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



INTRODUCTION _

Mammallan hemoglobins are tetramerlc molecules con31st1ng
of polypeptide chains which are 1dent1oal in pairs, each ohaln
poseessing a heme group Sequence analyses of the major
adult human hemoglobln component hemoglobln A, showed one of
the chains (de81gnated as the a chaln) to be composed of 141
amino a01d residues while the nonidentical chain (designated
as the B chain) was found'tolbe composed of 146 amino aoid
residues. The native hemoglobin-tetramer is designated'as
@B, (Rhinesmith et al, 1957).

The existence of an equilibrium between tetramers and di-~
mers at neufral pH and low ionic strength has been establisned
by studies which show an increase in the diffusion'coefficient
(Svedberg and Pedersen, 1940; Lamm and Polson, 1936) and a
corresponding decrease in the sedimentation ooeffioient of
hemoglobin at high dilution (Lamn and Polson, 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 d1a1y31s a rate of diffusion fon hemoglobln whlch
corresponded to a molecular welght slightly larger than one -half
that of'the hemoglobin tetramer. Culdottl et al (Guldottl et
al, 1963) further showed that hemoglobln dissociated into symm
metrical dimers (azﬁz——y 2af) rather than asymmetrlcal ones |
(0,8, @, + By). | |

Depending upon the dissociation plane in symmetrical dimer
formation, two types of aﬁféubunits maj be formed (Schroeder,

1963)., These are designated as dlﬂi and d}BZ, depending on the



Tdistance bctwecn'the iron‘étoms of the indi?idualtchsins

(Culiis et sl,‘1962);;’szaharaset al.(Kawahata et'ai,,1965)
'_dissociated Co-heﬁoglobin With various}reagents and}concludedf

.»,1that.one~of thetplsnés of'contactuwas feiatively wesk, and

' ;fthct“ail rsagentscscted upon it.behe other'plahe of coﬁtact’

was much stronger and was dlsrubted only when all noncovalent -

'~A1nteractlons were broken. Rosemeyer and Huehns (Rosemeyer and o

"thuehns, 196?) dlss001ated several an1ma1 and human hemocloblns

‘into dimers by attachment of puchloromercurlbenzoate (p~CMB)

to the reactive cystelne B- 93,Awhlch earller had been shown

to occur near the a B and- o -ﬂ reglon of contact (Mulrhead
‘and.Perutz, 19633 Perutz, 1965).. From this they concluded that B
thccinitiél dissociation was along the d;—ﬁz and az-ﬂl contacts
"with formation of aiﬁl sndfdgﬂz dimers;_.Fufther proof as to
. thccnatﬁrc of the dimeficfspecies;cameAfrom detailed'ﬁ-rayc

~ cfystallogrcphic stcdies which showed the ﬁl-ﬁ contact of liganded
hemoglobln to be the less exten31ve of the two contacts (Perutz
ctcal, 1968),. This contact is composed of 19 re31dues contrlbn
utingvsbout 80 atoms within a distance of L A of each other,
”while the'otimﬁ1 cbntact is composed of 34‘rcsidues‘with 110 atoms

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

"ﬁl,.extcnsive‘alnﬁﬂiand azaﬂz.cohtacts.should be more stsble, and

symmetrical dissociation should favor formation of alﬁl ahd'
d?ﬂz diﬁers, | o
| X-ray crystsllographic COﬁoarison-ofvthe.1igandediand non?
'llganded forms of hemoglobln showed marked dlfferences in thelr

c’quaternary structures. Upon deoxygenatlon the;a eﬁ contacts



.underge'the mdsf/noticeabie change; shifting byd13°'re1ative

","to each other (Perutz et al, 1968) | In’the deoxy form there

:v_appeare to be a small decrease in the number of Van der Waals

= 1nteract10ns in the o wﬂ contact (Bthon and Perutz, 1970)

' However, thls is apparently more than compensated tor by the

3 ;formatlon of six addltlonal 1ntercha1n 'salt brldges (Perutz,

1970) because both dlfferentlal sedlmentatlon measurements
| '(Goers and Schumaker, 19703 Kellett, 1971) and 11ght scatterlng
studies (Noren et-al? 1971) have shown that deoxyhemoglobln,'
unlike'the 1iganded derivative, is not appreciably dissobiated
~at low hemoglobin coneentration and'high cbneentrationshef
salt. - H 1 } _ o :
, Recent subunit d13s001at10n studles on the. abnormal human B
1'hemo:rrlob:l.ns Kansas (&zﬁéloz an) (Bonaventura and nggs, 1968)
'~ and Richmond (&2321_02 LYS) (Efremov et al, 1969) have shown the
~effects of substituting two different amino acid residues at |
one of the eriticai.dlﬂﬁz contact positions. In normaivliéanded
'«;hemoglobin A, an asparaginyl residue<in‘position‘102 ef thedﬁ,
‘ghchain forms a hydrogen bond'with an'aspartic acid reeidue at
| position 94 of the o chaln. When.compared with hemoglobin A by‘
"sedlmentatlon veloc1ty analysesp the liganded forms of the two

varlants were found to show an 1ncreased extent of dlmer formation,

Qh W1th hemoglobln Kansas shOW1ng a much greater uendency than hemo-

R globln Richmond to form the dimeric spe01es at neutral PH - and

low ionic otrength.

