobin at 

all ,pH values (Rieder, 1970). 

2 
A major consequence of the conversion of oxyhemoglobin to 

methernoglobin - is - a large reduction id the affinity of globin for 
heme (Bunn, et al, 1966). Because of this, so= authors have- 

-- - -  - - A  - -  

suggested that a displacement or expulsionbof the heme is 

responsible for the instability of methemoglobin relative to 

ferrous dron derivatives such as oxyhemoglobin (Rieder, 1970). 



, . 
Complete expulsion of heme has been proposed as an initial step 

Y 
in the denaturation of certain unstable genetic variants of 

I 

hemoglobin characterized by amino acid substitutions in the 

vicinity of the a chain heme (Jacob%et al, 1970). A' major 

advantage of reaction schemes based on displacement of the heme 

. . 
i s  khaL b y  a cceunL for the +dxi 1 1 zing_effect~f_-~CyanLde. - - 
This ligand impairs both methemoglobin denaturation 

(Minterboutn, et al, 1974) and heme exchange (Bunn, et al, - 
1966). 

To account for my results I have adopted a reaction scheme in 

which dena.turation of oxyhemoglobin occurs in two parallel 

reactions; one initiated by monomerization and the other by . 

oxidation to methemoglobin:' 

Hb, +2~b,- KMCCHROUE 

~ b :  - MTERMEMATE FINAL -. 
I .  HEMICHROME \ HEMICHROME 

The - -  denaturation of oxyhemoglobin monomers is assumed to be C 

accompanied-.by the production of partially reduced forms of 

molecular oxygen such as superoxide anion and hydrogen peroxide. 

These oxidants, then convert the unreacted native 



*= 

oxyhemoglobin to methemoglobin which d,enakures rapidly by a , 

separate mechanism in which the rate determining step precedes 

formation of monomers. This step may be the expulsion of "erne 

C 
from one or both of the dimer subunits as observed for the acid- 

denaturation of methemoglobin (Polet, et al, 1969). 

- --A L p - 2  - - -A- + A - - - >- -- -- - 

\ '  I utilized a kineticeapproa h to explore the effect of heme 

ligands, chemical modifications and heme oxidation on the 
d 

afka 1 h e  cten&ttrratiun of hemogl-obirr. The . react h- scheme - 

diagrammed 

obtained . 
above accounts for all of the. results I have 

L 



- 
- - 

Q ' 
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METHODS AND MATERIALS 
t 

Preparation of Hem globin Samples 1. 
Two levels of purification are commonly used in studies of human 

1 

is a single hemoglbbin componeht, can be-prepared in a few hours 

- from adult human blood. Although this levei 'of purification is 
- 

adequate for many experiments, more homogeneous samples are .~ - 
requireda& obtain reliable denaturation kinetics. The 

* # 

remaining protein impurities, which consist of non-heme proteins 

agd two minor .hemoglobin compments, namely hemoglobin A 2  and 

foetal hemoqlobin, can be remove8 Qy ion exchHnge chromatographya 
h - 

using DEAE-Sephadex A-50.- Fully purified samples, Rre~ar7ed.b~ 

the latter method, were used in all experiments where kinetic 

parameters were derived.. 

n 
a 

I. Preparation of ~emoi~sates 

~?pol~sates 'were preparc& by a-modified -version q f  the method of 

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

Becf on-Dkk inson Vacxtaine~ (lavender-stoppep) cotlta &win*-- -- - 
- 

0.17 ql of 15% K ~ D T A ~  as an anticoagulent. The blood - 

washed into a 50 ml' polycarbonate centrifuge tube with 0.9% NaCl 

and diluted with the ;ame to about 40 ml. The red blood cblls 
- --- - - 

were pelleted by centrifugation at 600xg and 4'~ for 10 to'15 

min in a swinging bucket rotor-*he supernatant containing both 



plasma protein and suspended white blood cells was then 

discarded completing the first cycle of the wash procedure. The 

. cells were washed 3 more times in Ehis manner' and y e n  lysed by . 

mixing them with 3 volumes'of glass distilled water and *stirring 

$lowly at 4'~ for 1 hour. 

. 
- -  L - -  - - ---up p- - -- - -- - - - - - - - - - 

The stromal impurities were removed by first adjusting the 
* * 

hemolysate to 3% NaCl by adding a suitable volume of 30% (w/v) 
I '  , 

NaCl and then, ' aft-er 10 kin of s+Irr-ing,' centrifuging the 

f solution at 35,00Q'xg and ~ O C  for 1 hour. The supernatant was 

collected with a ~asteur' pipette tak,ing care to avoid the 
\ ,  

viscous material' on top of the pellet. Usually about 30 ml of 

stroma-free hemolysate -is obtained at this point. 
2 

* 

Before using the hemolysate it was established in a defined 

buffer system by gel fillrat& dt 4'~. A 2.2~90 cm column of 
.' 

sepha&~-25 (me ium), previously equilibrated with 50 mM . ,4, 

i 
t 

sodium phosphate, 0 10'M ~ a C l  at ~H~s7.5 was used. A ratio of 13 . 
volumes of gel to 1 volume of sample assured~complete removal of 

, . > 

found 

iphosphoglycerate, "14 organic phosphate which is nbrmally associated with hemoglbbin (german et a1,-1971). The 
..- 

sample was finally transferred to unbuffered 0.10 M N&I by a 
- a  - - -- --- - - p  - p  - 

second gel'fiftration step, Dilution was minimized in both gel 
- - - - 

filtration steps by discarding the leading and trailing edgescof 

the hemoglobin bands.  he' purified hemolysates -obtained were . 
typically 3-5 g/&l in hemoglobin. 



11. Preparation of Fully Purified ~emoglobin A 

Further purif icatiosn was accomplished by the ion-exchange h 
chromatography method of Williams and Tsay (1973).   he 

ion-e'xchange buffers were prepared as foJ10ws:~ Buffer A (50.0 mM . 

9 

Tris-HC1, pH 7.60 at 25O~) by diluting 231 ml of 1.000 N HCP 
- - - -  f - -- pL 

-and936.6 g of Tris base to 6.00 1 with distilled water; Buffer B = 

(50.0 mM Tris-HC1, pft' 8.40. at 25'~) by diluting 17.2 ml of 

1.000 N HCl and 6.Q6 g Trds base te 1.000 1 with distilled 

water; Buffer C (50.0 mM Tris-HC1, 0.200 M NaC1, pH 7) by + 

? .  
diluting 46.6 ml of 1.000 N HC~,-6.06 g Tris base and 11.69 g 

- 

NaCl to 1'.000 1 with distilled water.  h he Tris base was 

purchaskd from Swartz/Mann ("Ultra Pure" grade), ;he HC1 
dB 

(certified 1.000 N) and the NaCI (cerEified A,C,S.) were I + 

acquired from Fisher Scientific Company, Glass distilled water 

was used throughout and all buffers were equilibrated to 4 OC 

before use. 

A h.1~70 cm column-of DEAE-Sephadex A-50 was equilibrated 

overnight id a ~ O C  cold room with 1-2 column volumes of buffer 
@ 

A. 'The ion exchanger was then overlayered with 1 cm of 

"ephadex G - 2 5 ,  also equilibrated With buffer A, to stabilize the 
- - - - - pp - - - -- - -  -- - 

- L 

bed surface and-facilitate sample application. A peristaltic 

pump maintained the flow rate at 40 mL/hr. 



