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PART I HEMOGLOBINS G GEORGIA, RAMPA, AND ST. LUKE'S 



INTRODUCTION 

Mammalian hemoglobins·are tetrameric molecules consisting 

of polypeptide chains 'vhich are identical in pairs, each chain 

possessing a heme group. Sequence anal;,rses of the major 

adult human hemoglobin component, hemoglobin A, showed one of 

the chains (designated as the a chain) to be composed of 141 

amino acid residues while the nonidentical chain (designated 

as the {3 chain) was found to be composed of 146 amino acid 

residues. The native hemoglobin-tetramer is de$ignated as 

a2fJ2 (Rhinesmith et al, 19 57) . 

The existence of an equilibrium be~ween tetramers and di-

mers at neutral pH and low ionic strength has been established 

by. studies which show an increase in the diffusion coefficient 

(Svedberg and Pedersen, .1940;. Lamm and Polson, 1936). and a 

corresponding decre~se in the sedimentation coefficient of 

hemoglob_in at· high di~ution (Lamm and P~lson, 1936; Kegeles and 

Gutter, 1951; 'Gutter et al, 1957; Ganguly et al, -1963)~~ In 

addition Guidotti and Craig (Guidotti and Craig, ·1963) found 

by thin film dialysis a rate of diffusion for hemoglobin which 

corresponded to a molecular weight slightly larger than one-half 

that of the hemoglobin tetramer. Guidotti et al (Guidotti et 

al, 1963) further show-ed that hemoglobin dissociated· into sym­

metrical dimers (a.2p2 ~ 2a{J)_ rather than asymmetr1cal ones 

(a2~ '==7 a2 + {32) • 

Depending upon the dissociation plane in symmetrical dimer 

formation, two types of a{Jsubunits may be formed (Schroeder, 

1963), These are designated as a 1p1 and a.1p2 , depending on the 

1 
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distance between the iron atoms of· the individual chains 
. ' . 

(Culfis et al, 1962). · ·Kawahara- et al (Kawahara et al, 1965) 

di:ssociated CO-hemoglobin with various reagent~ and concluded 

·that one-of the planes of. contact was r~latively weak, and 

·that ·a11 reagents- acted upon·. it. · The .other plane of contact· . 

was much stronger·and was disrupted oniywhen.all noncovalent 

interactions were broken. Roseme-yer. and. Huehns (Rosemeyer and 

·: Huehns, 1967) dissociated several-. animal and human hemoglobins 
. . . 

·into dimers by· attachment- of p-chloromercuribenzoat~ {p-CMB) 

to the reactive cysteine, /3.-93, which _earlier had been shovm 

to occur near_the a 1-p2 and·a.2-p1 region of.contact (Muirhead 

. and Perutz, 1963; Perutz, 1965) e· From this they concluded that 

the initial dissociation was· along the a1-{J2 and a 2-{J1 contacts 
- . 

.- -• th. f t• -f 1
p-

1 d. 2a 2 d.· F th f t w1 orma ~on o a an a P 1mers. ur . er proo as. o 

the nature of the dimeric·species c~me _from detailed x-ray. 
. . . ,• . 1 2 

- crystallographic studies which showed the a ~fJ contact of ·liganded 

hemoglooin to be the less extensive of the two_ contacts (Perutz 

e.t al, 1968). This contact is composed of 19 residues contrib-
0 

uting about 80 atoms within' a distance of 4 A of each other, 

wh'ile the'a.1-p1 contact is composed of 34 .residues with 11.0 atoms 
0 

coming· within a distance of 4 A of one another. . Thus,· the more. 

t . . 1 p1 - d 2 p2 . t t 1 d b bl ex ens1ve a. - - an a ..;. . con ac s shou e more sta e, and 
. . .·· 1- 1 ... 

symmetrical dissociation should favor formation, of a fJ and 

a 2p2 dimers. 

X-ra·y crystallographic comparison .of the liganded ·and non­

.liganded ·forms.of hemoglobin showed marked .differences in-their 
1'2 quaternary structures. Upon deoxygenation the·a -{3 contacts 
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" .undergo the most' noi;iceable change, shifting by 13°-relative 

to each other (Perutz et al, 1968). In.the deoxy form there . 

. appears.to·be a small decrease .in the number of·Van der Waals 
' . 

interactions in ·the a 1-p2 . contact (Bolton and Perutz, 1970). 

·However,· this is apparently more than compensated forby the 

formation. of six additional interchain. salt bridges (Perutz, 

1970) because both differential sedimentation measurements · 
. . ~ . . . 

(Goers and Schumaker, 1970; Kellett, 1971) and light scattering 

studies (Noren et ·al·, 1971) ·have showp that deoxyhemoglobin, 

unlike the liganded derivative, is not appreciably dissociated 

. at low-hemoglobin concentration and high con9entrations of 

salt. 

Recent subunit dissociation studies on the abnormal human 

'"hemoglobins Kansas (a2p2
102 Thr) (Bonaventura and Riggs,· 1968) 

and . Richmond (a2p2
102 Lys) ( Efremov et al, 196~') have: shown the 

·effects of subs~i tuting two different amino acid residues at 

one· of the critical a 1-p2 contact positions •. In normal liganded 

.hemoglobin A, an asparaginyl residue ·in position 102 of the {3 

· chain forms a hydrogen bond. with an aspartic acid residue at· 

position 94 of the ·a chain. When compared with hemogl·obin A by 

·sedimentation velocity analyses 9 the liganded forms of the two 

variants were found to show an increased ext.ent of dimer formation, 

with hemoglobin Kansas showing a much greater tendency than hemo~ 

globin Richmond to form the dimeric species at neutral pH.and 

low ionic strength • 

. Three abnormal human hemoglobins, each having a substitu­

tio"n at position 95 of the a chain, have been isolated and 



described. The three variants are hemoglobins G Georgia 

(a295 Leu/32) (~uisman et al, 1970; Smith et al, 1972), 

·4 

Rampa (a295 Serp2 ) (De Jong et al, 1971; Charache et al, 1971; 

Smith et al, 1972)§ and St. Luke's (a295 Argp2 ) (Bannister et 

al, 1972). Position 95 of the a chain, which in normal hemo­

globin A is occupied by a prblyl residue, is part of the 

invariant a1-p2 contact which is ruptured upon dissociation of 

tetrameric hemoglobin into dimers. The three variant hemo-

globins offered an ideal opportunity to establish not only the 

importance of an individual ·residu~ at the a 1-p2 contact, but 

also to demonstrate the influence of different substitutions 

for one and the same amino aci.d residue in the a.1 .... p2 contact 

region. The purpose of this research was to characterize, by 

means of sedimentation velocityp diffusion, and viscosity 

measurements~ the effects of the three above-mentioned amino 

acid substitutions at one critical invariant. contact - namely 

position 95 of the ct chain.. The results describe the subunit 

dissociation behavior of the· liganded (oxy or cyanferri) and 

nonliganded ( deox~r) forms· of hemoglobins A, G Georgia 9 Rampa, 

and St. Luke's· as a function of salt concentration, pH, and 

temperature •. 
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MATE~IALS AND METHODS 

A. l§Qlation and Purification of Hemoglobin Samples 

Hemoglobins A, G Georgia, Rampa, and St. Luke's were 

obtained already purified· from Dr. T. H.·J. Huisman. These 

hemoglobin components had been isolated from freshly prepared 

red cell hemolysates on columns of DEitE-Sephadex, using proce- · 

dures similar to those described under deer hemoglobins. The 

purity of each fraction was checked by starch gel electrophore­

sis at pH 9. 0 (Efremov et alp 1969). 'The isolated hemoglobin 

components·were dialyzed against distilled water and concentrated 

by ultrafiltration under reduced pressure at 4·0
• The samples 

were stor'ed at 4° as the cyanferrihemoglobin derivative for 

most ultracentrifugation and viscometry measurements, or in the 

oxy form when deoxygenation·experiments were to be done. 

Be Prepargtion of Samples for Ultracentrifugation 

$xperimente, 

Preparation of the samples (liganded) for sedimentation 

velocity. experiments as a function of pH consisted of diluting 

the concentrated stock solutions of hemoglobin to 1~0 ml (to 

give a hemoglobin con6entration of 0.5 g per 100 ml) with one 

of the following buffers (at 0,10· to 0.15 ionic strength)s 

Citric.acid-Na2HPo4 pH range 4.9 ... 5.9 

KH2Po4-NaOH pH range 6.9-7.9 

NaCl-Glycine-NaOH pH range 8.9-10.7 

Na2HP04-NaOH pH range 11.2-12.0 

s 
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The samples were then dialyzed for 24 hours at 4° ag~inst 

3 changes (600, 700, 7-00 ml) of the appropri~te buffer. Prep­

aration of the samples for sedimentation velocity. measurements 

as a function of NaCl concentration consisted of extensively 

dialyzing a hemoglobin solution at a protein concentration of 

approximately 1.0 g per 100 ml a.gainst a KH2P~4-Na2HP04 buffer 

pH 7~4 and diluting this solution 1:1 (v/v) with. a NaCl solution 
. ' . . 

of twice the molarity needed. 

Solutions of oxyhemoglobin were deoxygenaied in tonometers 

which.were flushed with high purity, water-saturated nitrogen 

(Matheson, Morrowp Georgia) by ·the following procedure~ 

·. (1) A solution of oxyhemoglobin ( 1. 5 ml) was 

placed in the tonometer and a stream of 

nitrogen passed over the sample for 10 · 

· minutes. 

'(2) The tonometer was then sealed and rotated 

for 10 minutes. 

( 3) A stream of nitrogen was passed over the· 

sample for another 5 minutes. 

( 4) The ton·ometer was resealed and rotated 

·while the ultracentrifuge cell was flushed. 

with nitrogen for 30 minutes .. 

(5) The sample was removed from the tonometer 

with ahypodermic syringe containing a 

trace of sodium dithionite and transferred 

to the· ultracentrifuge cell. 
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Effective. deoxygenation of the hemoglobin solution was 

· established· by recording on a Cary mo.del 14 spectrophotometer 

the·· absorption spectra of the solution in ·the ~ealed ultra­

centrifuge cells over the wave length rarige of 600 to 800 m~, 

following the procedure of Benesch et al (Benesch et al, 1962). 

C. Ultracentrifugation 

A Spin co model E analytical ul trac·entrifuge equipped with 

. an electronic· speed control, Schlieren optics, and Wratten No. 