Three abnormal human hemogloblns, each hav1ng a substltu-

1

tlon at p031t10n 95 of the o chaln, have been 1solated and



described. The three'variants aré hemoglobins G Georgia

(a,7> T®¥g,) (Huisman et al, 1970; Smith et al, 1972),

Rampa (a295 Seﬁﬁz) (De-thg et al, 19713 Charache et al, 1971;
Smith et al, 1972), and St. Luke's (at,”° AT8g)) (Bannister et
al, 1972). Position 95 of the a chain, which in normal hemo-
globin A.is_occupied by a‘prolyl residue, 1is part of the
invariantlazl-ﬂ2 contact which is ruptured upon dissociation of
tetrameric hemoglobin}info dimers. The three variant hemd-
globins offered an ideal oppbrtunity to establish not only the
importaﬁce of an individual residue at the O}ﬁﬁz contact, but
also to demonstrafe the influence of different substitutions
for oné and the same émino acid residue in the &laﬁz éoﬁtact
region. The purpose of this research was to characterize, by
means of sedimenfation veloéi‘cyp diffusion, and viscosity
.measurementsg the effects of thé thrée~ébove~mentioned amino

| acid substitutions at one critical invariant contact - namely
position 95 of‘the ¢ chain. Thé results describe the sﬁbunit
dissociation behavior of the liganded (oxy or cyanferri) and
nonliganded (deoxy) forms of hemoglobins A, G'Gebrgia, Rampa.,
and St. Luke's as a function of salt concentration, pH, and

temperature.



MATERIALS AND METHODS

A. Isolation énd‘Purificatioﬁ of Hemoglobin Samples

Hemoglobins A, G Georgia, Rampa, and St. Luke's were
obtained already purified from Dr. T. H. J. Huisman. These
hemoglotin components had been isolated from freshly prepaféd
red cell hémolysates on columns‘of'DEAE=Sephadex, using proce-
dures simiiar to those described under deer hemoglobins. The
vpurity of each fraction Was checked by starch gel electrophoren‘
sis at PH 9.0 (Efremov et al, 1969). The isolated hemoglobin
components were dialyzed against distilled water and concentrated
by ultrafiltration undef feduced pressure at 4°., The sémples
were stored at 4° as the cyanferrihemoglobin derivative for
most ulﬁracentrifﬁgatioh and viscoﬁetry measurements, or in the.

oxy form when deoxygenation experiments were to be done.

B. Prenaration of Samples for Ultracentrifugation

Experiments
Preparation of thé samples (1iganded) for sédimentation
velocity experlments as a function of pH con81sted of dllutlng
the concentrated stock solutlons of hemoglobln to 1.0 ml (%o
give a hemoglobin concentration of 0.5 g per 100 ml) with one

of the following buffers (at 0.10 to 0.15 ionic strength):

CitricAacid»NazHPou ‘ PH range 4,9-5.9
KH,PO,~NaOH ~ pH range 6.9-7.9

NaCl-Glycine-NaOH V - 'PH range 8.9-10.7v
 Na,HPO, -NaOH o pH range 11.2-12.0



The éamples were then dialyzed for 24 hours a£v4° against‘ ‘
3 éhangeS’(éoo, 700, 700 ml) of the appropriate buffer. Prep-
v aration»of the samples for sedimentation velocity measurements
as é funétion of NaCl concentration consisted of extensively
dialyiing a‘hemoglobin solution at a protein'concentration of
apbroximafely 1.0 g per 100 ml against a KHZPOQmNéZHPOU buffer'\
PH 7.4 and dllutlng this solution 1:1 (v/V) with a NaCl solution
of twice the molarlty needed, |
Solutions of oxyhemoglobin were deoxygenated in}tonohefers
which were flushed with high purity, water-saturated hitrogen ‘
(Mathesdn; Morrow, Georgia) by the following procedure: ,
| (1) & solution of oxyﬁemoglobin ( 1.5vm1) was
placed in the tonometer and a stream of
_'nltrogen paased over the sample for 10
-mlnuteb.
'(th The tpnometer was then Seéled and rotated
| | for 1b minutes. | |
(3) A stream of nitrogen was passed oVer‘the
sample for another 5 minutes. -
}(H) ‘The tonometer was resealed and robated
'.‘whlle the ultraoentrlfuge cell was flushed
with nltrogen for 30 minutes..
(5). Thé.sample was removed from the tdnometer
.With a hypodermic syringe containing a
trace bf'éodium dithionite and transferred

to the ultracentfifuge cell,



A Effectivefdeoxygenation of the hemoglobin SOlufion was
established’by,reéording on a Cary mdde1_14 gspectrophotometer
1Athefabsorption spectra of the solution in the sealed ultra-
centrifuge cells over the wave length range of 600 to 800 mu;
following the procedure of Benesch et al (Benesch et al, 1962).