The samples were prepa;ed by the -method descr ided above* for 

hemolysate except that the final gel fiftration steps were 
" - 

replaced by a single gel filt-ration in which the hemoglobin is 

transferred to buffer A. The sample, containing about 1 g of 

hemoglobin, was then developed on the ion-exchange column with 

buffer A. A flow rate of 40 ml(hour was maintained for about 36 A- 

hours when hemoglobin A, which migrates between the non-adherent 

I hemoglobin A2 fraction and the almost sta'tionary foetal 

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

A small, 2.6~8 cm column of DEAE-Sephadex A-50 in the same 4'~ 

cold room'was used to collect and concentrate the hemoalobin 

% a sample. It was initially equilibrated with an equa volume 

mixture of buffers A and B. When hemoglobin A reached the 

bottom of the first column, the.outflow tubing was rearranged so 

that the column eluant and +buffer ,b are pumped with equal flow 

rates into a Y-connector.where th y mix and continue into the 4 
collection column (~illiarns et a1 ,\1973). When all of the 

4 
- 

desired hemoglobin has been kollectAd in this fhghion it is 

removed from the collection col\umn d y elution with buffer C. 
The resulting sample, usually 5-7% hemoglobin A, was then 

transferred to unbuffered 0.10 MsNaC1 by a final gel filtration 
- - - - 1 - - -  - - 

step. % 

- - 



111. Preparation of Hemoglobin Deriva # 
Deoxyhemoglobin samples were prepared immediately prdor to use. 

First a 10 to 25 ml sample of oxyhemoglobih in 0.10 M NaCl was 
P 

placed in a 30x200 mrn test tube immersed in a thermostated, 

25-OOC wa.t.eLhath, The sample was then expos-ed Lo .a _sAea_dy_ - - 

, 
stream of C02-free, moist nitrogen (Union Carbide, technical 1 

grade) for at least 3 hour using the arrangement of apparatus 
depicted in Fig. 1. Just prior to starting la denaturation 

reaction by addition itrogen equilibrated alkaline buffer, 

Na2S20q (sodium dithi was added to the sample in 

d 
amounts not exceeding 0.2 mg/ml. A nitrogen atmosphere was 

maintained for the duration of the experiment. 

Carbon-monoxide liganded hemoglobin was prepared and utilized 
I 

with essentially the same method used with deoxyhemoglobin. a 

Technical grade carbon monoxide (Union Carbide) was used instead 

of nitrogen and Na2S204 was not used. Except when removing 
I i 

.aliquots 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. 

Methemoglobin (ferric hemoglobin) samples were prepared by 
- - - - - - - - - - - - - - 

oxidation of the heme iron with potassium ferricyanide. 
9 

Sufficient 0.20 M K3Fe(CN)6 was added to a measured volume 



~ i ~ u r e  1. - ~rrangement of apparatus used to maintain - 
deoxyhemoglobin under an atmosphere of N2 gas. 

The reaction mixture was sampled through the exhaust 
w 

port using a 1 ml dispensing pipette. A special 
' L 

pipette tip was constructed from a 2 m1 plastic 

syringe which was adapted to reach the bottom of the 

reaction vessel with a teflon catheter. 
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' of oxyhemog .to achieve a 2-fold stoichiometric excess of 

the oxidant over the heme content of the sample. The sample was * 

buffered with a pH of 9 or lower to ensure a reasonable 

oxidation rate (the rate decreases with increasing pH 

(Mansouri et al, 1973)). Tris-HC1 buffered samples obtained 
- -  - - -  

directly frsm-the e o f h x 9 G o n  dolumn were no&allyLisO~. A E e F  

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 
0 

NaC1. 

/- Mercuratpd hemoglobins were prepared just prior to se by 

diluting a concentrated aliquot of oxyhemoglobi (2 to 5 mM 

heme) to 0.4 mM heme with 0.10 M NaCl contai ng the appropeate 
r- C I amount of mercuram By diluting the mercur 1 as much as possible 
t - prior to 'addition of hemoglobin, the unde's~rable effects of 

localized high concentrations of a1 during sample mixing 

1 
are minimized. When titrating the sulfhydryls, the, 

mercurated samples were allowed to react for 2 hours when 

HgC12 was employed and 5 hours with p-hydroxymercury benzoate 

(PMB). The exposed sulfhydryls were considered to be mercurated 

immediately after mixing, HgClZ-treated sampleswere found to 

7 %& gradually develop a precip a t e  and vere therofor-eU*i-tiAi~f 4; 

hours of preparation. 



~basurement of Hemoglobin Concentration 

'- * 

 he hemoglobin concentration of &thm.hemolysates =nd fully 

purified samples was determined by the method of Wootton and 
a 

Bleyin (1964) in which all of the hemoglobin is converted to 

which was prepared just prior to use by dilutdng 0.10 ml of 

1.00 M NaH2P04, 0.20 ml of 0.500 M KCN and 0.307ml of 0.20 M 

K ~ F ~ ( c I ~ ) ~  to 100 "ml "ith distilled water. 7.5 ml aliquots 

4 I 

of this solution are added to 25 ml volumetric flasks. 
,. 
Carefully measured amounts (usually less than 2 ml) of the 

hemoglobin sample (not CO-hemoglobin) are added ts each of the 

flasks and the mixture is allowed to react for 15 minutes. 

2.5 ml of 0110 M sodium tetraborate is &en added and the - 

mixture is diluted to the mark with the first solution. The 

e absorbance of the solution is determined at 540 nm and'converted 

to the heme concentration of the sample using the extinction 
, 

coefficient recomended by Van Assendelft and Zilstra (1975) of 

11.0 m ~ - l  cm-l. ' 

Measurement of ~ethemoglobin in Oxyhemoglobin Samples 

The amount d methemoglobin in ~ ~ - Y k g m q l & b  hNees6was - 

determined by a modification of the method of Evelyn and Malloy 

(1938). This method assumes that the decrease in the absorbance 



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 presence of ferricyanide a"nd ferrocyanide 

in methemoglobin solutions does not effect ,their absorbance at 
\ 

630 nm. 

Four solutions were employed in this assay: Solution 1 (0.10 M 

Na phosphate, pH 6.5) was prepared by diluting.10.0 ml of 1.00 M 

NaH2P04, 4.00 ml of 1.00 M NaOH to 100.0 ml with diitilled 

water. Solution 2 (0.10 M Na phosphate, 1.00 nPI K3Fe(CN)6, 
/ 

pH 6.5) was prepared identically to solution 1 except for the 

inclusion of 0.500 ml of 0.200 M K ~ F ~ ( c N ) ~ .  Solution 3 

(0.10 M Na phosphate, 40 mM KCN, pH 6.5) was prepared by 

diluting 10.0 ml of 1.00 M NaH2P04 and 8.00 r n l  of 0.500 M 
t 

KCN to 100.0 ml. Solution 4 (0.10 M Na phosphate, 40 mM KCN, 
C '  

1.00'mM K3Fe(CN)6, pH 6.5) was prepared identically to 

solution 3 6xc/ept for the inclusion of 0.5 ml of 0.200 M . 

K3Fe(CN)6. The solutions containing KCN were fresh 

before use to minimize loss of cyanide as HCN fumes. d 

The methemoglobin content of an oxyhemogl&in solution is 
, 4  -. i. 

measured by mixing 2.00 ml of 0.400 mM(heme) h-emoglobin 



each of the four solutions. The percentage methemoglobin is 

determined after allowing 30 minutes for reaction from the 

formula 

where il, A2, A3 and A4 represent the 630 nm absorbances , 

of the aliquots treated with solutions 1, 2, 3 arid 4 

samples were always found 

- * 

respectively. With this method freshly prepared hemoglobin 

to be less than 2% methemoglobin. 