29 red filter was used for the determination of the sedimenta­

tion coefficients. Sedimentation velocity experiments were 

done in an AnD rotor at a speed of 60,000 rpm and at tempera­

tures of 4° and 25°. Hemoglobin concentrations were approxi­

mately 0.5 g per 100 ml. Kel F single-sector centerpieces were 

used because of the high alkalinity or high salt content of 

several of the samples. Standard, twelve millimeter single~ 

_sector cells were used; a wedge window in one of the 6ells 

allowed hemoglobin A to be run simultaneously with each of the 

abnormal hemoglobins. 

The light source for the schli~ren optical system was a 

General Electric AH6, high intensity, mercury vapor lamp. The 

schlieren patterns were.recorded at 8 minute intervals on 

Kodak I-N red sensitive plates. After the plates were developed, 

the schlieren peak positions were measured on a Nikon Model 6 C 

Profile Projector. 

D. Pr~nciple of Measurement 

·The· theoretical principles of sedimentation velocity for 
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a two component (solute-solvent) system have been developed 

and extensively discussed by Svedberg and Pedersen (Svedberg 

and Pedersen, 194-0) , Schachman ( Schachman" 19 59) , and Tanford 

(Tanford '· 1963) 9 and will not be rigorously derived -here, 

_since such an undertaking would be beyond the ·scope of this 

thesis. Briefly summarized 9 this theory states that in the 

presence of a high centrifugal field, large molecules such as 

hemogl'obin sediment at constant velocity. Opposing this sedi­

menting or. centrifugal force is the frictional force exerted 

by the medium, The net result is a redistribution of solute 

molecules in the two component system. This produces a region 

which contains only solvent mo-lecules, a solvent.,.solute boundary 

(interface) at which a concentration gradient of solute mole· .. 

cules existsp and a plateau region in ·which the solute mol.ecules 

are uniformly distributed throughout_ the solvent. Th_e movement 

of the boundary is described by the equation: 

where 

·1 dX 1 d lnX 2"303 dlogX 
8 

:= w2x dt = w 2 dt 

S-. is the velocity of migration per unit centrifugal 
f~eld~ or sedimentation coefficients 

w ·is the .angu~ar velocity. in radians/sec. and is 
.equal to 21rv. 

v is the velocity in revolutions/seco 

X is the distance in em of the· boundary from the 
center of rotation. 

t is the tim~ in sec. 

The concentration gradient, and hence refractive index. 

gradient,· at the sedimenting bounda~y is translated by the 



schlieren optical system into the series of peaks se~n on the 

photographlc plates (Fi.g. 1-1). By measuring the distance of 

the peak maximum ordinate from the axis of rotation for.each 

time interval and then plotting the logarithms of these distances 

versus the time, a straight line is obtained. The observed 

sedimentatio"n coefficient (s
0

b
8
).is calculated from the slope 

of this line. In order to have a valid comparison of values 

obtained under different. experimental conditions··,· . the observed 

sedimentation coefficients are converted to a reference solvent 

having the viscosity and density of water at 20°. The follow­

ing equation was used: (Svedberg and Pedersen, '1940) 

where 8 obs is. the observed ·sedimentation coefficient .. 

'lto is the viscosity of the solvent at the 
temperature of the run. 

71t 0 ~ W 
is the viscosity of water at the temperature 
of the run. 

7120°,W is the viscosity of water at 20°. 

v is the partial specific volume of' hemoglobin· 20fw at 20° in water. 

vt is the partial specific volume of hemoglobin 
·in the solvent at the temperature of the run. 

p20,w is the density of water at 20°. 

pt is the density of the solvent at to. 



Figure 1-1 

Sedimentation velocity pattern of cyanferrihemoglobins 

A and G Georgia. Sedimentation· velocity experiments were 

done at 60 9 000 rpm and the schlieren patterns recorded at 

8 minute intervals. 

Upper pattern: Hemoglobin A, 0.5 g/100 ml in 0.1 M 

. N a Cl pH ..... 7 • 2 , 2 5 °. 

Lower pattern: Hemoglobin G Georgia, 0.5 g/100 ml in 

0 " 1 M NaCl pH Ad 7. 2 , 2 5 o" 

10 
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E. Diffusion 

Diffusion coefficients were determined for hemoglobins 

A, G Georgia, and Rampa in the ultracentrifuge· using a double 

sector capillary•type synthetic boundary centerpiece.. The 

hemoglobin samples, ranging in concentration from 0.7 to 1.0 

g per 100 ml, were extensively dialyzed agains~ 0.1 M NaCl 

-(pH 7.2-7.4) and run in an AnJ rotor at 20 6 at a speed of 

12,000_rpm. Schlieren patterns were recorded at 8 minute in­

tervals (Fig. 1-2)e The observed diffusion coefficient, Dobs' 

was calculated using an approximation of Lamm's equation for 

the estimation of diffusion coefficients from sedimentation 

boundary curves (Lamm and Polson, 1936). The relation derived 

by Lamm is given by: 

where 

'' 

A is the area enclosed by the sedimentation 
boundary curve above its base line (see Fig& 
1-l"2). ' ' 

· H is the maximum height of the sedimentation 
boundary curve. 

t is the:time measured from the start of centri­
fugation. · 

w is the angular velocity of rotation. 

When ·the experiment is done at.low speed the term sw2t becomes 

negligibly small compared with unity (A is independent of time 

for the short duration of the run) and one obtains the fo'llow-



Figure 1-2 

Sedimentation boundary patterns for the evaluation 

of the diffusion coefficient of cyanferrihemoglobin A, 

· 1.0 g/100 ml.in Ool M NaCl, pH- 7.2, 20°. Pictures were 

taken at 8 minute intervals. 

13 
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ing equation (Kawahara, 1969): 

(A/H) 2 = 47TDt 

The desired value of Debs was obtained from the slope of the 

line of a plot of (A/H) 2 versus t (the value of the slope 

equals 4TrD). Correction of Dobs to n20 ,w (reference solvent 

with viscosity and ·density of v1ater· at 20°) was done using 

. the following equation: (Svedberg and Pederson·, 1940) 

where T ·is the temperature of.the run .in °Ke · 

i7t is the viscosity of water at the· temperature 
of the run~ 

Y/20. is the viscosity of water at 20°. 

l1sol is the viscosity of the solvent at the tem-
perature of the run. 

Since the runs were done at 20°·the above correction reduces 

to: 

( '1sol ) 
. l'1t 
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F. Viscometrv 
0 

.viscosity measurements were made at.25 _with Cannon-

Ubbeltohde (State College, Pennsylvania) semimicro dilution 

viscometers with fiow times for distilled water of approximate-

ly 225 seconds. Approximately 2 ml of purified sample were 

extensively dialyzed against 0.1" M NaCl, pH 7.2-?.4, and then 
- - 0 

eq~ilibrated in the viscometer (25 + Os01 ) for one hour. 

The sample was drawn from the reservoir by suction and allowed 

·to wet the capillary before the first flow time measurement 

was made. Measurements were madewith a stopwatch which could 

be read to one one-hundreth of a second. The flow time for-a 

given hemoglobin concentration was the average of at·_least three-

·measurements which were in close agreem-ent with one anoth~r 

(+0.-1 sec.) .. The hemoglobin sample_ was then diluted and the 

procedure was repeated, so that data were obtain~d at three 

or four different hemoglobin- concentrations& 

The specific viscosity, ~su 9 was calculated from the flow 
.J: 

times and densities of the sample solutions and ·solvents as 

described by Bjork and Tanford (Bjork and Tanford, 1971). 

The specific viscosity, ~sp' was calculated from the relation: 

·7Jsp = 

where to is the flow time of the solvent. 

t is the flow time of the hemoglobin solution. 
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Po is .the density of the solvent. 

p is the· density ·or the" hemoglobin solution. 

The density of the hemoglobin solution was computed from the· 

_protein concentration, partial spebific volu~e- of the protein, 

and the density of the sol vent.. The· reduced viscosity, 1] spfc,, 
was plotted versus the concentration of hemogl.obin, c; the· 

intrinsic viscosity, [J7] , was then obtained. by. extrapolation 

of ·the data to zero concentration. 

_-I . 



RESULTS 

. A, Se~imentation Velocitx 

The differences in sedimentation behavior. of the oxy · 

(or cyanferri) and deoxy derivatives of-hemoglobins A, G Georgia, 

Rampa, and St, Lukews in NaCl solutions of increasing molarity 

are shown in Figures 1-3 and 1-4. The s 209 w values in these 

figures were obtained by correcting the observed sedimentation 

coefficients to 20° in water without taking account of the 

. possible effect of preferential solvent interactions at high 

concentrations of NaCl (Kellett, 1971). In unbuffered 0.1 M 

NaCl near neutral pH the s20 ,w value of oxyhemoglobin A was 

4.5 s~ compared to values of 3e0-3.1 S for the liganded 

derivatives of hemoglobins G Georgia, Rampa, and· St. Luke's. 

In contrast,· the ·corresponding values of the deoxy derivatives 

of hemoglobin A and the three variant hemoglobins were all in 

the range of 4.5 to 4.8 S . 

. At 25° in pH 7 o L~ buffer which was 0,1 M in NaCl and also 

0-.1 M in phosphate, or in 0.1 IVI phosphate buffer alone near 

neutral pH (6,9 to 7.4)p s 209 w for oxyhemoglobin St, Luke's 

was approximately 3p8 S. This value is significantly greater 

than the value of 3~1 S observed for oxyhemoglobin St. Luke's 

in Oo1 M NaCl alone, pH~ 7.2 (Fig~ 1~4). The presence of 

phosphate had a similarf although smaller effect, upon oxyhemo­

globin Rampae 

. In concentrated solutions of NaCl the liganded and non­

liganded derivatives of hemoglobins A'1 G Georgia, Rampa, and 

18 



Figtire 1 ..... 3 

The dependence of sedimentation coefficients (s20 ~w) 

of the oxygenated and deoxygenated derivatives of hemoglobins 

AP G Georgia 11 and Rampa upon NaCl concentration. The analyses 

wer~ made at pH-. 7.2 and at 25°. 0 , ·hemoglobin A; 0, hemo­

globin G Georgia;~, hemoglobin Rampa. 

19 
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.Figure -1-4 

The dependence of sedimentation coefficients (s20 w) 
. f 

of the oxygenated and deoxygenated derivatives of hemoglobin 

St. Luke's and hemoglobin A upon NaCl concentratione The 

analyses were made at pH~ 7.2 and at-25°. ~, hemoglobin A 

in unbuffered NaCl; ~ ~ hemoglobin St. Luke's in unbuffered 

NaCl; 6, hemoglobin Ste Luke's in NaCl + 0,1 M phosphatee 

. I 

21 
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St. Luke's were corrected to standard conditions (a reference 

solvent with the viscosity and density of water at 20°) by two 

. methods. In the first, the partial specific volume, V, ·Of 

0 
. hemoglobin at 25 was assrimed to be independent of NaCl con-

centration and taken to be 0.751 ml/g. This method assumes 
. . . 

that preferential binding of solvent or salt to the hemoglobin 

molecule is negligible (Kirschner and Tanford, 1964). In the 

second method, the values. of Kellett (Kellett, 1971) for the 

apparent specific volume, ~; of hemoglobin at 25° in NaCl 

solutions of increasing molarity were used to correct the 

observed sedimentation coefficient to·standard conditions. 