C. Ultracentrifugation

A Spinco model E analytical ultracentrifuge equipped with
~an electronic speed control, Schlieren optiéé, and Wratten No.
_29.fed 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-
ﬁately 0.5 g per 100 ml. XKel F single-sector centerpieces were
vﬁsed because of the high alkalinity or high salt content of
severalvof the éamples. Standard, twelvé millimeter singlee
,sector.cells were used; a wedge window in one of the cells
- allowed hemoglobin A +to be run simultaneously with each of the
abnormal hemoglobins. |

The light source for the schlieren opticalAsystem was a
‘General Electric AH6, high intensity, ﬁercury vapor lamp. The
schlieren patterns were . recorded at 8 minute intervals on
Kodak I»N red sensifive rlates. Afterlthe plates were develéped,
the.schlieren peak positions were measured on a Nikon Model 6 C
Profile Projector. |

~ D. Principle of Measurement

- The theoretical principles of sedimentation velocity for



a two component (solutensolvent) system bave been developed
and extens1vely discussed by Svedberg and Pedersen (Svedoerg
and Pedersen, 1940), Schachman (Schachman, 1959), and Tanford
(Tanford, 1963), andlwillinbt be rigoroﬁsly dérived-here,
since such an uhdertakihg would be‘beyond the scope of this
thesis. Bfiefly.summarized,‘this théory states that in the
presence of a high centrifugal field, large molecules such as
hemoglObin sediment at constant velocity. Opposing this sedi-
menting or centrifugai force'is the frictional force exerted
by 'the'med'iume The.net result is a redistribution of solute
molecules in fhe two component system} This produces a region
which contains only solvent molecules, a solvent-solute boundary
(intérface) at which a concentration gradient‘of solute mole-~
cules exists, and a plateau fegion iniwhich the solute molecules
are uniformly diétribufed throughout the solvent. The movement
of the boundary is described by the.equation=~

1 dx 1 dlnX  2.303 dlogX

S Wfxat o® At 0® gy

wheré - 8. is the velocity of mlgratlon per unit centrlfugal
: field, or sedimentation coefficient.

® is the angular velocity in radlans/sec. and is
-equal to 2mv. ,

v is the velocity in revolutions/sec°

X is the distance in cm of the'boundary from the
center of rotation.

.t is the time in sec.
The concentration gradient, and hence refractive index .

gradient;‘at the sedimenting boundary is translated by the



schlieren optical system into the series of peaks seenvoh the
photographic plates (Fig., 1-1). By measuring the distance 5f 4'
fhe peak maximum ordinate from the axis of rotation for‘each:
time 1nterval and then plottlng the logarithms of these dlstances
versus the time, a stralght 11ne is obtained. The observed |

sedimentation coefficient (s_,.) is calculated from the slope

obs
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 eduation was used: (SVedberg'and Pedersen, 1940)

G .(’71;")(”t%w)(i"vzow"zoew)
- P20,w - “obs ' '
T \go e/ N /N L Vg R

where s

is,the'observedvsedimentation coefficient.

obs
Mo ~ is the viscosity of the solvent at the
‘temperature of the run.
nt° W is the viscosity of water at the temperature
9

of the run.

Moro . is the viscosity of water at 20°,
20°,w "

V?O w 1S the partial specific volume of hemoglobln
VP at 20° in water.

Vt is the partial specific volume of hemoglobin
' ‘in the solvent at the temperature of +the run.

Poo,w 1S the densify of water at 20°.

P is the density of the solvent at t°.



Figure 1-1

Sedimentation velocity pattern of cyanferrihemoglobins
A and @ Géorgia. Sedimentation"Velocity experiments were
1 dbne at 60,000 rpm and the schlieren patterns recorded at
8‘minute intervéls. .. - |
o Upﬁer‘patterne Hemoglobin A, 0.5 g/100 ml in O.i_M
| ~ NaCl pH ~7.2, 25° |
_Lower pattérn: Hemoglobin G Georgia, 0.5 g/100 ml in
o 0.1 M NaCl pH ~ 7.2, 25°.

10
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E. D1ffh31on | |

lefu81on coefflclents were determined for hemogloblns

| A, G Georgla, and Rampa in the ultracentrlfuge‘u31ng a double
sector capillary-type synthetic boundary'centerpiece,w’The
vhemogiobin samples; ranging in concentration from 0.7 to 1.0
g per 100 ml, were ektensively'dialyzed against 0.1 M NaCl

- (pH 7.2=7.4) and run in an AnJ rotor at 20°_af a speed of B
12,000 rpm. Schlieren patterns were recorded at 8 minute in-:
tefvals (Fig. 1-2). The observed diffusion coefficient, D!
was calculated using'an approkimation of Lamm'é eQuation for
Avfhe estimation of diffusion coefficients from sedimentation

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

by Lamm is given by:

(A/H)2 et (1 + s67t)

where A 1is the area enclosed by the sedimentation
bou?dary curve above its base line (see Flg
i-2 ’ .

"H is the maximum height of the sedwmentatlon
boundary curve.

+ 1is the ‘time measured from the start of centri-
fugation.

® is the angular velocity of rotation.