The Alkaline Denaturation 

Two buffer solutions were 

Kinetics 

used routinely to assess the stability 

of hemoglobin samples at alkaline pH. An alkaline b'uffer 

(50.0 mM Na3P04, 0.100 M NaC1, pH 12.0), prepared by 

diluting 100.0 mi of ,1.000 N NaOH, 50.0 ml of 1.000 M 
> 

Na%P04,and 5.84 g of NaCl to 1.0000 1 with distilled water 

was used to initiate denaturation and a neutral buffer (25.0 rnM 

Na phosphate, 0.100 M ~ a ~ 1 ,  pH 6.4). prepared by diluting 

25.0 ml of 1.000 M NaH2P04, 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. 
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i 
- - - -- - - -  -- b - 

A fixed set of denaturation co ditions were used in the majority 

of experiments. 10.0 ml of 0.10 mM hemoglobin in 0.10 1 NaCl was 

first placed in a 30x200 m k  test tube. Both this test tube and- a 
second test tube containing a larger aliquot of alkaline buffer 

were immersed in a 25.0•‹c, thermostatfed water bath andLallqwed. . 

then initiated by abruptly adding 10.0 ml of the equilibrated 

a1 adine buffer to the hemoglobin solution. The resulting 
> < 
reaction mixture; with a pH of 11.7, was maintained at 2 5 . 0 ~ ~  

for the duration of #e denaturation. The extent of denaturation 

B 
was then asse'ssed at selected time intervals using one of the 

--'L 
following assay procedures. 

Because of the potential for variation in the denaturation 

kinetics due to differenhbatches of hemoglobin or alka'line ' 

* buffer, control reactions xith air-equilibrated hemoglobin were 

k$~sed. These reactions were normally performed at- the same time xh- 
as the experimental reaction(s) so that the kinetic data 

' obtained for a particular hemoglobin derivative could always be 

compared with that for an appropriate oxyh~moglobin control. 

D .  

Solubility Assay Methods - - - - 

The extent of denaturation at a particular time was determined 

by procedures based on decrease in solubility. -The reaction was 

first ,terSminated by addition of a 1.00 ml aliquot of the 



reaction mixture to 4.00 ml of the neutral buffer. After 

allowing 2 to* 4 hours for the denatuied protein to aggregate it 
" 

was removed from solution by centrifugation at 3 5 , 0 0 0 ~ ~  for 

30 minutes. The amount of protein remaining dissolved in the 
P 

supernatant was then determined by measuring the absorbance at 

7 7 5  nm. In the case of deyhe_moqlobin the. supernatants were L- - 

A A ,  - - - -  - -  

- 

thoroughly oxygedated before measurement to remove residual 

dithionite which absorbs significantly at this wavelength. 

. d 

The absorbance that would have been obtained if no denaturation 

had occurred was estimated as the absorbance of a mixture of 
q 

4.00 ml of neutralizing buffer, 0.500 ml of'the alkaline -Buffer 

and 0.500 ml of the initial, unbuffered hemoglobin solution. The 
\ - 

absorbance values obtained for the entire reaction were fhen 

expressed as fractions of the initial abso~bance. In order to 

obgain precise estimates of the diffekent kinetic parameters it 

is important to obtain data through the entire span of the - 
+ 

reactibn. The rdaction was considered complete when the 
d 

observation time exceeded 10 times the half-ti& of the slowest 

component. 

'L 
! 

Two solubility procedures were used which' differ i n  the - - - - 

4 

composition of the ne~tral~buffer. In the "low salt assaym, the 
- - -- - - - - - - - - 

- -- - -- - 

neutral buffer was 25.0' mM Na ph sphate, 0.100 M NaCl (pH 6.4). "I, 
The "high salt assaym used an identical buffer except for the 

___dlC) 
inclusion of 300 g/l of reagent grade (NE14) *SOq. The two 

b 

methods differ in that the absorption spectrum of the protein 

6 .  



which remains soluble with the high salt method is that of pure 

native-hemoglobin whereas that with the low salt method 
s 

indicates that a substantial level of hemichrome is present. 
I 

The Direct Absorbance Assay Method 

An alternative method measures sthe changqs in the visible' 

spectrum(;Fig. 2) that occur as hemoglobin is denatured. ~ h k  

extent of denaturation was assessed by mea~~ring, the absorbance 

decrease at 576 nm. The cuvette was maintained at 2 5 . 0 ~ ~  by 
4 

circulating water from a hhermostated bath through a 

water-jacketed cuvette holder. The fraction of native 

undenatured protein present at a particular timswas calculated 

using-the equation 
f 

represents the abso~bance at time t, Af represents 

the final aeorbance value and Ai represents the initial 
2 

) absorbance.' 

4 

Sulfhydryl Oxidatto& 
- - - 

7 -1 

The process bf sulfhydryl oxidazon was followed by periodically 

rem~ving aliquots and measuring the concentration of free 
. . 

cysteine sulfhydryl groups during exposure to alkali. The 
. - 

- unreacted sulfhydryls were measured by the absorbance increase 



;t f 5 0  nm due  t o  t h e i r  r e a c t i o n  w i t h  PMB: Two n e u t r a l  b u f f e r s  

used  ' i n  t h i s  d r o c e d u r e ,  p r e p a r e d  by s i m p l e  a d d i t i a n s  t o  t h e  1 
neu r a l  b u f f e r  u sed  i n  t h e  low s a l t  a s s a y  p r o c e d u r e ,  B u f f e r  D 
w,e t 

ded sodium d o d e c y l  s u l f a t e  (SpS) a t  a  c o n c e n t r a t i b n  o f  2.5% 

4 
and b u f f k r  . . E . i n c l u d e d ,  i n  a d d i t i o n ,  0.15 ~~M:PMB. 

A - - - - - -- - - - 

1.00 m l  a l i q u o t s  of  t h e  r e a c t i o n - m i x t u r e  were n e u t r a l i z e d  w i t h  

9-00 m l  o f  e i t h e r  buffer D o r  E at s e l e c t e d  t i m e  intexvq,ls.  , 
, ;s'd % The 

a b s o r b a n c e s  o f  t h e  n e u t r a l i z e d  a l i q u o t s  were t h e n  neas;red a  

250 nm a f t e r  a l l o w i n g  2  o r  more h o u r s  t o  e n s u r e  equi l=%br ium.  By 

a l t  a' r n a t i h g  between t h e  2  b u f f e r s ,  2  a b s o r b a n c e  v e r s u s  t i ? e -  

p r o f i l e s  were g e n e r a t e d .  The d i f f e r e n c e  between t h e  two , 

a b s o r b a n c e  p r o f i l e s  r e p r e s e n t s  t h e  a b s o r b a n c e  o f  PMB p l u s  t h e  

a b s o r b a n c e  i g c r e a s e  due  t o  r e a c t i o n  o f  - PHB-with s u l f h y d r y l  

g r  ups .  The a 'bsorbance -of a hemoglobin- f ree  r e f e r e n c e  s o l u t i o n  

% (4.00 o f  b u f f e r  E ,  0 ,500-ml  o f  0,100 M NaCl and  0.500 m l  o f  
- - * *  - 

a l k a l i n e  b u f f e r f  was s u b t r a c t e d .  The remairi iSg a b s o r b a n c e  - 

i nc remen t  was c o n v e r t e d  t o  s u l f h y d r y l s  per -  hemoglobin t e t r a m e r  . 
v - , 

u s i n g  t h e  molar  e x t i n c t i o n  c o e f f i c i e n t  g i v e n  by  Boyer (1954) o f  

- - 

The m e r c u r a l  

f o r m a t i o n  i n  

i n  b u f f e r  E s h o u l d  p r e v e n t  f u r t h e r  d i s u l f  i d e  .+ 

-- 

t h e  SDS-so lub i l i zed  p r o m n .  Some o f  t h e  a l i q u o t ~  

n e u t r a - l i z e d  w i t h  t h i s  b u f f e r  - <  were used  t o  d e m o n s t r a t e  t h e  
. * 

pre 'sence o f  d i s u l f i d e s  u s i n g  t h e  SDS g e l  e l e c t r o p h o r e s l s  " 



procedure  of Weber and Osborn (1975).  A l i q u o t ~  rang ing  from . 
0.050 t o  0.20 m l  of  t h e  n e u t r a l i z e d  a l i q u o t s  were a p p l i e d  

d i r e c t l y  t o  10% po lyac ry lamide  5 . g ~  100 nun t u b e  g e l s .  
' \ 

2-mercaptoethanol was bdded t o  a  few of tee g e l  s a l p l e s .  High - 
, r 

.molecular weight  bands-which were c o n v e r t e d  t o  lower molecular  

d i s u l f  ide-l inJted mul t imers .  3 .  