The values for~ in 0.5~ 1o0, and 2.0 M NaCl were Oa?64, 0.775, 

and 0.779 ml/g respectively. In contrast to the first method, 

the second assumes appreciable preferential interaction.of 

water with the hemoglobin .mole·cule. 

The s20 ,w values of the liganded and nonliganded derivatives 

of hemoglobins A, G Georgia, Rampa, .and St., Luke's, corrected 

to standard conditions by the procedures described above~ are 

compared in Tables 1-1 and 1-2. 

Correction of the observed sedimentation coefficients 

using Kellett's. gata for the apparent specific volume of hemo­

globin gives s20 w ·values characteristic of. a tetrameric 
. p . 

structure for oxyhemoglobin A and for deoxyhemoglobins A, G 

·Georgia., Rampa, and St. Luke's over the NaCl concentration 

range of 0.1 to 2~0 M. The s20 pW values, calculated on the 

basis.of·a constant value of Oo7.51. ml per g for the partial 

. r 



Table 1-1 

Comparison of ~2 o,w valuesa of liganded hemoglobins A, 

G Georgia, Rampa, and Ste Luke's as a function of increasing 

concentrations of NaCleb 

a. Average s20 ~w values from two or more experiments. 

b. A final hemoglobin concentration of Oo5 g/100 ml 

was used in all experimentso 

c. The analyses were made at pH· - 7. 2 and at 25 °, 

do The partial specific volume of hemoglobin, V, was 

. taken as 0 .. 751 ml/go 

eo The values of the apparent. specific volume of hemo­

. globin, cp, at increasing_ concentrations ·of NaCl are 

given in the text. 

f. Hemoglobin St. Luke's in NaCl + 0.1 M phosphate. 
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Table 1-1 

. c 
Concentration Hemoglobin A Hemoglobin ·G Georgia. Hemoglobin Rampa Hemoglobin st Luke 's · 

s 
20,W. s20,W s20 ,w · s20,W 

M. - d <Pe .- d <P e. - d cpe - d cpe 
sobs v ·s v sobs v s . v obs · obs 

Q.l 4.95 4.50 4.50 3·. 32 3.02 3.02 3.38 3.07 3.01 I 3.40 3.09 3.09 

N 0.5 4.34 4.3Q 4.55 2.97 2.94 .3.11 .2. 99 2.96 3.13 CA 

1 .. 0 3.71 4.12 4.63 2.51 2.79 3.13 2.54 2.82 3.17 2.69£ 2.98 3.36 

2.0 2.72 . 3. 83 4.57 ·1.81 ·2.55 3.04 . 1.94 2.73 3.26 
. f 
1.84. 2.59 3.08 



Table 1-2 

Comparison of s 20 ,w values of deoxyhemoglobins A, G 

Georgia, Rampa" and St. Luke 0 s as a function of increasing 

concentrations of NaCl.a 

a5 A final hemoglobin concentration of 0.5·g/100 ml 

was used in all experiments. 

b. The analyses were.made at pH~ 7.2 and at 25°. 
r 

c. The partial specific volume of hemoglobin, V9 was 

taken as 0~751 ml/g. 

do The values of the apparent· specific volume of hemo~ 

· globin9 cp, at increasing concentrations of NaCl are 

given in the text. 

-26 



Ta.ble-·1-2 

. b 
Concentration Hemoglobin A Hemog1obin·G Georgia Hemoglobin Rampa Hemoglobin St Luke's 

5
20,W 

5
20,W s20,W 8 20 ,w · 

- c d - c ~d s - c <t>d - c ~d M 5 obs 
v <P sobs v obs 

v sobs v 

N 
...J 0.1 5.03 4.57 4.57 -4.90 4.46 4.46 4.95 4.50 4.50 5.28 4.80- 4.80 

1.0 3.65 4.05, 4.56 3.71 4.12 4.63 3.81 4.23 4. 7~ 3.93 4. 36- 4.91 

2. 0- 2.82 3.97 4.73 . 2. 72 3.83 4.57 2.69 3.79 4.52 2.55 3.60 4.28 
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specific volume of hemoglobin in concentrated salt solutions 

·at 25q, are somewhat lower. However, regardless of which 

correction factors are used, it is apparent that the liganded 

der:lvatives of hemoglobin G Georgia, Rampa, and St. Luke's 

dissociate into dimers to a much greater extent than does the 

liganded_derivative of hemoglobin A; whereas the degree of 

dissociation for the unliganded forms of these mutants is sig­

nificantly lessp and similar to that for unliganded hemoglobin 

A. 

s 20 ?w values of liganded (oxy or cyanferri) hemoglobins 

·A, G Georgia, Rampa~ and St~ Luke's as a function of pH at 25° 

· are sho"Wn in Table 1-3 and also in Figures 1-5 and 1-6. In 

contrast to normal human hemoglobin A, the variant hemoglobins 

·Rampa and St .. Luke's were shown to be.pH dependent. Maximum 

s20 ~w values of 3.6-3.7 S were obse~ved for hemoglobin Rampa 
0 

.. at 25 between pH 5.9 and 6g9. At pH 7.9 and above§ the sedi-

mentation coefficients of liganded hemoglobin Rampa at 25 0 

were below 3.0 S~ At 25° hemoglobin. St. Luke's had s 20 ,w , 

values similar to those of hemoglobin Rampa at pH 5.9 to 6~9; 

howevere maximum s20 values of 4m3 S were found between pH . ,w 

8.9 and 9.4. In the pH.range 5~9-~o8 hemoglobin A had an 

average s20 ~w value of 4~45 ± 0.06 .sP whereas the corresponding 

.average value for hemoglobin G Georgia was 2~88 + 0.08 S., 

s 20 ,w values for. deoxygenated hemoglobins G Georgia and 

Rampa 8.t pH 9. 8 were 3 o 8 S and 4 & 1 S P respectively, compared 

to values of 2.8 Sand 2.9 S for the corresponding liganded 



Table 1-3 

c·ompari.son of s20pW valuesa of liganded hemoglobins A'i 
. b 

G Georgia, Rampa, and Sto Lukegs as a function of pHs 

a. Average s 20. value from two or more experiments. ,w 
A final hemoglobin concentration of 0 .. 5 g/ 1-00 ml 

was used in all experiments. 

c. The composition of the buffers is given under 

"Materials and Methodse>" 

d. pH measurements were made at 25°. 
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Table 1-3 

· . ·Hemoglobin 

pHc,d 

A G Georgia Ramp a St Luke's 

4.9 4.07 Den at. . 2.86. 

5.9 4.52 2.93 3.66 3.71 

6.9 4.44 '2. 94 3.63 3.73 

7.4 4.48 2~87 3~30 3.84 

7.9 4.40 2.87 2.92 4.15 ,.. 
8.9 4.45 2.86 2. 77. 4.30 

9.4 4.48 4 .. 27 

9.8 4.40 2.~ 78. 2 •. 94 . 3.78 

. 10.1 4.26 2.88 3.15 

10.3 3~96 2.92 

. 10.7 2.86 2.78 2 .. 70 2.93 

' 11.2 2 •. 30. 2.50 :2.45 2.54 

12.0 2.15 2.15 2.04 2.36 

\.. 
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. Figure 1-5 

The dependence of the sedi~entation coefficients ·(s20 ,w) 

of hemoglobins Rampa (A) and G Georgia (B) upon pH and tempera­

tureo .6. , oxy or .cyanferrihemoglobin Rampa, 25°; Au· oxy or 

cyanferrihemoglobin Rampa, 4°; D, oxy or cyanferrihemogl_obin 

G Georgias 25°; ~. oxy or cyanferri~emoglobin G Georgia 1 4°;_ 

0, oxy· or cyanferrihemoglobin A, 4° and 25 °; the data for 

hemoglobin A in A .and B are identical. 

·31 
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Figure 1-6 

The dependence of sedimentation coefficients (s20 ,w) 

of the oxy (or cyanferri) derivatives of hemoglobin St. Lukevs 

and hemoglobin A upon pHd 0 f) hemoglobin. A, 25°; 1:::. ~ hemoglobin 

St It Luke's p·· 25 °; A f hemoglobin St. Luke's ~ 4 ° ~ 
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species I) 

At pH ··10 ~ 7 and above the· sedimentation properties of 

liganded·hemoglobins Ag G Georgia, Rampa, and St. Luke's· were 

similar. At low pH, the abnormal hemoglobins appeared to be 

less stable than hemoglobin A, with hemoglobin G Georgia being 

almost completely denatured below pH 5.9e 

Comparison of the sedimentation properties of the liganded 

derivatives of hemoglobins A, G Georgia, .Rampap and St. Luke's 
0 0 

over the pH range of 5.9 to 8.9 at 4 and 25 are shown in 

Table 1-4 and in Figures 1-5 and 1-6e In contrast to hemoglobin 

A" the sedimentation properties of the three variant hemoglobins 

were temperature dependentu At .4° and pH 6.9 hemoglobins Rampa 

and Stt Luke's were found to have·nearly identical s 20 r;W values 
0 

of 4.1 Sp compared to values of 3~6-3.? S at 25 . Maximum 
0 0 

differences in s20 w values at 4 and 25 were seen at pH 7.9 , . 

for hemoglobin Rampa~~ and a.t pH 5e9 for hemoglobin St~~ Lukecs. 

Throughout the pH range studied~ hemoglobin G Georgia showed 

a_ slight temperature dependencep which was most pronounced be­

tween pH 5.9 and 6.9. 

B. Diffusion Coefficients 

Approximate n209 obs and n20 ~w values of cyanferrihemo= 

. globins A, G Georgia, _and Rampa in 0.1 M NaCl are shown in 

Table 1-5. The n20 ,w value for hemoglobin A of 7.0 X 10-7 

2 I . em sec 1.s similar to the literature value for CO-hemoglobin A· 

(Lamm and Polson, 1936; Field and 0 8 Brienp 1955), while the 

n20 rw val~es for hemoglobins G Georgia and Rampa are within. 