When the experiment is done at-low speed the term sa?t becomes .
negligibly small compared with unity (A is indépendent of time

for the short duration of the run) and_one obtains the follow-



Figure 1-2
Sedimentation boundary patterns for the evaluation
of the diffusion coefficient of cyanferrihemoglobin A,
gl;O g/100 ml in 0.1 M NaCl, pH §.7.2. 20°. Pictures were

taken at 8 minute intervals.

13
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ing eQuation (Kawahara, 1969):
2
(A/H)® = 4nDt

The désired value of D, . was obtained from the slope of the

obs
line of a plot of (A/H)2 versus t (the value of the slope.
equals 4nD). Correction of D, . to DZO’W=(reference solvent
with viscosity and density of water at 20°) was done using

the following equation: (Svedberg and Pederson, 1940)

: 293'é | nt 77sol
D = D

where . T ‘is the temperature of the run in °K.

ﬂ%v is the viscosity of water at the temperature
of the run.

Ny is the viséosity of wétef at 20°.v

Rsol is the wviscosity of the solvent at the tem«
perature of +the run.

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

to:

‘ - Nso1
. D20,w B Dobs (
| N Ty
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..F.. Viscométfv _

»“;Vis¢03ity measurements were made at.25°_with‘Cannon -
»Ubbelohde (State College, Pennsylvania) semimicro dilution
viscométérs Witﬁ flow times for distilled Water of apprdximéfen
ly 225 seconds. Approximately 2'51 of purified sémple were
extensively dialyzed against 0.1 M NaCl, pH 7.2n7.4,_énd-then
equiiibratéd in fhe viscometer (25 + 0.01 ) for bne hour.

The sample was drawn from the reSerVoif}by suctioﬁ and'allowedA
'to~weé the capillary before the first flow timé measuremeht-‘
was made. Measurements were made with a stopwatch which could .
be read to one one-hundreth of a second. The flow time for a
given hemoglobin'concentration was ihe average of at léast fhreer
'méasurements which Were in close agreement with one another.
(f'O;l sec;); The hemoglobin sample waé then‘diluted and the
procedure was repeated, so that data were obfained at'fhree

or foﬁr'different.hemoglobin<concentrations.. |

The specific #iscOsity, .. was calculated from the flow

‘ Sp .
times and densities of the sample solutions and solvents as
described by Bjork and Tanford (Bjork and Tanford, 1971).

The specific viscosity, W__, was calculated from the relation:

sp
._nsp‘: t'pbu t.0,
_'%ﬂ>
where to is the flow time of theléolvent.

t is the flow time of the hemoglobin solution.k‘
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p, is 'bhe density of the solvent..
p is the dens1ty of the hemoglobln solutlon.

~ The density of the hemoglobin.solution was computed from_the°
-_proteih concentration, partial specific volume of the ﬁrbfein,

 and the density~of the solvent. The reduoéd viscosity,;7sp/b)

" was plotted versus the concentration of hemoglobln, cs the

::'1ntr1n31c v1sco¢1ty,[n], was then obtalned by extrapolatlon

of the data to zero concentratlon.i



RESULTS h B
| A, ,Sedimentétion Velocitx | |
The differences in sedimentation béhavior.of the oxy

(orféyanferri) and deoxy derivatives of hemoglobins A, G Georgia,
Rampa, and St. Luke's in NaCl solutidns of increasing molarity
are shown in Figures‘1~3 and 1-4, The SZO, values in these
- figures were obtained by cofrectiﬁg the observed sedimentation
coéfficients to 20° in water without takihg éccount of the
,poésible effect of preferential solvent interactions at high
céncentrations of NaCl (Kellett, 1971). In unbuffered 0.1 M
NaCl near neutral pH the SZO,W value of'oxyhemoglobin A was
4,5 S, compared to values of 3.0-3.1 S for the liganded
dérivatives of hemoglobins G Georgia, Rampa, and St. Lukefs.
'Ih contrast, the corresponding values of the deoxy derivatives
of hemoglobin A ahd the three variant hemoglobins were all in
the range of 4 5 to 4.8 S. | o

- At 25 in pH 7 4 buffer which was 0.1 M in NaCl and also
0. 1 M in phosphate, or in 0 1M pnoophate buffer alone near
neutral pH (6,9 to 7.4), s So0,w for oxyhemoglobin St. Luke s
was approximately 3.8 S. This»value is significantly greater
thah the value of 3.1 S-observed for biyhemoglobin St. Luke's
in 0.1 M NaCl alone, pH ~ 7.2 (Fig., i=4). The presehce of
phosphate had a sunllar9 although smaller effect, upon oxyhemo-
globin Rdmpan

~In concentrated solutions of NaCl the liganded and non-

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

18



| Figure 1-3
The dependence of sedimentatidn coefficients (szo’w)
of the oxygenated'and‘déoxygenated derivatives of hemoglébins
A, G Georgia, and Rampa upon NaCl concenfration. The analyses
Weré made at pH ~ 7.2 and at 25°. C?,}hemoglobin A; OO, hemo-

globin G Georgias;/, hemoglobin Rampa.