" ,  
A n a l y s i s  of t h e  Reac t ion  K i n e t i c s  . 

The d e n a t u r a t i o n  d a t a  were f i t t e d  by APL pr&ograms t o  f i r s t  o r  

second-order models u s i n g  a n  a l g o r i t h m  based on t h e  non-kin a r  
# 7 

l e a s t - s q u a r e s  p rocedure  of  Marquardt (1963).  T h i s  i t e r a t i v e  ' 
e 

procedure  converges  ~ a p i d l y  on t h e  minimum sum o f  s q u a r e s  by 

approximat ing  t h e  method o f . ' s t e e p e s t  descen t -when  t h e  rhinimum is 

, , d i s t a n t  and c o n v e r t i n g a t ;  a d i r e c t  a n a l y t i c a l  method based on 
i Q 

I"'+ l i n e a r i z a t i o n  o f  t h e  f i t  e q u a t i o n  when t h e  minimum is n e a r .  I n  
'i 

t h i s  inanner ~ a r q u a r d t " $  p rocednre  u s e s  .each of i ts component 
' . '1 

methods when t h e y  a r e  most e f f e c t i v e .  
' I 

A l l  of t h e  models used i n  t h e  c u r v e  f i t t i n g  p rocedures  were 

polynomials  c o n t r u c t e d  from 3 t y p e s  of tefas; co6sxant terms - 

i o r d e r  terms (i.e. Bl / ( l+k$ t ) ) .  The second o r d e r  terms are  

, o n l y  a p p r o p r i a t e  f a r  second i n  which t h e  r g t i o  

between t h e  concent ra t ioni3  s p e c i e q  involv'e? 

- /' 
i 
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RESULTS . 

\ 

Oxyhemoglobin 

The denaturation of oxyhemoglobin by alkali is accompanied by a 

reduction in absorbance.<at the - oxyhemoglobin absorption maxima - - 

of 940 and 576 nm along with corresp6nding increases at visible x 
" L 

wavelengths above 590 nm* and below 520 nm (Fig, 2)- This - 
overall flattening of the absarption spectrum indicates 

'd 
conversion of oxy~emoglobin to hemichromes such that the direct6 

absorbance procedure measures the kinetics of hemichrome 

formation. When the djrect absorbance proc&dure is applied to 
t 

oxyhemoglobin denatu ation, the data are fit by a 
1 

single-component first-order model with a half tihe of adout 

2 min (Fig. 3, Table 1). 

The denaturation kinetics obtained with the high salt assay 

procedure appear identical to those obtained with b e  direct 

absorbance method (Fig. 3,   able 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 
-- - - - - 

3 
N 

spectra of the final supernatants obtained with this method were 
& -- -- -- 

- - -- 

indistinguishable f roe that, of oxyhemoglobin indicating that 
2 C" 

Q , only the native oxyhem&?obin fractipn of the reactidn mixture 
/ * 

remains soluble with this-procedure. 4 



Figure 2. - Absorption spectrum of ,the fesulting 

from exposing oxyhemaglobin to alkali for 20 min. 

(solid line). The absorption'spectrum of native 

\ oxyhemoglobin (broken line) is supplied for 
comparison. Both spectra were obtaika&@$g ' 1 

I 

concentrations of 0.10 mM heme. The native 

hemoglobin s3mple was unbuffered in 0.100 M NaCl 6p' 
&?+measured pH of 7.6.. The hemichrome in this 

. , 
spectrum and all subsequent spectra was dissolved in 

25.0 mM Na3POq, 0.10 M NaCl at pH 91.7. The- 

values of.the molar extinct e o e f  f icients. in this ' 

spectrum aod all subsequent spectra pertain to the 

heme concentrations. 





- 

parison of the denaturation kinetics of 

as determined with 

procedure (+),  the high salt procedure ( x )  and - 

direct absorbance monitoring (* ) .  The "remaining 

fraction" is either the fraction of the initial 275 

- nm absorbance that remained in solution after 

neutrilization (low salt or high salt methods) or 
_d 

the remaining fraction of the total change in 576 nm 

absorbance (direct absorbance method) . Models based 
t 

on first order kinetics are applied in all three 

cases. The particular models and values of the 

, fitted parameters are,presented in Table 2. . 
9 - ' Denaturption was considered complete in 20 min with 

the direct absorbance procedure. 





Table 1 - Parameters and statistics for least squares fits as 
m 

assessed with the-low salt, high salt and-direct 

absorbance assay procedures. First order models were 

used in all cases. The kn values Gre the 

first-order rate constants in units of min-l.* The ' 

Bn values are a measure of the fraction of the 

ovgrall change accounted for by each term of the 
a 

fitted model. The statistics abbreviated "SDn, "Ft2," 

and "df" respectively represent the standard 

deviation, coefficient of determination and'degrees of 

freedom for the fits. The errors in the parameters 

are standard deviations derived the error matrix for 

the particular fit. 







Figure 4. - Alkaline denaturation of oxyhelnbglobin by the 
- 

4 low-salt method. The fraction of the 275 nrn 

absorbance remaining in solution after low-salt 

neutralization is plotted versus th6 neutralization 

time (points). A model consisting of a constant term 

and two exponential terms is-fit to the data (solid 

line). The exponential terms (Table .1) are depicted 

separately by the broken lines. Only data for 

exposures 

b ~ 

greater than 1 min were used.for the fit. 
i 





k Table 2 - C mparison of moders appIied to the kinetics of 
a .  

alkaline denaturation o f  oxyhemoglobin as measured * 
with the low salt assay method, The parameters were 

estimated by non-linear least squares fits to the data 

in Fig. 4, Data for reac!ion times less than 1 plotted 

min was 

r, and the 

not used. The linear parameters a're unitless ' . - 

non-linear parameters are in units of min-I. 

The "Tnn values refer-to reaction half times, The 

third fit model was used to generate the curves 

depicted in Fig. 4. Errors and stayistics ar.e 

explained in Table 1. 



LI
NE
AR
 ' 

. 
PA

BB
M

ET
ER

S 
1

.
 

FI
T 

1 
ST
AT
IS
TI
CS
 

+- 
B
A
/
(
l
+
k
l
t
)
 

\
 
B0
 
- 0.

22
72
 
f
 0
.0
04
6 

k
l
 - 1

.4
0 

* 0
.2
9 

1 
SD
 
- 0.

02
02
 

I 
B1
 - 1.

96
 

* 0
.3
0 

(
T
1
 - 0.

71
3 

mi
n)
 

; 
It2

 
=

 0
.9
89
2 

b
 

I 
i 

I 
4
 

1 
df

 
=

 3
7 

L
 

T I 

(-
ki
t)
 +

 ~
~
e
r
p
(
-
k
~
t
)
 B0
 
- 0.2

20
2 
f
 0
.0
03
0 

k
1
 - 0

.4
25
 
k
0
.
0
1
6
 

SD
 

=
 0
.0
09
47
 

I I 
\ 

Bl
 - 0.