. \ 

Table 1-4 

Comparison of s 20 ,w valuesa of liganded hemoglobins A, 

G Georgia, Rampa, and St8 Luke's as a function of pH and 
. b 
teinperaturee 

ae Average Szo~w value from two or more experi~ents. 

be A final hemoglobin concentration of o.·5 g/100 ml 

was used in all experimentso 

Co The composition of buffers is described under 

"Materials and) Methods." 

d. pH measurements were made at 25° . 

. \ 

36 



Tcible 1-4· 

Hemoglobin 

A G Georgia Ramp a St Luke's 

5.9 4.49 4.52 3.30 2.93 4.10 4.36 3.71 

6.9 4.55 4.44 3. 30 . 2. 94 4.08 3.63 4.07 3.73 

7.4 ·4.50 4 .. 48 3.14 2.87 3.93 3.30 3.84 

. 7.9 4.39 4.40 3o04 2.87 3o73 2.92 4.15 

8.9 4.46 4.45 3.11 2.86 2.97 2.77 4.30 
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Table 1-5 

Comparison of n20 ,w valuesa of liganded hemoglobins A, 

G Georgia, and Rampa in 0.1 M NaCl, pH - 7e2Qb 

a. The analyses were made at 20° and 12,000 rpm~ 

b. pH measurements were made at 25°. 
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Table 1-5 

...... 

Hemoglobin Concentration D . 20,obs D20,W 
g/100 ml Xl07 Xl07 

A 1.0 6.90 6.96 

G Geo.rgia 1.0 7.26 7.33 

0.7 7.44 7.51 

Ral'qpa 0.85 7.70 7.77 

39 



the range of values reported by Kawahara et al (KawaJ:lara 

et al, 19~5) for partially dissociated hemoglobin_in 6.4 M 

urea. 

C. Viscosity 

The intrinsic viscosity in Ool M NaCl of the cyanferri 
. . 

40 .. 

deriyatives of hemoglobins A, G .Georgia·, and ~ampa was deter-

mined from viscosity measurements at a minimum of three dif-

ferent hemoglobin concentrations. The reduced viscosity, 

-~s~c, of hemoglobins G Georgia ru1d Rampa was ~ound to·show a 

slightly greater dependence on protein concentration than 

hemoglobin A (Fig. 1-7). Extrapolation of the data to zero· 

protein concentration gave values which were essentiall·y the 

same for the intrinsic .visposity" [17], of hei:floglobins A 9 G 

Georgia, and.Rampa; values_ of 3o45 ml/g were found for hemo­

globins A and Rampa~ and 3.50 ml/g for hemoglobin G Georgia. 

These values are· within the range of 3.) to 4. 0 ml/g~ which. 

is considered characteristic of a compact, globular protein 

(Tanfordf 1963). 

Do Dissociation Constant 

·An estimate of· the dissociation constant, K, of cyanferri .... 

hemoglobins A, G Georgia, Rampa, and St. Luke's in 0.1 ro·NaCl 
0 

-at pH 7.2 to 7.3 and 25 and at a protein concentration 0.5 g 

per 100 ml was made using the equations (Kirshner and Tanford 9 

1964) : 

and 



-Figure 1 ... 7 

Intrinsic viscosities of hemoglobins AP G Georgia, and 

Rampa in 0 e 1 M NaCl, pH - 7. 2, 2.5 °. 0 ~ cyanferrihemoglobin 

A; 0 , cyanferrihemoglobin G Georgia; 6 P cyanferrihemoglobin 

Rampaol 

41 
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where 

43 

s20 ~w is the experimental sedimentation coefficient. 

M· 

is the. weight fraction·of hemoglobin in the 
dissociated form. 

is the sedimentation coefficient of tetrameric · 
hemoglobin;_ 4. 50 S (Kirshner and Tanford, 1964). 

is the sedimentation coefficient of dimeric 
hemoglobin; 2o83 S (Kirshner and Tanford, 1964). 

is the protein concentration in grams per 
liter. 

is the molecular weight of undissociated heme­
. globin; 64 9 500 (Kirshner and Tanford, 1964). 

On the basis of the viscosity data~ changes· in the s20 ,w values 

were interpreted to be the result of changes in molecular weight; 

pre.ferential binding was assumed to be the same. for both tetra­

mer and dimer, and negligibly small in 0.1 M NaCl (Kirshner and 

Tanfordg 1964). The dissociation constants calculated for 

hemoglobin A and the three variants are compared iri Table :t-6. 

E. Molecular Weight 

The molecular weights of hemoglobins G Georgia and Rampa 

in 0.1 M NaCl at neutral pH were calculated by two procedures 

whi'ch are compared in Table 1-6. In the first, the s20 pW and 

D20 pW values of the respective hemoglobins were used in the 

classical Svedberg equation (Svedberg and Pederson, 1940)t 

. f 



Table 1-6 

Dissociation constants and molecular weight determi.na.., 

tions for hemoglobins G Georgia, Rampa~ and St, Luke's. 
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~ 
til 

Hemoglobin 

G Georgia 

Hampa 

St Luke's 

·-
s20,W x. 1013 

2.99 

3.07 

3.09 

K X 10
5 

M 

225 

165 . 

142 

Table 1-6 

D X .1 7 
20:w· · o [n] 

Molecular Weight 

Svedberg Sheraga-Mandelkern 

7.51 3.50 38,500. 36,100 

7.77 3.45 38,200 37,400 



where R is the gas constant (8.314 x 107 ergs per deg 
per mole). 

T is the absolute temperature. 

V is the partial specific volume of hemoglobin 
( 0 • 7.49 ml/ g) • 

p is the density of water at 20 • 
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The n20 ,w value of 7.5 x 10-7 cm2 sec-1 was.used to determine 

the molecular weight of hemoglobin G Georgiae This value was 

obtained at the lower hemoglobin concentrat~ong where the de"'" 

pendence of n20 ,w upon protein concentration should be lesse 

The molecular weight estimated in this manner was· 38,500 for 

the liganded derivative of hemoglobin G Georgia_and 38,200 for 

that of hemoglobin Rampa (Table 1-6). 

In the second procedure, the molecular weights were deter­

mined from the Sheraga-Mandelkern equation (Sheraga and Mandelco 

kern, 1953) ~ 

where fJ 

N 

= N szo,w[l7]1/J TJ 

( 100) l/3 ( 1 .... v p ) 

- . 16 6 
lS equal to 2. x 10 , the value of the 
parameter generally assumed for globular 
proteins (Schachman;· 1959; Martin~' 1959) e 

is Avogadro~ s· number ( 6 o 02 x 1023) .. 

~ is the viscosity of the solvent. 

p is the density of the solvent. 

[17] is the intrinsic.viscosity o:f the solution. 



V is the partial specific volume of hemo-· 
globin. 

The molecul~r w~ights determined by this method were 36,100 

and 37,400, respec'tively, for the liganded derivatives of 

hemoglobins G Georgia and Rampa .(Table 1-6). 
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DISCUSSION 

.The liganded derivatives of hemoglobins G Georgia, Rampa, 

and· St. Luke e s are 80 to 90 % dimeric U!'1.der co'ndi tions where 

normal hemoglobin is. predominantly tetrameric. .Values of the 

dissociation constant 9 Kp for cyanferrihemoglobins A, G Georgia, 

Rampa, and St~ Luke's were 0.6 x 10-5 M, 225 x 10-5 fv1 9 

165 x 10-5 M and 142 x 10-5 M, respectively, at protein concen­

trations of 0.5 g per 100 ml in Oo1 M NaCl near neutral pH at 

25 6
• Extensive dimer formation has been previously observed 

.for the liganded forms of hemoglobins Bibba (a 136 pro). (Smith 

et al, 1970) , Kansas ( p 102 thr) (Bonaventura and Riggs, 1968) P 

and Richmond (p 102 lys) (Efremov et al, 1969) under the same, 

or nearly identical 9 conditions. The corresponding values of 

the dissociation constants·were·50 x 10 ... 5 M for cyanferrihemo­

globin Bibba (Smith et al 9 1970)~ 20 x 10-5M for oxy or 

carbonmonoxyhemoglobin Kansas (Bonaventura and Riggs!! 1968), 

and 3 x 10-5 M for cyanferrihemoglobin Richmond (Efremov et 

a+, 1969). 

The limited number of sedimentation velocity studies 

suggest that liganded hemoglobin Sto Luke 3 s is considerably 

more dissociated in .dilute 9 unbuffered NaCl solutions at neutral 

pH (s20 pw"' 3.1 S) than in phosphate buffers of comparable pH 

and ionic strength (s20 ,w"' 3.8 S)~ In the case of hemoglobin 

Rampa,a similar, however smallerf effect was observed (s20 ,w-

3.1 Sin 0.1 M NaCl~ compared to - 3e3 Sin O.l_M.phosphate). 

Although a detailed study o.f this phenomenon has not be·en made 

48 
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in either:case, the present data appear to support the investi­

gations of Ruckpaul.et al (Ruckpaul et al, 1971), who compa~ed 

the effects of inorganic phosphat·e. and NaCl on the ESR spectra 

of methemoglobin and obtained evidence that phosphate ions may 

exert a specific effect on the structure of the hemoglobin 

molecule. 

s 20 ,w values of deoxyhemoglobins G Georgia 9 Rampa, and 

St. Luke's indicate that the nonliganded derivatives are tetra­

mere in dilute salt solution near neutral pHo Also in pH 9.8 

buffer at low ionic strength, the deoxy derivatives of hemo­

globins G Georgia and Rampa_, and presumably St o Luke's 9 are 

still predominantly tetrameric. 

Extensive dimer formation by liganded hemoglobin molecules 

in dilute salt solution near neutral pH, in contrast to the 

tetrameric behavior of the unliganded forms, has been observed 

for hemoglobins Kansas (Bonaventura and Riggs, 1968) and Bibba 

(Smith et al, 1970)o The liganded ~orm of normal hemoglobin 

A is also more dissociated than the unliganded one11 except at 

an acid pH in ac~tate buffer (Kellett, 1971~ Benesch et al11 

1962; Guidotti, 1967; Antonini et alp 1968; Anderson et al, 

1970)·. However, recent differential sedimentation studies by 

Goers and Schumaker.(Goers and Schumaker, 1970) show that both 

oxy and deoxyhemoglobin A are tetrameric in structure when 

analyzed in dilute salt solutions at neutral pH and.at the pro­

tein concentrations similar to those used in this study. Under 

these conditions the s20 value of oxyhemoglobin A is slightly ,w 
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greater than that of deoxyhemoglobin A, which.agrees·with X~ray_ 

crystallographic measurements indicating that oxygenated hemo­

glooin.A occupies a slightly smaller volume than the deoxy­

genated molecule (Muirhead and Perutz, 1963). 