19



9 Deoxygenated :
|
- -

Deoxygenated

A

M‘&%—.

] 1 ] |

Oxygenated - || ¥ EXFRpes

0 _, | 2

CONCENTRATION OF NaCl (M/L)

o o | 2

. CONCENTRATION OF NaCl (M/L)

3
V.




.Figufe 1-4
The depe’nden‘ce of sedimentation coefficients _(Szb,w)
of the oxygenated and deoxygenéted derivafives of hemoglobin
St Lﬁké"é ane hemoglobin A upon NaCl coricentra'tion. The
anaiyéeé were made at pH 4«?.‘2 and at 25°, » hemoglobin A
in unbuffered. NaCls & , hemoglobin St. Luke's in unbuff-ered
NaCl; A, hemoglobin Stp- Luke's in NaCl + 0.1 M phosphate.

21
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- St. Luke'swwere borrected to standard conditions (a referenqe
vsolfent with the viscoéity and density of water at.20°) by two
‘methods. In the first, the partial specific volume, V, .of
hemoglobin at 25  was assumed to be independent‘bf NaCl con=

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

that pfeférential.binding of solvent or salt to the hemoglobin 

molecule is negligible (Kirschner énd 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 uéed to correct the
observed sedimentation coefficient to standard conditions.

The values for ¢ in 0.5, 1.0, and 2.0 M NaCl were 0.764, 0.775,

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

the second assumes appreciable preferéntial interaction of
water with the hemoglobin.molécule.

The Szo,w values of.the liganded and nonliganded derivatives
of hemoglobins A, G Georgia, Rampa, .and St. Luke's, corrected |
to standardICOnditions by the procedures described above, are
compared in Tables 1-1 and 1-2. |
| Correction of the observed sedimentation coefficients
using'Kelleﬁt's @ata fof the apparent specific volume‘of hemo—, 
globin giVeslszogﬁ'values characteristic of,a-tetrameric
structure for oxyhemoglobin A and‘fof.deoxyhémoglobins A, G
‘Georgia, Rampa, and}St. Luke's'over the NaCl concentration
range of 0.1 to 2.0 Mf‘ The 5zo,w values, calculated on fhe

basis of a constant value of 0.751 ml per g for the partial



 Pable 1-1

Comparisoh of S50 . w values® of liganded hemoglobins A,
: &g W '

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

concentrations of NaCl.

a.

b.

b

Average S50 .w values from two or more experiments.
?
A Tinal hemoglobin concentration of 0.5 g/100 ml

was used in all experiments.

The analyses were made at pHiy 7.2 and ét 25°,

" The partial specific volume of hemoglobin, V, was
taken as 0.751 ml/g. |
The values of the apparent'specific volﬁme of hemo-

~globin, ¢, at increasing concentrations of NaCl are

given in the text.

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

Concehtratioﬁc  . Hémoglobin A - Hemogldbin‘G Georgial - Hemog;pbin Rampa- _ﬁemogldbin st Luke's:
520, Saowm Sk . Sow
- : . :sobsii v 4 4 | ~sQ£s f; . 4 _.' ‘sobs : v ¢e.  ‘sobs” .; ‘ ¢
0.1 4.95 450 4.50  3.32 3.02 3.02  3.38 3.07 3.07  3.40 3.09 3.09
0.5 4.34  4.30 . 4.55 2,97 2.94 3.11 2,99 2.96 . 3.13
"1.0° . E 3.71 4.12 4.63 © 2.51  2.79  3.13 2.54  2.82 © 3.17 A_2.59fi 2.98j- 3.36

2.0 - 2.72 '3.83 4.57 '1.81 2.55 3.04 - 1.94 2.73 3.26 - 1.84° 2.59 3.08




Table 1-2

Comparison'of S50 . w values of deoxyhemoglobins A, G
$ .

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

concéntrations of NaCl.a_

a.

A final hemoglobin concentration of 0.5 g/100 ml.
was used in all experiments.

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

The partial specific volume of hemoglobin, V, was

taken as 0.751 ml/g.

- The values of the apparént'specific volume of hemo-

globin, ¢, at increasing.concentrations of NaCl are

given in the text.
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Tablef 1-2

Concentrationb ‘ ﬁemoglobin A . Hemoglobin G Georgia - Hemoglobin Rémpa Hemogiobin'St Luke's
°20,W o 20, ' °20,w o ©20,W
- cC d : = C d ' - c d - - c da
" Sobs ¥ ¢ Sobs ¢ Sobs Y ¢ Sobs " ¢
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 4.76 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 25°, are somewhét lower. HoWéver; regardless of which
correction factorsvére ﬁsed,‘it is appérént that the.liganded
derivatives of hemoglobin G Georgia, Rampa,_and St. Luke's}
diésdciate into dimers to a much greater exfent than doeé the
ligandéd,derivative of hemoglobin A;vwhereas the degree of
- dissociation_for the unliganded forms of these mutants is sig-
nificantly less, and similar to that for unliganded hemoglobin
A