95
3 

* 0
.0
25
 

(
T
I
 - 1.

63
 
mi
n)
 

R~
 =

 0
.9
97
11
3 

I 
B
2
-
0
.
1
3
0
0
~
0
.
0
0
6
5
 

k2
: 

0.
01
44
* 

0.
00
20
 

df
 
=

 
35
 

I 

B1
4-
'0
.$
9 

* 0
.0
28
 

(
T
1
 =

 
1.
58
 
m
i
n
)
 



Absorption spectrum of e 7oxyhemoglobin reaction 
/ A % Figure 

mixture after 2OC 6b and 4& min: The difference 

spectrum obtained by subtracting the absorbance at 

t=20 min •’Tom that at t=400 min is indicated-by the 

broken line. The right-hand ordinate pertains to 

the dikference spectrum. 





ui 

the time course for fhese slow spectral changes is the same as. 

that for the disappearance the intermediate ,observed with the 
I 

low salt assay, Using the rate constant for the latter reaction - 

(k2 of Table 2), one - can , &  edict that the hemichrome spectrum 

for 60 min of exposure to alkali shbuld be positioned~about half 

way between the, 20 min and 400 min spectra if 'the two processes' 
- - - - - A r -- were identical: Since this 'is cLearly not true, the slow - change 

in the hmichrome spectrum and the slow component of the low 

salt assay must 

The den 

disting 

represent different reactions. 

aturation of dreoxyhemoglobin has characteris 

uish it from that of oxyhemog$obin. Firstly, 

iron must\r;main in the reduced or ferrous state due to the 
' , 

absence of-oxidants such as oxygen and the presence of the. 

\ reducing agent dithionite. The visible absorption spectrum of 

native deoxyhemog1obin"is converted to a spectrum with sharp 

absorption bands at 527 nm'and 558 nm which are characteristic 

of hemochromes, the ferrous iron equivalent .of hemichromes 
-. 

(Fig. 6 No further spectral changes are observed'after 15 min 



Figure 6. - Absorption spectrum of the hemochromesl resulting 
1 

a 

f rkm exposure of deoxyhemoglobin to alkali (solid ' 

line). The spectrum of native deoxyhemoglobin is 

included for comparison (broken line). The native 

deoxyhemoglobin was dissolved in unbuffered 0.100 M ' 

NaCl with a pH measured at 7,4. ~oncentraeisns were . 

0.050 mM heme for the hemochromes and 0.10 mM heme 

for the native protein.. P 





The reaction profile observed with he low salt assay'is similar 1 
to that obtained-with oxyhemoglobin (Fig. 7), in that some 

protein remains soluble. However, only one rate component was 

. observed and the final level of soJuble brotein was considerably 

higher. The data fit a f irst-order- model far better than a 

-. 
comparable second-order model (Table 3). The first-order rate 

- - . -  -- - 

constant is comparable to that obtained for dxyhemoglobin under 

identical conditions (Table 3) . 
Pf 

In contrast to what was observed with oxyhemoblobin, the 

supernatants obtained with the low salt assay had visible 

spectra which were indistinguishable from that of native 
1, B 

oxyhemoglobin (the neutralizing buffer contained O2 and the 

samples were exposed to air after neutralization). Since full 

conversion to hemochromes occurs in less than 15 min of e.xposure 

to alkali (Fig. 6), the native oxyhemoglobin in these 
, 

supernatants must have arisen by1 renaturation. When aliquots of 

the reaction mixture were neutralized with oxygen-free buffer 

and maintained at ~ O C  without O2 for 16 hours, full 

i renaturation to deoxyhemoglobin was obtain d. The renaturation 

kinetics were 

1 

Methemoglobin 

not investigated. 

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% 

1 







Table 3 - Parameters and statistics for least squares fits to .- 

the alkaline denaturation kinetics of methemoglobin 

and deoxyhemoglobin. Results from control experiments 

with oxyhemoglobin are included for comparison. 

Single component first and second order models were 

applied to the methemoglobin.and deoxyhemoglobin data 

while 2 component first order models were applied-to 

the oxyhemoglobin controls. Much of the difference 

between the oxyhemoglobin controls is due to the use 

of different batches of alkaline buffer. The kn 

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

are explained in Table 1. 
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precipitated by the low salt buffer and completely precipitated 

b; the high salt buf-fer. A slow reaction follows within the 
\ 

experimental &ime frame (Fig. 8). The single kinetic component 
t 

represents a reaction of an intermediate which has lost the 
- 

native structure since, like the intermediate observed for 

oxyhemoglobin, it is insoluble in high salt buffer. V 
- 

- 

A slight sh'ift in the visible spectrum of the reaction mixture 

occurs during the transformation indicated by the low salt assay 

(Fig. 9). The spectra-are typical of hemichromes. The observed% 

changes are smaller than those observed with oxyhemoglobin 

(Fig. 5) and-the difference spectrum obtained 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 reaction observed with the low 

salt assay and are not consistent with the kinetics of the slow 

changesain the hemichromes de;ived from oxyhemoglobin. 

1 
Carboxyhemoglobin 

The,/effects of carbon monoxide on hemoglobin denaturation is 
1 

seen in Fig. 10. A sing,l,<rate component is obberved 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. - Comparison of the alkaline denaturation kinetics of 
methemoglobin (+) and oxyhemoglobin ( x )  with the low 

salt assay, The solid lines represent least-squares 

fits based,on the first-order models presented in 





Figure 9. - Absorpt'on --- 7 
--- - -  

spectra the reaction mixture derived 

from the alkaline denaturation of methemoglobin 

after 15, 40 and 400 min (solid lines). The 
I- 

difference spectrum obtained by subtracting the 

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

included (broken- line) , j  The right-handpaxis applre,s - - - - 

to the difference spectrum, H. 





32, 

Figure 10.- The dehaturation kinetics of co equilibrated (+) and 
I 

air equilibrated ( x )  hemolysate as assessed with the 

low salt assay method, Denaturation was performed 

in 31.3 mM Na3P04, 0.10 M NaCl at a pH of 11.8 

and temperature of 25O~. Least squares fits based 
- - 

on first order components are represented by the 

solid lines, Values of the kinetic parameters are 

presented in Table 4, 





Table Parameters and statistics for least-squares fits to 

the alkaline denaturation of carboxyhemoglobin, 

Comparable parameters and statistics from a control 

experiment with oxyhemoglobin are included. The data 

used for these fits is plotted in Fig.. 10. The 

reaction conditions used in these experiments 
- 

(described in the legend- of Fig, 10) were 

significantly more alkaline than the conditions used 

for-all of the other experiments, Errors and 

statistics are exp.lained in Table 1. 





.--- - - --- 

mixture indicating the presence of 02, which was likely an 

impurity i; the technica.1 grade CO used. Since the colour change 

appeared to parallel the denaturation profile, oxidation may be 

a prerequisite for precipitation of denatured carboxyhemaglobin. 

In the complete absence of 02, denatured carboxyhemoglobin 

might - not - precipitate - at all with the low salt -- procedure. 
A - - A -  A 

Mercurated Hemoglobins t 

Modifying all of the cysteine sulfhydryl groups by addition of 

8 equivalents of HgC12 per tetramer (a 2 equivalent excess) 

reduced the alkaline denaturation rate 23 fold (Fig. 11, 

Table 5) whereas mercuration of only the 2 most reactive 

sulfhydryl groups by addition of 2 equivalents of HgC12 per 

tetraner decreased stability about 30% (Fig. 12, Table 5 ) .  