Previous studies ori the dissociation of hemoglobin at 

high salt concentrations have ne.glected the effects of preferen­

tial solvent interactions, although Kirschner and Tanford 

(Kirschner and Tanford ,· 196!~) showed that failure to consider· 

·such interactions results in sedimentation coefficients which 

are lower than the true values if water is preferentially bound 

to the hemoglobin·moleculeG Thus, when prefere~tial interactions 

are considered negligible and s 20 ,w values a~e calculated on 

the basis of a value of Oo751 ml g-l for the _partial sp~cific 

volume of hemogiobin in concentrate~ salt solutions at 25°, 

the fraction of dimers in 2 M NaCl is approximately 30 % for 

deoxyhemoglobin A, 40 % for oxyhemoglobin A and deoxyhemoglobins 

G Georgia and Rampa~ and 50% for deoxyhemoglobin St. Luke's. 

However, when preferential. interactions are taken into consid­

eration and the .observed sedimentation coefficients are corrected 

using Kellett's values (Kellett, 1971) for the apparent specific 

volume of hemoglobin in sodium chloride solutions of increasing 

molarity9 the s 20 w values obtained in this manner indicate 
9 . 

that oxyhemoglobin A, and deoxyhemoglobins A, G Georgia, Rampa,· 

and Ste Lukes all retain a tetrameric structure in 2 M NaCl 

at the hemoglobin concentratiops used _in this study~ 

The evaluation Of preferential interactions in the case 
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of· hemoglobin is an unsettled issue. Evidence suggesting that 

hemoglobin may bind water preferentially has been obtained from 

both X-ray crystallography measurements (Perutz et al, 1968) 

and also from measurements of crystal density (Perutz, 1946). 

On the other hand, the studies by Kirshner and Tanford (Kirsh­

ner. and Tanfordp 1946)p and more recently those by Noren et al 

(Noren et alf 1971), suggest that·any preferential binding of 

NaCl or water by hemoglobin is too small to have an appreciable 

e~fect on molecular weight determined by light scattering or 

ultracentrifugation. Although these questions cannot be-re­

solved at the present time, they do not affect our comparisons 

·between the behavior of normal and mutant hemoglobins. 

·The greatly enhanced degree of dimer formation observed 

in the liganded forms of hemoglobins G Georgiap Rampa, and St. 

Lukews :ln contrast to the predominantly tetrameric structure 

of the deoxy derivativesp is the result of the replacement of 

prolyl residue in position 95 (G2) of the a chains by a leucyl 

r_esidue ll a. seryl residue, and· an arginyl residue, respectively. 

This site involves one of the critica.l9 invariant, mainly non-a 

polar a 1-p2 contacts which are broken when hemoglobin tetramers 

dissociate into dimers (Perutz et al, 1968)c In both liganded 

and unliganded hemoglobin A9 this prolyl residue forms a non­

polar contact with tryptophan resi.due in position 37 ( C3) of the 

fJ chain (Perutz et al~ 1968; Muirhead and Greer, 19?0; Bolton 

and Perutz, 1970). Substitution of a leucyl, or a seryl, or an 

arginyl residue into positiona95 (G2) ruptures these contacts in 
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oxygenated hemoglobin and makes the contact accessible to water. 

·That a single amino acid· substitution causes such extensive dis­

ruption of the contacts in one form and not in the other is 

likely due to the conformational differences which exist between 

the oxy and deoxy structures and to the stabilizing effect of 

the six additional salt bonds which are present in the deoxy­

genated molecule (Perutz, 1970; Perutz,-1970). 

The occurrence of maximum s 20 ,w values in the pH range 

of 6 to 7, which was observed both at 4°and 25° for liganded 
0 

hemoglobin Rampa and to some extent at 4 for liganded G Georgia, 

is difficult to explaine Also the dependence of s209 w upon 

temperature~ which was observed in this pH range for all three 

hemoglobin variants (and in the case of hemoglobin Rampa, up 

.to pH 8)p is not readily understoodG ·For hemoglobin Rampa 11 

the data suggest the possibility of an intra- or interchain 

hydrogen bond between the hydroxyl·group of serine and a posi­

tively charged imidazole group of a·histidyl residue. The 

imidazole groups.of the seven titratable histidine residues 

in the a chains of normal human hemoglobin ha\re an average pK 

'Value of 6 .. 7 at 2.5°, ·while those of the six ti trable histidines 

-in the P chain·have values ranging from 5.6 to 8 (Janssen et 

al, 1970). However!) replacement of prolyt residue by seryl 

. residue in position a 9.5 of an oxyhemoglobin model does not 

suggest the formation of such a bondp according to Perutzo 

The arginyl residue in positiona95 of hemoglobin St5 Luke's 

might possibly be able to participate in a salt bridge with 
) . 
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a side chain. carboxyl group, or in hydrogen bond f-ormation 

with a carboxyl, carbonyl, hydroxy, or phenolic group;. however, 

the .leucyl residue in position a 95 of hemoglobin G Georgia, which 

also shows ·a slight temperature effect, would not be able.to 

form either salt or hydrogen bonds. 

·The fact that the experimen~s in this.pH range were done 

in phosphate buffer may be significant.· Johnson and Parrella 

(Johnson and Parrella, 1971) observed a similar affect at 3° 

.and 2)
0 

for sheep hemoglobin B in the presence of phosphate at 

neutral pH and low protein concentration. They found that 

dissociatio~ was not significantly affected by a temperature 

increase from 5°to 2.5° in dilute NaCl solutions, whereas in. 

phosphate solutions of comparable ionic strengthll s1gnificantly 

less dissociation occurred at 5°. 

In a single experimentg (due to lack of· sufficient hemo­

globin sample) 9 s 20 .p w ·values of. 3. 3.5 S a~d 3 ~ 37 S were f9und 

at 4°and 2.5° p respectively for liganded Rampa in unbuffered 

0.1 M NaCl near neutral pH; corresponding s 20.,w values of_3.90 S 

at lr0 
, and 3 o 30 S at 25° were observed in a phosphate buffer 

of pH 7.4e The sedimentation coefficients in unbuffered NaCl 

could ·not be considered reliable p however" because the sampl.e 

of hemoglobin Rampa was. denatured during dialysis and the 

protein concentration was considerably less than 0 .. 5·g per 100 ml. 

·The increased tendency of liganded hemoglobin St. Lukeus 

to form tetramers over the pH range 8.0 to 9.4 is also not 

readily apparent. One possible explanation is that in this pH 
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range small conformational changes occur which permit the 

arginine iri position 95 (G2) of the· a chain ~o. form a van der 

··Waals contact .... either with tryptophan residue. in positionp 37 

(C3) (which in normal hemoglobin forms ana1-p2 contact with 

position a 95), or else with some other residue in the /3 chain. 

Such an explanation appears reasonable .in view of the fact that 

in normal oxyh~moglobin 11 arginine in position ot 92 (FG4) forms 

three van der Waals type bonds in the critical a 1-p2 contacts 

and arginine in position~4o (C6) participates in four such 

contacts by means of van der Waals interactions (Perutz et al, 

1968); upon deoxygenation 9 conformational changes occur which 

disrupt one of these contacts in the a. 92 arginine 9 and two of 

. the contacts in the /3 40 arginine (Bolton and Perutz 9 1970). 

A further understanding of the physicochemical properties of 

hemoglobins G Georgiap Rampa, and St. Luke's must await the 

·X-ray analyses of their oxy and deoxy structures. 



PART II DEER HEMOGLOBINS 



INTRODUCTION 

Sickle cell anemia was demonstrated by Pauling et al 

(Pauling et al, 1949) and Ingram (Ingram, 1957) to be a molec­

ular abnormality of the hemoglobin molecule. The current 

postulate concerning the molecular mechanism responsible for 

the sickled erythrocyt.e is based on the theory of stacking of 

hemoglobinS molecules proposed by Murayama (Murayama, 1967). 

Support for this molecular model has come largely from light 

and electron microscopy studies which showed tactoid.formation 

in both sickled erythrocytes and cell free hen1oglobin solutions 

(Harris9 1950; White and Heaganf 1970)a 

In vitro sickling of erythrocytes has been demonstrated 

in most species of deer (Kitchen et al, 1964; Kitchen et al~ 

1967). These were first described in. 1840 by Gulliver (Gulli­

ver, 1840) as bizarre shaped erythrocytes and were later found 

to have a morphology which resembled that of erythrocytes 

associated with sickle cell anemia in man .. (Herrickr; 1910; O'Rokep 

1936; Undritz ·et al, 1960; P~itchard et al~ 1963). 

The· Virginia white.=- tailed deer ( Odocoil eus virginianus) 

hast in additionfJ been found by starch gel electrophoresis to 

have an unusual degree of hemoglobin heterogeneity (Weisbel"'ger, 

1964; Kitchen et al, 1964; Kitchen et al, 1967~ Huisman et al, 

1968}. At least five electrophoretically· distinct major adult 

hemoglobin components and an equal nuniber ofminor components 

are seen on starch gel·electrophoresis (Figure 2~1)a The major 

hemoglobin comppnents have electrophoretically identical a chains, 
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Figure 2.:...-1 

a Types of hemoglobin heterogeneity observed in Virginia 
b' ·white ... tailed deer~~ (Frorri Huisman et al, 1968) 

ao The a chains. are electrophoretically indistinguish-

able but differ at a minimum.in.two amino acid residues 

at positions 5 and 24e See text f'or detailso 

b. · 'l'he numbers above and below the bands represent the 

percentages observed in 1 to 5 animals. 

57 



;·--·----·--~-~~----~----------~---·-------·----------------··----------.·---------·--·--:-----------·------------ .......... --... -'-·---~----·--·----·~--·- . 

i 

-: 
co 
± 
..9-
en 
·u; 
Q) .... 
0 

.t:: 
a. 
0 .... 
u 
Q) 

w 
a; 
(,!) 