SZO,w values of liganded (oxy or cyénferri) hemoglobins
A, G Georgia, Rampa, and St. Luke's as a function of pH at 25°
“are shown in Table 1-3 and also in Figures 1-5 and 1-6., 1In
éontrast to normal human hemoglobin A, the variant hemoglobins
'ﬁampa and St.-Luke’é were shown to be pH dependent. Maximum
.‘Séd;w vélues of 3.6-=3.7 S were obserVed for hemoglobin Rampa
at 25° between PH 5.9 and 6.9. At pH 7.9 and above, the sedi-
mentation coefficients of liganded hemoglobin Rampa at 25° :
were below 3.0 S. At 2‘5° hemoglobin St. Luke's had sy .
values similar to those of hemoglobin Rampa at pH 5.9 to 6.9;
.héweverg maximum 20, w values of 4.3 S were found between pH
8.9 and 9.4. 1In the pH range 5.9-9.8 hemoglobin A had an
average Szo,w value of 4.45 + 0,06 S, whereas the_correSponding
average value for hemoglobin G Georgia was 2.88 + 0.08 S.

SZO’W values for deoxygenated hemoglobins G Georgia aﬁd
Rampa at pH 9.8 were 3.8 S and 4.1 S, respectively, compared

- to values of 2.8 S and 2.9 S for the corresponding liganded



Table 1-3
Comparison of So0 . w values? of liganded hemoglobins 4,
9 .

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

a. Average SZO,W value from fwo or more expefiments.
b. A final hemoglobin concentration of 0.5 g/ 100 ml
- was used in all experiments.'
c. The coﬁposition bf‘the bﬁfferé is given undéf
"Materials and Methods."

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

_ L 'Hefn_oglobin
pHC' d - » ‘ ‘
A © G Georgia Rampa © 8t Luke's
4.9 4.07 - Denat. 2.86

‘5.9 4.52 2.93 - 3.66 3.7
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
0.4 - 4.48 a2
9.8  4.40 2.78 2.94 . 3.78
10.1 426 . . 2.88 3.15
0.3 39 . 2,92
10.7 2.86  2.78  2.70  2.93
112 ”_2;3qg = 2.50  2.45  2.54

12.0 - 2.15  2.15  2.04  2.36
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| Pigure i-5
The dependence of the sedimentation coefflclents (s20 w).
of hemogloblns Rampa (A) and G Georgia (B) upon pH and tempera-
ture. A , oxy or cyanferrlhemoglobln Rampa, 25° ;£x¢ oxy or
cjanferrihemoglobin Rampa, 4°; 0, oxy orfcyanferrihemoglobih
G Georgia, 25° B, oxy or cyanferfihemoglobin G Georgia, Lo
O, oxy or cyanferrlhemoglobln A, L° and 25°~ the data for

hemoglobln A in A and B are 1dentlcal.rf
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Figure‘l-é
The dependence of sedimeqtation coefficients (szo'w)
of the oxy (or cyanferri) derivatives of hemoglobin St. Luke's
and hemoglobin A upon pH. O, hemoglobin,A, 259 /A, hemoglobin

St. Luke's, 25% A, hemoglobin St. Luke's, 49,
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specieso |
o At pH 10.7 and above the«sedimentation properties of
1igahded'hemogiobins A; G»Gecrgia, 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 5.9.

Comparison of the sedimentation properties of fhe liganded
derivatives of hemoglobins A, G Georgia,.Raﬁpa, and St. Luke's
over the pH range of 5.9 to 8.9 at 4° and 25o are shown in
Table i-4 and in Figures 1=5 ahd i-6, In contrast to hemoglobin
A, the sedimentation properties of the three variant hemoglobins
were temperature dependent. At 4° and pH 6.9 hemoglbbins Rampa
and St. Luke's were found to have nearly identical SZO,W values
"of 4.1 S, compared to values of 3.,6-3.7 S at 250. Maximum
differences in S50, w values at 4° and 250 were seen at pH 7.9
‘fqr hemoglobin Rampa, and at pH 5.9 for hemoglobin St. Lukefs.
Throughout the pH range studied, hemoglobin G Georgla showed
anslight temperature dependence, which was most pronounced be-
tween ﬁH 5.9 and 6.9.

B. Diffusion Coefficients

Approximate DZO,obs and D209W values of cyanferrihemo»
~globins A, G Georgia, and Rampa in 0.1 M NaCl are shown in
Table 1-5. The Dyg,y Value for heﬁoglobin A of 7.0 x 10"7
| cmz/sec is similar to the literature value for CO-hemoglobin A
(Lamm and Polson, 1936; Field and O'Brien, 1955), while the

Dzo,w values for hemoglobins G Georgia and Rampa are within



Table 1-4

Comparison of s, values® of liganded hemoglobins A,
14 ' .