These results indicate that modification of the interfacial 

cysteines but not the reactive ~9/8 cysteines increases the 

stability of ox)ihemoglobin to alkali. 

In contrast to the effects of HgC12, blocking all of the 

sdlfhydryl groups by adding excess PHB causes an increase in the. 

alkaline denaturation rate as well as the rea'ction order 
- - - - - - - - - - - - - - - 

1 
- - 

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

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

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

- J 



Figure 11.- The denaturation kinetics of oxyhemoglobin treated ' 

-with 8 equivalents of HgC12 per tetramer .(x) and 

12 equivalents of i-hydroxymercuribenzoate per 
= a 

tetramer (*) .  Untreated ox,yhemoglobin (+I  is 
\ 

included for comparison. The kinetics were 

determined by the direct absorbance assay method. 

The solid ljnes represent least-squares fits based 

on,the models and parameters depicted in Table 5 

(using the second-order model for the PMB-hemoglobin 

data). . \ 





, . 
The denaturation kinetics of oxyhemoglobin (x) and - a 

methemoglobin (+) treated wikh 2 equivalents of 

HgC12 per tetramer as assessed with the low salt 

assay me"thod. "~irst-order models were applied to 

both sets of -data (solid lines). The fit pqrameters 

obtained for oxyhemoglobin are presented in, Table 5,' - 





Table 5 - The effects of mercuration on the alkaline 
denaturdtion kinetics of oxyhemoglobin. The first 4 ' . * 

fits ;epresent application of f irst-order ' reaction 

kinetics to the denaturation of oxyhemoglobin that was . 

untreated ,' and treated with 2 equivalents df HgC12 

per trtramer, 8 equivalents of HgC12 &r tetramer 
* .  

# 

and 12 equivalbnts of PMB per tetramer. The last fit 

represents application of*a second-order model to the a 

c SMB--hemoglobin data, The hemoglobin treated with 2 1 

equivalents of HgC12 per tetramet.was examined with 
, 

the low salt assay 'method wh.ile the direct 'absorbance 

metho'd was used for all of the other derivatives, The 
* 

kn values are in min-l. Errors and statistics are 

explained . in Table 1. 
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Trkatment of,methew>qlobin'with 2 equivalents of HgC12 per 
/ 

tetiamer was observed to cause cdmplete precipitation without 
% > 

any exposire to alkali. A s  an additional test of whether the b 

intermediate observed with, methemoglobin denaturation and that 

obtained with oxyhemoglobin are the same, samples of 

oxyhelboglobin and methemoglobin were each treated with H ~ c ~ ,  
- - 

-- -- - -? 
-- 

prior to testing the alkaline denaturation reaction. The 

precipitated methemoglobin-dissolved immediately on adding the 

alkaline bugfer. The l o w  safi-assay profiles show that in botFi 

cases the intermediate is rendered insoluble in low salt buffer 

by mercuration (Fig. 12). 

Sulfhydryl Oxidat ion 

d 

The effects of.alkali on the sulfhydryl titre of oxyhemoglobin 

and methemoglobin is depicted in Fig. 13. Loss of PMEi-reactive 

sulfhydryls is clearly 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 

*remaining 4 sulfhydryl groups react much more slowly with a rate 
- 

-- 
- 

-- - - -  -- -- - - - - ---?- - - -  

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

observed with the low salt assay. 



Figure 13.- The kinetics fo the loss of free sulfhydryl groups li \ 
by oxyhemoglobin (+) and methemoglobin (x) . Free -- --- - -----p- 

f i- , 
sulfhydryl groups are determined by the absorbance + 

increase at. 250 nm due to reaction kith. p-hydroxy- 

mercuribenzoate. The data point8 were fit with'two . . 
b 

first order components and a constant parameter in 

the case of oxyhemoglobin .and were connected by, line , 

parameters obtained for the oxyhe.oglobfn data are 

* prekented in Table 6. 





Table 6 - The kinetics .for the oxidation- of sulfhydryl groups - 
. * 

during the alkaline denaturation of oxyhemoglobin. 

The two fits represent two-componenk least squares 
I - 

fits to khe iu4fhydryl oxidation data plotted i6 
- 

- - --- - - 

-Fig. 13. They diffe; only by* t h e  inc1u;ion of*.an added 
I '  

constant term in the first fit. The k, values are 
P 1 I 





- %  - - - - --- - -- ,--- 

The products of alkaline denaturation of oxyhemoglobin and 

methemoglobin were examined by SDS gel electrophoresis. The 

- presence of hemoglobin dimers, trimers and tetramers as well as 

two types of monomers were observed with oxyhemoglobin wheqeas 

only a single monomer band was observed with methemoglobin. The 

monomer band obtained with methemoglobin corresponds with the 

slower monomer band obtained with oxyhemoglobin. All of the * 

additional oxyhemoglobin bands could be eliminated by treating 

by disulfide formation. This includes the faster monomer band 
. . 

which probably 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 represent the exact disulfide composition of the original 
, 

reaction mixture since disulfide linkages coul-d have exchanged - 

during preparation of the electrophoresis samples. 



DISCUSSION - .. - 
b 

In the Introduction I proposed a reaction model which accbunts 

for the two reactions observed for alkaline denaturation of 

oxyhemoglobin with the low-salt assay procedure (Fig. 4). The 
< 

- fast reaction is limited by conversion of%pl dimers into 
-- - -- A- - t -- 

monomers in accord with Perutz's model. ?he subsequent rapid 

unfolding of the oxyhemog1obin.monomers leads to production of 

superox-ide anion OF hydrogen peroxide and oxidatfon &-some of-- - 

the, as yet undenatured, hemoglobin, This methemoglobin then 

denatures by the second 'pathway yielding a hemichrome 

intermediate. The slow reaction is the further alteration of 

this intermediate. 

- - - - 

The above reaction scheme is supported by both my results and 

previous publications. For the complete react'ion scheme to be 

correct each of the following details must be correct. 

1 
1, Monomerization is the rate limiting step for alkaline 

denaturation of oxyhemoglobin by the first pathway, 

2. Alkaline denaturation of methemoglobin has a different rate 
- - - - -  

- - - - - - -- - - - -- - - - - 
- - 

limit'ing step, 

3. S-uperoxide anions or hydrogen peroxide result from 
- - - 

denaturation of oxyhemoglobin. 



4. The superoxide or peroxide oyidizes the heme of some of the 

native oxyhemoglobin. 

iJ 5 .  The rate limiting step for the sloQ reaction observ d w th 

oxyhemoglobin is the same as that for methemoglobin. 

- 
The Rate Limiting Step for the First Pathway 

Recall that, in berutz .s model; ionization and subsequent 

hydration of the two cysteine sulfhydryls buried within the 

dlFl interface of human hemoglobin A accelerates 

denaturation of oxyhemoglobin by impairing reassociation of free 

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

should have a substantial effect on the denaturation kinetics. 

Whether denaturation is increased or decreased, however, will 

depend on whether the mercural disrupts the d& interface 

more or less than ionization of the two cysteines. ~ercuration 
+ 

-- 
of both interfacial cysteines with HgC12..was-found to decrease, 

the denaturation rate more than 20 fold whereas similar' 

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

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

sensitivity to mercurakion - -  - of theinterfac-ial sKlfhydryL_groups 
- - 

supports Perutz8s idea that monomerization is the rate limiting 
- - - --  

step. 
$ 
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The requirement for monomerization is also supported by-studies 

of the formation of subunit hybrids. When human'c0-hemoglobin 

and canine CO-hemoglobin.are mixed at pH 11.0, hy6rids are 

formed in which the &subunits of one combine with the B " . 
subunits of the other (Robinson et al, 1960); In cqncurrence 

w i t h  the- p o s t u l a t e d L ~ ~ x  _&kf;y_o i n t _ e _ r m a  1 cys te i nes , both - 
hybridization and alkaline denaturation occur less rapidly with 

human hemoglobin F, which has only one such cysteine, than with 

hemoglobin A (Charlwood et al, 1960). In addit~bn, botX 

hybridization and alkaline denaturation of hemoglobin F are . 

enhanced by 1 M KI (Tomita et al, 1973) implying that both 

processes are 1 imited by monomerization. 