.t:: 
(.) .... 
0 

(/) 

~ 

:.a 
0 

.. .: 

TYPES of HEMOGLOBIN HETEROGENEITY OBSERVED in VIRGINIA WHITE-TAILED DEER 
(The numbers below and above the bands represent the percentages observed in I to 5 animals) 

2 3 :,_ 4 5 6 : 7 8 9 : 10 II 12 : 13·-: 14 15 1 16 I 1.7 SUGGESTED NOMENCLATURE 't 
4-------~-------4•--------~~--------~--~----~~--~~--4-T~Y~P~E~S~O~F~C~HTA~IN~S~~P~R~ES~E~N~T~--~ 0

·
60 

1 I 1 1 Major Components Minor Components 

o.ao-
14 29 I 

~ [;]] 

I . 0 0 - ffiill [Til ffiiJ 
. 86 71 

1.20-

II 30: 1 . I 7 I 
~ ![ill• liZ2! ,miJI I . I . . I f2Zll_ 

.: .{.~s."'l28 :,._ ... 1 16 1 1s ,.1,- .8 1s 1 ·L·. _·_: . 

mDDi!§!:m; ;1:::::;:: 
r-2 a' • ./3- II 

. 65 54 46 59 55 -42 I 43 1 41 341 I 
41 32 2 8 I []]I 
[@ IE] li8t 28 I 

··'·· I I 

·1 9 .14 I 9 I 38 
I I?Z2I [';!ll rcz.a I Iii]-

x- 4 a; ; t3 - rir" 
:.cr a ; {3-rr. 1 

·- I-5 a':/3- JZ: 
JJJ:-A(B)d, ,9-liia(b) 

a':,/3- m 

~ 1.40-
Q) 

I I I 

I 42 37 I 48 : 62 . 
II[] fTIJ l EillJ I [ill :m -:I 

I I _I 

> 
0 

29 57 25 4 I 3 3 10 8 2 2 · Q) 

0:: (No. of animals; total: 152) 

. :__ ________________ _: __ ,.:. __ .. ____________ ~------····--------.. ----·-·------·--·- ----~·-··'"'----...!---- ··----... ----~---·----·...._ _ __:.._ _________ ,_ ______ ~ ...... ---· 



59 

·but different fJ chains·,. and are catagorized according to their. 

relative mobilities as components II§ III, IV, V, and VII~ 

Recently, Harris et a1 1 have shown·that the a chains of the 

major hemoglobins can differ 11 · in neutral amino acid residues~' 

at positions 5 and 24~ these are·positions other that the criti-
1 n1 1 2 cal a -p or a~~ contacts {Perutz et alp 1968; Bolton and 

Perutz~ 1970) and not considered any further in this thesis. 

The minor hemoglobin components likewise differ from one another 

in their P chainsa Each minor component possesses a P chain 

found in one of the major components but differs from the major 

component in the type of a chaino The minor components are . 

catagorized according to their relative mobility on starch gel 

electrophoresis as components I-2, I-3~t I-41} I-5, and I-7, with 

each of the pairs II and I-2 11 III and I-3 11 IV and r .... 4f V and 
I-5, ·and VII and I-7 having the same· fJ chain·. If the. major com.:.. 

t d . t d R_ II,. a III 1:1 IV ~ th ponen s are es1gna e as a 21'-"2 ; a 2f'l'2 · p a2JJ2 , e~~.~c 9 . en 
. . 

their corresponding minor components would be represented by 

a' n II 0!' t1 III ·a' R IV etc 
2 1..~2 ' 2;.>'2 • 21...02 " o 

Kitchen et al (Kitcheri et al~ 1964; Kitchen et al~ ·1966; 

Kitchen et al, 1967) showed the morphology of the deer.erythro ... 

cyte to be characteristic of the type of hemoglobin ·(Table 2-1)o 

Components'II, III, and IVP when present alone or in combination 

with each other are associated with sickling" while components 

V or VII, when present alone or in combination with any of the 

other components preclude the sickling _phenomenon. 

1 oc . Harris P · M. J., Wilsonp J. B. 11 and Hu:Lsman, T. H. J ~ , Manu-
script in preparation. 



Table 2-1 

Relationship between deer hemoglobin components and 

red blood cell morphologye (Modified from Kitchen et alF · 

1967) 

a. Identified· by starch gel electrophoresis. 
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a Component 

II, II + III 

III 

v 

VII 

II + V, II -f. VII 

III + vI III + VII-

Table 2-1 

Red Blood Cell Moiphology 

Matchstick 

Crescent 

No. Sickling 

No Sickling 

No Sickling 

No Sickling 
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Numerous experimental techniques have been used in 

attempts td show similarity between the sickling of deer and 

human erythrocyteso Sickling of deer erythrocytes is brought 

about by various agents and conditions9 such as the aging of 

.blood at refrigerator temperature 9 the oxygenation of blood at 

alkaline pH or exposure of the erythrocytes to high pH. The 

above mentioned agents either have no effect on sickling of 

human sickle cell erythrocytes. 9 or else reverse the sickling 

process (Undritz et al9 1960). 

Preliminary polarized light and electron microscopy studies 

revealed basic similarities between the sickled deer erJ~hro­

cytes and the sickled erythrocytes of man (Pritchard et al9 

1963)o More recent electron microscopic investigations·of 

erythrocytes and cell free hemoglobin.solutions from the deer 

ha1,re shown the formation of microtubules rather than tactoids 9 

.with the transformations characteristic of sickling in deer 

hemoglobin solutions being more similar, although not identical·9 

t.o the process of hemoglobin polymerization in gels of normal 

human hemoglobin (White and Seal, 1971)o 

The sickling phenomena in deer and human erythrocytes 

are at least similar, if not identical processese The ease of 

preparing sickled erythrocyte and ~emoglobin solutions from 

the deer and the presence of hemoglobin components which are 

known to both cause and preclude sickling make the deer an 

extremely valuable animal to use as a model for studying some 
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·of the physical aspects of sickling in man. The possibility· 

·_of using sedimentation velocity techniques to observe polymer 

or aggTegate formation in the deer hemoglobins which undergo 

sickling was suggested_ by ultracentrifugal experiments which 

have detected polymerization in frogs. (Trader et al, 1963; 

Riggs et al 9 1964; Trader and Frieden, 1966)P turtles (Riggs 

et al, 196L~; Sullivan and. Riggs p 196L~; Sullivan and ·Riggs, 1967) ~~ 

mice (Ranney et al, 1960; Riggs~ 1965; Morton, 1966; Bonaventura 

and Riggs, 1967)~ and in·the abnormal human hemoglobin, Porto 

Alegre (a2 112 9 Cys) (Bonaventura and Riggs, . 1967: Ton do et al~' 

1963). Normal monomeric lamprey hemoglobin was also found 

to polymerize but only at low pH in the deoxygenated state, or 

at high hemoglobin concentration in the oxygenated speci~s. 

An increase in s20 ,w· from 1.9 (monomer) to 3.7 (weight-average 

trimer) was observed for the polyme:rized hemoglobin (Briehl~ 

The purpose of this research was to characterize the sub-

unit association and dissociation in deer hemoglobin components 

which are associated with siclcling and in those which preclli.de 

sickling in order to determine if the sickling components show· 

a greater tendency to polymerize under the conditions knovm 

to be favorable to sicklingo The results describe comparative 

sedimentation velocity measurements as a function of pH and 

salt concentration of the sickling d~er hemoglobin components 

II, III a.nd I-2" and of those ·which preclude sickling- namely 

components V, VII and :t-7. The sedimentation velocity studies 
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were supplemented by a limited number of viscometry measure­

ments on hemolysates which contained only the sickling 

hemoglobin components, and also on hemolysates which contained 

hemoglobin components knovm ·to preclude sickling • 

. ! 



MATERIALS AND METHODS 

Ao Prenat.§:.tion of Hemolysates 

Blood samples of 5 to 10 ml were obtained from the deer . 

with EDTA as anticoagulant arid shipped to Dr. T. He J. Huisman. 

Whole blood was centrifuged for approximately 10 minutes at· 

)000 rpm and the plasma removede. The red blood cells were 

washed at least 3 times with 0.9% NaCl and the washed erythro= 

cytes lysed by addition of an equal volume of distilled water. 

One-half volume of cc14 was added to remove the stroma, ·The 

mixture was then shal~en for 15 minutes~ centrifug·ed at 3000 

rpm for 30 minutes and the hemoglobin solution removed. 

B. ~lectroJlhoresis 

Starch gel electrophoresis of the hemoglobin in the 

hemolysates was done.by the method of Efremov et al (Efremov 

et al, ·1969)o The buffer (pH 9~0) in the el~ctrode vessels 

corl.taine·d 20.0 g of Tris ·p 2. 0 g of EDTA·~ and 1" 5 g of. boric . 

acid per 1000 ml~ The same buffer in 1r4 dilution with dis­

tilled water was used for the.preparation of the· starch gel. 

Hydrolyzed starch (55 gF Electrostarch Coo, Madison, Wisconsin) 

\Vas dissolved in 500 ml of starch gel buffer and heated until 

clear~ The starch was poured into the starch gel tray and 

allowed to harden in the cold for 3 hoursc One centimeter 

squares of filter paper were saturated with the he~olysate, 

inserted into the starch gel 51 and the sample allowed to diffuse 

from the paper to the gele The paper was removed and electro..,. 

65 



66 

phoresis was carried.out at·room temperature (22-2.5°) for 16 

hours at 6 volts per centimeter and 10 to 12 rna. The gels 

were cut and stained with o-dianisidine (100 mg 3,3•·-

· Dimethoxybenzidine in 70 ml absolute ethanol f 30 ml of 0. 5 M 

soqium acetate and approximately 5 drops of H2o2 )e Both the 

hemoglobin types and the purity of the chromatographed samples 

were determined by this procedure., 

C. Chromatography 

The different components of the deer were isolated from 

fre.shly prepared red cell hemolysates on DEAE-Sephadex 

(Pharmaciav A-50 medium) ,coiumns (2o5 x 50 em) equilibrated 

at room temperature with Oo05 M Tris-HCl buffer at pH 8.5~ 

The components were eluted by a stepwise profile with 0~05 M 

Tris=HCl buffers of pH 8.5 .... 71)8=7~6-7 .. 5 .ior the slower migrating 

typesp as determined by starch gel electrophoresisp and pH 8~5~ 

7.8-7~3=7QO for the faster migrating types~ as determined by 

.starch gel electrophoresis. The hemoglobin components were 

concentrated by adjusting the eluted components to pH 8,0 with 

'rris-HCl buffer ( 1. 0 M) pH 8. 5) and rep<?uring on a column of 

DEAE-Sephadex (pH 8~5t~ 2c5 x 3 em). The material was eluted 

with 0.2 l\t1 Tri.s=HC19 pH 6c5, and dialyzed for several days 

against distilled water.· The purity was checked by starch 

gel electrophoresis. 

Do Sedi~entation Velocity Studies 

The procedures described in the previous section on 

materials and methods was used to determine the sedim~entation 
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coefficients of hemoglobin components of the deer .. ·In place 

of human hemoglobin A, components V and VII were first run 

against each other and one of these was then run against com­

ponent II or III. Components I-'2 and I-7 were run against one 

anotherc . Sedimentation properties were studied as a function 

of NaCl concentration over the s·al t concentration range of 0.1 . 

to 2.5 M and as a function of hydrogen ion concentration over 

the pH range of ?-J.. 9 to 12. o. 