G Géorgia, Rampa, and St. Luke's as avfunction of pH and

 temperatureob
a. Average SZO}W value ffém two or more experiments.
b. - A final hemoglobin concentration of 0.5 g/100 ml
was used in all exj)eriments°
c. Thé composition of buffers is described under
"Materials ands Methods."

pH measurements were made at 25°,
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Table 1-4

Hemoglobin

pHc,d ' »
' A G Georgia Rampa St Luke's
4° - 25° 40 25° 40 - 25° 4° 25°
5.9 4.49 4.52 3.30 2.93 4.10 3.66 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 3.04 2.87 3.73 2.92 4.15
8.9 4.46  4.45 3.11 2.86 2.97  2.77 4.30




Table 1~5
Comparison of Dzo W values® of liganded hemoglobins 4,
¥

G Géorgia, and Rampa in 0.1 M NaCl, pH ~'7,20‘0

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

P20,0bs P20,
‘ g/lOQ ml X107 X107
a 1.0 6.90 6.96
G Georgia 1.0 , 7.26 7.33
0.7 : 7.44 7.51
Rampa ‘ 0.85 7.70 7.77




40

the range of values reported by Kawahara et al (Kawaharé
et al, 1965)’fof partiallyvdissociated hemoglobin in 6.4 M
urea., | ' - | .v o

| C.‘ Viécoéitx

The intrinsic viécosity in 0.1 M NaCl of the cyanferri
deriyativés of hemoglobins A, G Georgia, and Rampa was'detér~
mihedvfrom viscoéity measurements at a minimum of three dif-
ferent hemoglobin concentrafioﬁs. The reduced viscoéity,
,ﬁsp/c, of hemoglobins G Georgia and Rampa was found to show a
slightly greater dependence on protein concentration than
hemoglobin A (Fig. 1=7). Extrapolation of the data to zero-
protein concentfation gave values which were essentially.tﬁe
same for ‘the intrinsic.vispoéityw [7], of hemoglobiné A, G
Geofgia, and Rampas valuesiof 3.45 ml/glwére.fdund for heﬁOnl
globins A and Rampa, and 3.50 ml/g for hemoglobin G Georgia.u
These values are Wifhin the range of 3.3 to 4.0 ml/g, which
is considered charécteristic of a cquQCt; gldbular protein
(Tanford, 1963). |

D. Dissociation Constant

_ 'An estimate of the dissociation constant, K, of cyanferri=-
hemoglobins A, G Georgia, Rampa,vand St. Luke's in 0.1 M NaCl
‘~at PH 7,2‘to 7.3 and 250 and ét a profein coﬁcentration 0.5 g,'

per 100 ml was made using the equatioﬁs‘(Kirshher and Tanford,

1964)3

s = (i -a)s +’m(é ) and K = ~“§g§gﬁ?
20,w T D na R =717 0)0



Figure 1-7
Intrinsic viscosities of hemoglobins A, G Georgia, and
Rampa in 0.1 M NaCl, pH ~7.2, 25° O, cyanferrihemoglobin
Ay O, cyanferrihemoglobin G Georgia; 4 , cyanferrihemcglébin

Rampa.
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where : s is the experimental sedimentation‘coefficient.

20,w
- is the weight fractlon of hemoglobln in the
dissociated form.
'ST. is the sedimentation coefficient of tetrameric
hemoglobin; 4.50 S_(Kirshner and Tanford, 1964).
‘SD is the sedimenﬁation'coefficient of dimeric
' hemoglobin; 2.83 S (Kirshner and Tanford, 1964),
Co is the protein concentration in grams per
liter.
M- is the molecular weight of undissociated hemo-

. globin; 64, 500 (Klrshner and Tanford, 1964).

On the basis of the Viscosify data, changes - in the 550, w values
were interpreted to be the result of changes in molecular weight:
preferential binding was assumed to be the same.for both tetra-
mer and dimer, and negligibly smzll in 0;1 M NaCl (Kirshner and
Tanford, 1964). The dissociétion cénstants calculated for
hemoglobin A and the three variants are compared in Table 1-6.

E. Molecular Weizht

The molecular weights of hemogloblns G Georgia and Rampa
in 0.1 M NaCl at neutral pH were calculated by two procedures

which are compared in Table 1-6. In the first, the s, and

20,w
DZO. values of the respective hemog1obins were used in the
9

classical Svedberg equafxon (Svedberg and P derson, 1940) s

RT s20 w

M =

(1 ".Vp) DZO w



Table 1-6
Dissociation constants and molecular weight determina-

tions for hemoglobins G Géorgia, Rampa, and St. Luke's.
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Table 1-6

Molecular Weight

Hemoglobin 'Eéo S lO13 K x 105 D20 W.x'lo7 n] .
' M e ‘ Svedberg  Sheraga—-Mandelkern
G Georgia 2.99 225 7.51 3.50 38,500 36,100
Rampa 3.07 165 7.77 3.45 38,200 37,400
St Luke's 3.09 142
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- where : R 1is the gas constant (8. 314 X 107 ergs per deg
' - per mole).

T is the absolute temperature.

< .

is the partial specific volume of hemoglobin
(0.749 ml/g).

p 1is the density of water at 20 .