The high' susceptibility of deoxyhemoglobin to alkali (Fig. 5) 

demonstrates that autoxidation is not a prerequisite to alkaline 

denaturation of ferrous hemoglobins. The absence of O2 and the 

presence o'f the reducing agent Na2S204 prevent heme 

oxidation. The first order rate constant was only about 7% 

larger than that observed for oxyhemoglobin (Table 3). This 5 L  

parallels the observations of Haurowitz and co-workers (1954) 

that the deoxyhemoglobins of rat, rabbit and cow are slightly 

less stable- than the corresponding oxyhemoglobins. In these -- 

studies, - - species differences had a much larger impact on the 
. d- 

denatura'$ion kinetics than the presence or absence of oxygen. 
s 



The similar sensitivity of deoxybemoglobin and oxyhemog30bin 
I 

denaturation to the amino acid sequence iq consistent with the 

idea that both derivatives share the same rate determining step. 

The slight stabilizing effect of oxygen is greatly surpassed by 

_ tha t2  -on-st&--(pi+ U-U)-,-Table3 )- ~ l t g g e ~ t h q - t h k L  
P 

either slows the rate determining monomerization or slows 

another normally rapid step to the point that it becomes rate 

limiting, Since the structure of the o(& interface of CO 

hemoglobin should be similar to that of oxyhemoglobin 

(keidner et al, 1976) the latter explanation is more likely. 

Because of the very high affinity of CO for ferrous heme, this 

ligand would be expected to slow formation of hemochromes, i.e. 

it would effectively impair access of a near-by histidine 
- 

imidazole to the ligand binding site, Th conversion of t 
hemoglobin monomers to hernochrome then becomes rate limiting for 

alkaJine denaturation of this derivative, 

The oxidation of hemoglobin sulfhydryl groups in alkali consists 

of two, probably parallel, reactions (Fig. 13, Table 6)- The 

faster reaction of 2 sulfhydryl groups per tetrakr shdrtly 

fol_lows the loss o f  native oxyhemogl~ob~n~suggestinQ that the -- 

4 
rate is limited by the supply of oxidant formed in the first 

- 

pathway. A slower reac-tion involves at least 2 more sulfhydryls, 

The similarity of this separation of sulfhydryl reactivity with 
+ - - 

that of the ~ative hemoglobin (~ecil et al, 1962) suggests that 

I 



. . 

the (nterfaces the hemichromes resulting from . 

alkaline denaturation of oxyhemoglobin may be intact. However, 

this apparently contradictory result may have another 

explanation. The separation of sulfhydryl reactivity could as 

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

involvement -- - of -Lp---L different oxidants in - the -- two reactions.-- -pi- 

The Rate Limiting Step for Methemoglobin 

Although monomerization may limit the alkaline denaturdtion of 

ferrous hemoglobin derivatives, it appears not to do so for 

methemoglobin. Methemoglobin denatures rapidly at pH values frbm 

10;O to 10.5 (Anusiem et al, 1974) whereas oxyhemoglobin 

requires pH values greater than 11.5 to achieve similar - I 
i 

denaturation rates at the same temperatures. If ionization of 1 
the buried cysteines is critical to the denaturation of both 

oxyhemoglobin'and methemoglobin the the pKs for these cysteines % 

must be much lower in methemoglobin. Because the environment of 

these cysteines is almost identical in the two valence forms, it , 

.is more likely that their ionization is not critical to the 

methemoglobin denaturation mechanism. 

. "  b * >  

At pH 11.7 and 25'~~ methemoglobin becomes insoluble with the 
- --- 
high salt assay method before the first measurement (within 

30 sec) implying that the denaturation half time is less than 



0.1 min. The half time for oxyhemoglobin under the same 
C 

reaction conditions is about 2 min, To be consistent with a 

monomerization rate determining step the methemoglobin dimers - 

would have to dissociate at least 20 fold faster than the 

oxyhemoglobin dimers. 

This difference in dissociation rate-is too largesin view of the 

structural similarity between the two derivatives. The reaction 
- 

- - 
- -- 

of PMB with the interfacial sulfhydryl groups of both 

oxyhemoglobin and' methernbglobin at pH 10.5 and ~ O O C  appears to 

be limited'by dissociation of dimers into monomers 

(Currel et al, 1974). This reaction is found to be only 67% 

faster with methemoglobin than with oxyhemoglobin under the same 

conditiw. The stabilities of the q(lA interface of 
I 

methemogwbin and oxyhemoglobin are thus too simizar to account 

for the wid? diffqrence in alkali susceptability of the two 

proteins, Denaturation of methemoglobin must therefore have a 
\ 
\ - 

different rate determining step, 

Most of the well-studied unstable hemoglobin variants have 

disruptive amino acid substitutions or, deletions near the 

/-chain heme (Perutz and Lehmann, 1968) and are- known to-have-a 
g: 

7 

reduced affinity 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 



L nati protein (~achmil?witz 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, 1968; Jacob et al, 1970). 
d 

This hypothesis is supported by the heme expulsion observed in . 

the.acid denaturation of methemoglobin (Polet et al, 1969)-land., 

- - 
the heme deficiencies in'precipitates _- of many unstable variants 

including hemoglobin Koln (Val- F G ~  - Met) Zurich (His 

EP - Arg) and Hammersmith (Phe C D ~  - Ser) (Jacob et al-, 1970). 
The electrophoret i-c: pattern of khese variants is-char-aCterLzed 

d . by multiple bands which become a single band with the addition 
of hemin. The observation that cyanide inhibits both 

denaturation of hemoglobin Koln and the exchange of heme between, 

methemoglobins (Jacob et al, 1968) also supports this heme 

expulsion hypothesis. - Since normal methemoglobin is stabilized 

by cyanide (Rieder, 1970), movement or expulsion of the hememay 

also explain its instability. 

My own observations on the denaturation of oxyhemoglobin and 

methemoglobin mercurated at the FY cysteines with HgCIZ 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 

- 
6- - 



9 --- - - 
- pp - -- -- - 

Y 

N-ethyl maleimide do not cause immediate denaturation of 

methemoglobin, they do cause increased heme exchange and reduced 

stability with respect to unmodified methemoglobin (Bunn et al, 

-- - 
In - - view - of the instabillty of - methemoglobin A --LA- - mercuratea at the 

F9 cysteine, this cysteine may perform a critical role in the B 
alkaline denaturation of methemoglobin similar to the buried 

+ 

cysteines ctiscrrsse& in m d e l .  Since this cystane- is- 

more eCxposed, as demonstrated by its higher- reactivity- tokrds 

solfhydryl reagents, it likely . has a lower pK than the buried a 

cysteines. The instability of methenoglobin . . at pH valuks where- 
* 

oxyhernoglobin 1s relatively stable might be attributed . . to- 
i 

greater sensitivity to ionization of this cysteine. Ferrous 

hemoglobins may withstand this ionization because of their 
- - - 

higher aff inity for heme (Bunn et al, 1968). Since methedglobin 

tolerates addition of larger sulfhydryl reagents to the ~9p 
cysteine, including PnB (Olson et al, 1976), its sensitivity to 