E. Viscometry 

Viscosity measurements were done on deer hemoglobin com~ 

ponents II, II + I-2, and III + I~3 +VII + I-7 in Oa1 M NaCl, 

pH- 7~3 and on· components III + I..,.3 and III + I-3 .+ VII + I-7 

at pH 10o'3• The method was the same as described in the 

previous section on materials and methodso The intrinsic 

viscosity was obtained by extrapolation to zero protein concen­

trationp a plot of reduced viscosity, ~sp/Cp versus hemoglobin 

concentration. 

·-----



RESULTS 

A. Electrophoretic Studies 

The results·of starch gel electrophoresis.of.hemolysates 

from a random sampling of Virginia white..,;tailed deer is shown 

in Figo 2 .... 2.. Electrophoresis was carried out at room tempera­

ture for 16 hoursp pH 9c0Q The gels were stained with o-dian­

isidine and the components identified by their relative 

mobilities. 

Bo Ultracentrifu@l Analysis 

Table 2-2 shows the sedimentation· velocity data of the 

deer major hemoglobin components II, III, Vf and VII as a 

function of pH. Component VII was the only one which showed 

any difference in dissociation properties on comparison.with 

the other major componentso The s 20 pW value for component 

VII at pH 10.1 was 3.4 S compared to values of approximately 

4o0 S for components II 9 III~ and V. At pH 10.3 the s20 ~w 

value for component VII was 2o8 S9 whereas the corresponding 

values for components II~ III~ and V were 3.3 - 3~4 ·s. (The 

·values for human hemoglobin A at pH 10g1 and 10.3 are about 

4.0 Sand 3e8 s~ respectively)e Thus, component VII appears 

to dissociate into dimers more readily around pH 10 than the 

other major compon(~nts. which~~ in turn, are slightly more 

dissociated than human hemoglobin A in this pH rangeo The 

sedimentation coefficients of the deer hemoglobins at ·pH 10a7 

are similar to those observed for human hemoglobin A (Table 1-1) 

under the same· conditionse At pH 11.2 the s
209

w valties indi-· 
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Figure 2~2-

Starch gel electrophoresis of hemoglobin from hemolysates 

from ~ random sampling of deer.- Identification of hemoglobin 

components was done as described in the textc The electrophor­

esis was -at pH 9.0, and the gel was stained with o-dianisidine" 

Roman numerals and roman numerals plus ·arabic numerals refer 

to-deer hemoglobin componentse 
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.cate that di~sociation intb dimers is complete for all the 

deer.major hemoglobin components.. Comparison of the sedimen­

tation data for the deer hemoglobin components.in·Table 2-2 

with that for human hemoglobin A in Table 1-1 shows slightly 

higher values above ,PH 11.2 for all of the deer hemoglobins. 

In citrate-Na2HPOl~ buffer at pH 4,9 compon.ent VII was found 

to be completely denatured following dialysis and centrifu~a­

tion. The hemoglobin solutions of the other deer components 

were brownish in color after 24, hours of dialysis; however, upon 

ce!ltrifugation their schlieren patterns were symmetrical and 

showed no signs of extensive denaturatione The s 20 ,w values 

for these components were about 3.5 s~ compared to 4.0 S for 

human hemoglobin A. 

Sedimentation velocity analyses of the major hemoglobin 

components II, III9 V, and VII as a function of increasing 

NaCl concentration is shown in Table 2-3. The observed sedimen­

tation coefficients were corrected to 20° in water by two meth­

ods. In the first~ the partial specific volume of hemoglobin 
0 

at 25 is taken to be 0,751 ml per g at all concentrations of 

sodium chlorideo This first method assumes that preferential 

binding of solvent or salt to the hemoglobin molecule is 

negligiblee The second method takes preferential solvent 

interaction into considerationo This was done by correcting 

the observed sedimentation coefficients using Kellett 0 S 

values (Kellett9 1971) for the apparent specific volume of 

hemoglobin in NaCl solutioni of increasing molarity. The 



Table 2-2 

Comparison of s 20 valuesa of liganded deer hemoglobin 
. tW 

components II r III~ V p. and VII as a function of pH. 

a, A final hemoglobin concentration of 0.5 g/100 ml 

was used in all experiments. 

b. The composition of the buffers is given under 

nMaterials and Methods~" pH measurements were made 
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Table 2-2 

b 
pH II III. v -VII 

4.9 3.54 3.46 3.50 Den at. 

5.9 4.05 4.07 4el5 3e99 

6.9 4.03 4.10 4.23 4".12 

7 D 9' ' 4.35 4.50 4.49 4.40 

8.9 4.43 4.47 4.47 4.,44 

9.4 4 .. 34 4.34 4.33 4.38 

9.8 4.28 4.12 4.20 4.23 

10 .. 1. 3 .. 97 4.02 4.05 . 3. 42 

10.3 3.40 3.34 . 3. 35 2e77 

10.7 .. 2 .. 71 2.72 2.80 2e75 

11.2 2.48 2.52 2.60 2.59 

·12 .o 2.42 2.45 2.44 2.40 
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Table 2-3 

Comparison of s 20 w valuesa of liganded de.er hemoglobin 
. ' 

components IIP IIIP VP and VII as a function o1 increasing 

molarity of NaCl. 

all A final hemoglobin concentration of 0,5 g/100 ml 

· was used in all experiments" 

h. The analyses were made at pH· - 7., 2 ~nd at 25 °., 
Cc The par~ial specific volume of.hemoglobin, V 9 

was tal~ en as 0 o 7 51 ml/ g. 

d. The values for.the apparent specific volurne.of 

hemoglobi"n" <P "·at· increasing conc.entrations of 

NaCl are given in the texto 
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Table 2-3· 

Component II III v. VII 

b 
NaC1 s 

· 
8 20,W 8

20,W 
8

20 w 
.Cone. 20,W ' , 

-c <f>d -c <f>d -c <f>d s b. 
-c ·.<Pd s v s v s v v 

obs obs obs 0 s 

0 .. 1 4.98" 4.53 4.53 . 4. 96 4.51 4.51 4.92· 4.48 4 .. 48 .4.80 4.37 4.37 

0.25 4.64 .4 .. 35 4.48 4.71 4.42 4.55 4. 74 ' 4.44 4.58 4.69 4.40 4.53 

' o. 5 4.22 4.18 4.79 4.37 4.33 .4.58 4.68 4.64 4.90 4.51 4.47 ' 4. 73 
-...l 
til 

0.75 4.07 ' 4.26 4.68· 4.02 4.20 4.62 

1.0 3.63. 4.03 4.54 3.67 4.07 4.58 '3. 63 4. 03' 4.54 . 3.64 4.04 4:55 
'' 

1.25 3 .. 33 3.90 4 .. 41. 3.25 3.81 4.30 

1.5 3.06 3.82 4~29 3.22 4.02 4.51 3. 21 ' 4.00 4.50 3.11 . ·3.88 4.36 

. 2. 0 2.66 3. 75 ' 4.46 2.70 3.80 . 4. 53 2.73 3 .. 85 4 .. 58 2.60 '3.66 4.37 

2.5 2.42 3.93 4.71 2.39 3.88 4.64 



values used for the apparent specific volume of hemoglobinP 

cp, in Ot1., O_a2), 0.5s: 0.75, l.Op 1.25P 1.59 2.09 ~nd 2~5 M\ 

NaCl were Oe751, 0.764, 0.770P 0.775, 0.7759 Oo775P 0.779P 

and Oe780 ml/g, respectivelye A comparison of the values 

obtained by either of the two methods -shows the extent of 

dissociation of the deer major hemoglobin components to be 

similar to one another and also to human hemoglobin A over 

the NaCl concentration rarige of Ool to 2.5 Mo 

A limited number of sedimentation velocity experiments 

were done with the deer minor hemoglobin components I-2 and 
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I-7 as a function of both pH and increasing concentrations of 

NaCla Table 2~4 shows that the minor components have s 20,w 

values which are similar to those of their major hemoglobin 

counterpartso For example 9 comparison of the sedimentation 

-coefficients at pH 10.1 and pH 10o3 shows the minor component 

I-7 to be dissociated to the same extent as the major component 

VII, and the minor component I-2 to.be dissociated to the same 

extent as the major component IIe 

Deoxygenation of deer hemoglobin component III in Oc1 M 

NaCl showed an.s20 value of 4o3 S. In 0"5 M NaCl deoxyhemo .... ,w . 
globin component V showed an s 20 .w value of 4e4 S when V was 

I 

0. 751 ml/g and 1+>7 S when cp was taken as 0. 764 ml/g and thus 

revealed no differences in sedimentation properties when com-

pared either to each other or to the corresponding liganded 

species at the same concentration o'f NaCl. 



Table 2~4 

Comparison of s20 ,w valuesa of liganded·deer hemoglobin 

components I~2 and I-7 as a function of pH and increasing 

molarity of NaCl. 

a~ A final hemoglobin concentration of Oa5 g/100 mr 
was used in all experimentsc 

b~~ The composition of the buffers is described under 

v'~;Taterials and Methods. n 

Co pH measurements were made at 25°o 

do The partial specific volume of hemoglobin~ Vp was 

taken as 0~751 ml/go 

ee The values of the apparent specific volume of hemo­

globin, 4> j) at increasing concentrations of NaCl are 

given in the text& 
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'' Table 2-4 

.. 
I-2 I-7 · 

. b 
··--·Concentration He .,. Solvent p 5

20s-W 
5 20,w· 

M --d lpe s -d cf>e s v v obs obs 

NaCl Oel . 7 ... 3 4.65 4.23 4.23 4.67 4.25 . 4.25 

NaCl o.s 7. 3 . 3.90 . 3 .. 87 4 .. 35 4.13 4 .. 09 1 4.88 
,1• .. NaCl. 1 •. 0 7.,3 3 .. 52 3.91 4.40 3.60 4.00 4.50 

Buffer .. 0 .. 20 6.9 4.22 3.90 4.12 3.81 
. . . . -..J ··Buffer . .• 0 .. 10 7.9 4 .. 58 4.23 4.51 ··. 4.17 00 

i 

... ' 
Buffer · ... 0 .. "12 . 10 .. 1 4 .. 17 . 3.88 3 .. 56 ··3 .. 31· 

. . Buffer .. 0 .. 11 ·10~3. 3.65 ·. 3 .. 39 3 .. 11. 2.89 
. . 

Buffer 0.10 10 .. 7 2.88 2 .. 67 2"'86 2 .. 65 

.. 