% 

HgC12 must depend on some other property of the HgC12 adduct 
t . . 

than its size. The hypothesized role for this cysteine m/ight be 

tested by blociiing its ionization with other sulfhydryl reagents 



. 
Formation of Superoxide and Oxidation of Oxyhemoglobin* 

The inability of the oxygen of native o,xyhemoglobin to . 
dissociate as superoxide anion is attributed to steric 

constraints applied to'the ligand by the polypepticde structure 
Y I * 

- L!falll~~~ee_t_al.~~l914LUnfoldinanf thpl-ypepti&s&~zhg 
/ -- . 

denaturation should release these constraints and allow this 
- 1  

- 

anion to dissociate, Methemoglobin is incapable of similarly -. 
- - 

forming superoxfde-. Formation of superoxide has" been 
d 

l 

demonstrated in the autoridation of tetramerig oxyhemoglobin 

(Misga et al, 1972) and isolated suhunits (Brunor-i et! al, 1975)- 3 

w 

1 
I 

Superoxide anion and its reduction products, hydrogen peroxide 
' .  , 

and hydroxyl radicals are capable of oxidizing sulfhydryl groups' 
- 

'(Armstrong et al, 1978) and the vinyl side chains of heme 

(Rothschild, 1960) 9s well as the heme iron, Therefore the . 
e- 

reduction in the sulfhydryl titre (Fig, 13) and the formation of 
, 

disu)fide-linked monomers observed by SDS gel electrophoresis 
I 

j 1 provide good evidence that these agents are formed during . - - 
alkaline denaturation pf oxyhemoglobin. As expected, sulfhydryl 

The slow shift in the visible spectrua of the hekchromes 

derived from oxyhemoglobin denaturation (~ig." 5) was probably 

thi result oi oxidative changes, It coincides with the slawest 
- - - - - -- - - -  - - - - -  

rate component observed for sulfhydryl oxidation Wig- 13) and 
3 

- - - 
'l 



., - 
-? - 

- -  - 2 --- 
- 

* 
' ^ _  a 

  re sum ably shares thg s a p  rat4 determining step.. The fact that 
i . .  

i 
this particular shift does not match thewsmaller shift observed, - 

2. 
\P ' * '  I 

' . for rnetheb0~~1obii (Fig. '9) and' chat no shifts occur with 

- deoxyhemoglobin supports the involvement of oxidation. 
d .  

, a 

Both superoxide anion andA&ydrogen peroxide are implicated in 
-- - p- ---A - - - 

t$e autoxidation of oxyhemoglobin at pH 7 -(Lynch et al, 1976; 

Sutton et al, 1976). superoxide is thbught to act as a reducing 

agent in this process by reducing heme-bound oxjgen.which then + 
- 

-- - - -  . . 
dissociates as peroxide leaving th'e heme iron in'the ferric 

a * 
. I 

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

. this reaction, 4 x 1 0 ~  M-~' sec-I .(Sutton et al, 1976). 
I _ 

: 
Y u .  

D 

-/ suggests a half time of abput 1 se= for 0.2 (heme) 
I d .: ? 

.oxyhemoglobin and the same concentration of superoxide.4 
1 

5 
superoxide also reduces nethemaglobin under the same conditions 

h 
6 

with d second-order rate cdnstant of 6xlo3 M-' sec-I 
. ,  . - 

(suttdn et a!, 1976) and reacts wlth itself, with a rate L . .*- , 

J 
v 

constant o 4.5~10' K1 sec-l' (Behar et al, 1970'). 

Therefore net -oxidation of oxyhemoglobin by superoxide is 
- 

negligible'at.p~ 7. However, the rat6 of dismutatkon-of 

-? superoxide is severely reduced in alkali-(pehar et al, 1970) and 

should become kinetically insignificant with respect to the 
- 1  - - - -  

other reactions: Similarly, t h e  r@te of reduction of 

- -  - - - ~ m ~ B - h v k q + s u ~ k ~ ~ ~ - e  race 

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. 
b 

The Rate Limiting Step for the Slow Reaction 

- - LA---- -- -- - - ---- - 
The slow'reactions of both methe k oglobin and oxyhemoglobin 
(Fig. 8).appear to involve the same reaction intermediate and 

-- 

rate limiting step, -The s t ~ o n ~ e s t  evidence isY,that;their rate ' 

constants are nearly denticel (Table 3') whether first-order or - 3 . 
second-order mqdels are compared. A further indicatipn that the 

same' intermediate is involved is that in* both cases the 

intermediate is precipitated under' the condjtions of the high 

salt as;ay. ~"rther, when the initial samples are treated with 2 , 

- - 

equivalents of f4gC12 per tetramer, the moaified intermediate 
,- 

precipita'tes under low salt conditions in both cased. 

A 1-nt of the intermediate formed in yhe second pathway ) 
i 

was obsGv0d with oxyhehoglobin than with .ethernoglobin (Fig. '&i- 
6. 

Table 3) .This is predicted by my model. 1nCthe case of 

oxyhelseglobin., and not methemoglobin, th&"f i rst pathway competes 
- 

for the native protein and therefore less protein would enter 
- - -  - - -- -- - -- - - -  

- - 
t 

the second pathway. The model also correctly predicts that the , 

slow reaction should not be observed for the denaturation of 

deoxyhemoglobin. 



With the hope of shouing a spectral identity of the intermediate 

.\ obtained for both oxyhemoglobin and methemoglobin"in spite o'f 

background absorption due to the other components of,the 

reaction mixture, spectral shifts occurring during the slow 
k 

- - 

' reaction were compared. In thescase of methemoglobin 
" * 

denaturation a small shift in the spectrum of-the intermediate' 
- - - 3 

P 
(Fig. 9) appears to correlate with the slow reaction (Fig. 8). - " z 

- /  However any similar shift in the spectrum after oxyhemoglobin 

a denaturation was masked by a large change which-had -- - 

slower kinet%cs (Fig. 5). The latter change roughly correlated - - 
n 

with. the slobest of the two components in the oxidation of, _ 2 

. o  f 

sulfhydryl groups (Fig. 13). As previously mentioned, this . 
change w& probably due .to oxidative changes which only occur in 

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

- was unable to prove or disprove the spectral identity of the - - - 

intermediates in the two cases, however, in view of the other - 
F 

- 
strong similarities in the intermediates, 'a common intermediate- 

hemichrome is likely. 
G h 

I 

~ - 
% 

, Denaturation and Precipitation 
d 

\. 

t 

Two characteristics of the reaction prof'iles obtained with the 
- - -  - --- - -  - 

low salt .assay pMCdure, (1) t h e  initial time lag in the 

explained by my reaction scheme.<~ince'the, final concentration 
p 

- s 



* 

..,of soluble protein was always the same regardless -of the initial 
1 - 

:.hemoglobin concentrition, it" cannot simply be attributeh to a 
< 

, soluble 'component of the reaction mixture. Also sidce the 
, a 

* 2 

: precipitated protein is not in equili-brim with the soiuble . 

fraction, the fin'al-soluble level cannot be 'due to.partia1 
t - 

1 solubility of the denatured protein. The results suggestathat - 
-- - -  

---- - 

the aggregation and precipitatiqn reaction is eff&!tively* , c 

1 1  c irreversible and high1 y concentration' dependent. Both the@ ', 
irJ * 

soluble protein can khen be explained. as situations where the 

concentration ofFS@enatured -protein in the precipitation buffer $: 
4 

becomes too low f& precipitation to' occur. Both phenomena may . - P '. ' -% - 
then be regarded as artifacts of the lo-w salt assay method which * .-+ . . 
are not resevant to my reaction model, . 

2 
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