. I 
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Co .Viscosity 

Viscosity measurements.of the cyanferri derivatives of the 

deer·hemoglobin _6omponents II, II + I-2, and III + I-3 +VII + 

I-7 in 0.1 M NaCl were done at 25° over· a protein concentration. 

range of 1,5 to 10 g per 100 ml in· order to investigate the 

·possibility of detecting aggregation in components IIP and 

II + I-2~' and also to determine the effects (if any) of the 

presence of component VII. The data shovm in Figure 2-3 

suggest that the components studied have similar reduced viscosit~ 

values, at least up to hemoglobin concentrations of 10 g per 

100 ml. The reduced viscosity varied only slightly in a linear 

manner wi,th hemoglobin concentration. The value of the intrinsic 

viscosity [~] obtained by extrapolation of the data to zero 

protein concentration appeared to be the same for all deer hemo­

globin types studieds In additionp the value for the intrinsic 

viscosity of 3.38 ml per g is within the range of 3.3 to 4.0 

ml per g which is considered characteristic of compact 11 globular 

proteins (Tanford, 1961). 

Viscometry was also done with deer-components III + I-)p 

and components III + I-3 + VII + I-7 at pH 10 s 3 (Figo 2-4) 6 

Both hemoglobin typ~s showed a small, linear dependence of 

reduced viscosity upon hemoglobin concentratione Intrinsic 

viscosity values were 3. 50 ml per g for components III + I·D3 

and 3.10 ml per g for components III + I.,.3 +VII + I-7 .. 



.Figure 2-3 

Intrinsic viscosities of deer cyanferrihemoglobins in 

0 o 1 M NaCl ~ pH _,J ? , 2 fl 25 °. 0 , component- II; ·o g component II 

+ I-2; ~ , components III + I-3 + VII + I~?. 
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Figure 2-4 

Intrinsic viscosities of deer cyanferrihemoglobins in 

0.1 M NaCl =. Glycine = NaOH, pH 10. 3, 25 ° .. 0 ·, components · 

III + I-31 ~ 9 components III + I-3 + VII + I-7. 

/ 
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DISCUSSION 

The investigation of the deer hemoglobin components 

described in this part of the thesis was done primarily in an 

attempt to gain some insight into the nature of the forces re­

sponsible forhemoglobin_polymer formation associated with the 

sickling of erythrocytesc As a secondary objectivep comparative 

association-dissociation studies of the deer hemoglobin com­

ponents were done to see the effect of amino acid variations 

in general positions on the ·subvni t behavior of the hemoglobin. 

moleculeo The investigations consisted of (1) sedimentation 

velocity experiments over a pH range of 4c9 - 12eO, and over a 

NaCl concentration range of Oe05 to 2.5 -Mat neutral pH, and 

(2) viscosity measurements in 0~1 ~ NaCl at neutral pH, and in 

a NaCl-glycine-NaOH buffer~' ·pH 10a3o 

Sedimentation velocity analyses of' the deer hemoglobin 

components associated with sickling showed no indication of 

hemoglobin polymeriza-tion at the pr9tein concentrations used 

in these studies (0.5 g per ~00 ml)e s 20 · values above a ,w 
maximum of 4~5 S (weight average tor the tetramer) were not 

. observed; nor was there any suggestion of the heterogeneity 

characteristic of aggregation ·phenomena in the schlieren patternso 

In fact,. the schl"ieren peaks were found to be symmetrical, except 
) 

at pH 10,1 to pH-10~3 where the equilibrium concentrations of 

dimers and tetramers were both appreciable (at pH 10.3 component 

VII was completely dimeric and thHrefore, the peak was symmet..., 

rical)~ At hemoglobin concentrations below the critical concen-

tration for gel formation the same forces of attraction which 
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cause polymerization must still exist, althoug~ quantatively 

to a lesser degree. The detection of potential small differ- · 

ences in s
209

w values between the deer hemoglobin components_ 

associated with sickling and ·those known to preclude sickling 

.were not possible using the techniques described in ihis stu~y. 

I . 

In an attempt to detect hem.oglobin polym~r formation and/or 

conformational differences at pro.tein concentrations above 0. 5 

g per 100 mlp viscosity measurements were done with mixtures 

of deer cyanferrihemoglobin components in 0~ 1 M NaCl at neutral· 

pH and in a NaCl~glycine-NaOH buffer, pH 10~~3~~ The results of 

the viscosity data under both conditions showed a linear rela­

tionship and only a slight dependence of relative. viscosi tyc·on 

he.moglobin concentration (up to 10 g per 100 ml); thus, in the 

concentration range investigatedp hemoglobin polymer formation 

could not be detectede Viscosity measurements were also attempted 

at highe·r hemoglobin concentrations ( 25·. g per 100 ml) but re­

sulted in precipitation of hemoglobin during the visco~ity 

measurementso Precipitation was observed in, both the sic1{ling· 

and nonsickling components and was possibly due to denaturation 

of the hemoglobin caused by the high shear stress of the 

~apillary-type viscometerse 

The sedimentation properties of deer hemoglobin components 

II, III~~ and V were found to be similar to _one another in the _. 

pH range 4. 9 - 12 o. 0 o At pH 10 ~ 1 to pH 10,3 9 the deer components 

II" IIIP andV dissociate into dimers to a greater extent than 
. . 

hun)an hemoglobin A (Tables 2-2 and 1-3) ~ while deer hemoglobin 
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component vrr has an even greater tendency to form the dimeric 

species in this pH range . (Fig. 2-5) e An increase in the degree 

of.dim~r formation similar to that seen in deer. component VII 

has previously been observed in other animal hemoglobins 

(Gottlieb 9 1967; Hanlo~1~~ 1971) G 

. A possible explanation of the increased tendency to 

dissociate around pH 10 may be that charge differences on the 

various deer hemoglobin molecules cause small changes in the 

pK values of the tyrosyl residues 9 a42 and a140, which partici-

1 2 pate in the 02 -{J contact in both liganded and unliganded hemo-

globin (Perutz et al, 1968; Bolton and Peru.tz, 1970)o Such 

charge differences may additionally cause slight conformational 
1 2 . 

. changes which make the a· -{J contact either more or less 

accessible to water and small ionsp thereby increasing or de-

creasing the tendency to dissociate~ Although amino acid 

sequence data for the deer hemoglobins are not yet available 

and positive identification of the tyrosyl.residues in positions 

or42 and at1l-t-O has not been made, . the residues which participate 

in the 01
1 -/12 contact have been found to be invariant in all 

mammalj_an hemoe;lobins sequenced to date~~ 
' ' 

Above pH 11.2 the deer hemoglobin components appear~to have 

less tendency to form monomers than human hemoglobin A, although 

this was not rigo~ously established by comparing each deer com­

ponent against human hemoglobin A. Below pH 5.9 the deer com­

ponents dissociated to i greater extent into dimers (component 

VII was completely- denatured at pH 4~9) than did human hemo-



Figure 2-5 

The dependence of the sedimentation coefficients of the 

deer hemoglobin components upon pHe 0 ~ deer hemoglobin compo-= 

nents II 11 I-2 9 ·III~' and V~ 6 tl deer hemoglobin cornponents VII!) 

I-?e 
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globin Ac· Similar results have also been reported for bovine 
. . 2 

hemoglobins above pH 11e2 and below pH 5o9 (Hanlon, 1971; 

Shreffler g 1962) .. The amount of ferrihemoglo'Qin present in 

the deer components waq not determined and could explain the 

increased degree of dissociation-below pH 5·9e since ferrihemo­

globin is very susceptible to a~id denaturation. Until completion 

of the amino acid analyses, the apparent-increased stability o"f 

the deer hemoglobin components towards alkali. can only be 

.interpreted as an increase in strength of the forces comprising 
. 1 1 

the 0t -$ contact • 

. s"O w values of deer hemoglobin components I-2 ·and I-7 . 
C.. II 

were studied over a limited pH range and found to be similar 

td the corresponding s 20 · values of components II and VIIP . . ,w 
respectively~ . Components II and I-2 and .components VII and I-7 

were shown by starch gel electrophoresis to have different·O! 

chainS but the same.~ chains (Kitchen et al, 1966); consequently, 

the sedimentation properties of components VII and I-7 appear · 

to be characteristic of the type of P chaine 

The sedimentation properties of all the deer hemoglobin 

components· were·found to be similai in NaCl ·solutions of in­

creasing molarity .. The observed sedimentation coefficients of 

the deer hemoglobin components were corrected to standard con-

ditions using the values of Kellett (Kellett~·1971) to correct 

for the preferential binding of water at high _salt concentrations 

and in addition.~ corrected to standard .conditions by assuming 

2. Smithp IJ. I,~, Private communication •. 
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a constant partial specific volume for the hemoglobin molecule. 

When the values of Kellett were used, neither the liganded nor 

the unliganded .deer hemoglobin components were .found to be 

dissociated by high concentrations of NaCl (Fig.. 2-6) • H·owever, 

when a constant partial specific volume was assumed, the 

molecules were found to form increased concentrations of dimers 

with increasing concentrations of Nadl. These findings are the 

same as those seen for human hemoglobin A (see part 1~ 

"Discussion"). Nonethelessp for the comparative purposes of 

this research, this discrepancy does not affect the interpreta­

tion of resultss The extent of dimer formation is directly re­

lated to the amino acid residues making up thea1-p2 contact 

(Guidotti et al, 1963) and indirectly to amino acid substitutions 

which cause conformational changes or charge differences in the 

a1 .... p2 contact region (Smith et al, 1970). The lack of effect 

of NaCl on the co~parative association-dissociation study of 

the deer hemoglobin components sugg~st that the ~1 -{32 contact 

is similar in the deer hemoglobin components and also similar 

to the ~1 -{J2 contact in human hemoglobin A" with the increase 

in dimer formation seen in components VII and I-7 at pH 10.1 to 

pH 10"3 due to charge differences~ and/or conformational differ-

ences~ on the moleculeQ 



Fi.gure 2-6 

· The dependence :of the sedimentation coefficients of the 

deer ~emoglobin compo.nents II_, IIIP Vg VIIP .I-29 and I-7 upon 

· NaCl concentration.· The :data in NaCl were obtained at Pti ~ 
.. . 

7 .. 2. · D p the obse·rved s~dim.entation coefficients were corrected 

·to· staridard conditions using the values of Kellett (Kellett~ 

1971) for the apparent specific volume of hemoglobin9¢ pas 

described in the texto 0 P the observed sedimentation coefficients 

were corrected to standard conditions assuming a constant partial 

specifiq .. voll,lme ·for hemoglobin, V ~ of 0 .. 751 ml/g .. 

r 
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