The Dyg,y VaLlue of'7.5 x 1077 cn® sevc:‘”1 was used to determine
fhe_molecular weight of hemoglobin G Georgia. This value was
obtained at the lower hemoglobin concentratien9 where the de=-
pendence of Dzo,w upon protein concentration should be less.
The moleeular 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-
mihed from the Sheraga-Mandelkern equation (Sheraga and Mandel-

kern, 1953):

g w2/3 - L 520,w (™ n
(100)*/2 (1 - Tp)

where -~ g is eQual’to 2,16 x 106, the value of the

parameter generally assumed for globular
proteins (Schachman, 1959: Marbln, 1959).
N is Avogadro s number (6.02 x 1023).
 is the viscosity of the solVent.

is the density of the solvent.

[7] is the intrinsic viscosity of the solution.
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v is the partial specific volume of hemo-
globin. . .
The molecular Wéights‘determined by this method were 36,100'>

andv379h0091respe0tively, for the liganded derivatives of

hemoglobiﬁs GvGeorgia and Rampa (Table 1-6).



DISCUSSION

The liganded derivatives of hemoglobins G Georgia; Rampé,
'ahd St. Luke®*s are 80 to 90 %.dimeric under cdnditions where
normal hemoglobin is. predominanitly tetrameriec. Values of the
dissociation constant, K, fer cyanferrihemoglobins A, G Georgia,
Rampa, and St. Luke's were 0.6 x 1075 M, 225 x 1075 M, |
- 165 x 1075 M and 142 x 1072 M, respectively, at protein concen-
trations of 0.5 g per 100 ml in 0.1 M NaCl hear neutral pH at
25°. Extensive dimer formation has been previously obserwved
for the liganded formg of hémoglobins Bibba (a 136 pro).(Smith
et al, 1970), Kanecas (f;ioz thr) (Bonaventura and Riggs, 1968),
and Richmond (g 102 lys) (Efremov et al, 1969) under the same,
or nearly identical, conditions. The corresponding values of
the dissociation‘constants-were-so X 10"5 M for cyanferrihemo=
 globin Bibba (Smith et al, 1970), 20 x 1072 M for oxXy or
carbonmonoxyhemoglobin Kansas (Bonaventura and Riggs, 1968),
and 3 x 1055 M for cyanferrihemoglobin Richmond (Efremov et
al, 1969). |

The limited number‘of gedimentaticn velocity studies

’suggest that liganded hemoglobin St. ILuke®’s is considerably
more dissociated in dilute, unbuffered NaCl solutions at neutral
PH (520,w~ 3.1 8) than in phosphate buffers of comparable pH
and ionic strength.(szoyw ~ 3.8 8). 1In the case of hemoglobin
: Rampa..a similap, however smaller9 effect was observed (Szo,w‘;
3.1 S in 0.1 M NaCl, compared to ~ 3.3 S in 0.1‘M"phosphate).

Although a detailed study of this phenomenon has not been made

48
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in elther case, the present data appear to support the 1nvest1~
gatlons of Ruckpaul et al (Ruckpaul et al, 1971), who compared
the effects of inorganic phospnate.and NaCl on the ESR spectra
of methémoglobin and obtained evidence thét phosphate ions may
ekert a specific effect on the structure of the hemoglobin
molecule, . | |

A SZO,Q values of deothemoglobins G Georgia, Rampa, and
St. Luke's indicate that the nonligandéd derivatives are tetra-
mers in dilute salt solution near neutral pH. Also in pH 9.8
buffer at low ionic strength, the deoxy derivatives of hemo-
globins G Georgia and Rampa, and presumably St. Luke's, are
still predominantly tetrameric. .

Extensive dimer formatioﬁ 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 Riggé,.1968) and Bibba
(Smith et al, 1970). The liganded form of normal hemoglobin
A is also more dissociated than the unliganded one, except at
an acid pH in aceﬁaté'buffer (Kellett, 1971;‘Benesch et al,
1962; Guidotti, 1967; Antonini et al, 1968; Anderson et al,
1970). However, recént differential sedimentation studies by
_Goers and Schumaker.(Goers and Schumaker, 1970) shéw that both
oxy‘and deoxyhémoglbbin A are tetramefic in structure when
analy7ed in dllute salt solutlons at neutral pH and at the pro~>
'teln concentrations similar to those used in this study. Under

these conditions the S50 w value of oxyhemoglobln A is slightly
[ .
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o greatef than that of deoxyhemoglobin'A, which agrees with Xfray_
'crystallographic measuremehfs indicating that oxygenated‘hemo=
globin A occupies a slightly.smaller volume than the deoxy-
genated molecule (Muirhead and Perutz, 1963). |
Previous studies on the dissociation of hemoglobin at
. high salt concentrétions haﬁe neglected.the effects.of preferen-
tial solvent 1nteractlons, although Klrschner and Tanford
(Kirschner and Tanford, 1964) showed that failure to con81der
‘such interactions results in sedimentation qoefflclents which
are lower thén the true values if water is preferentially bound
to the hemoglobin‘molecﬁle0 Thus, when preferential interactions
are considered hegligible and szo’w values are caloulafed on
the basis of a value of 0.751 ml g“i for the.partial specific
volume of hemoglobin in concentrated salt %olutions at 2‘<o
the Iractlon of dlmers in 2 M NaCl is approx1mately 30 % for
deoxyhemogiobin A, 40 % for oxyhemoglobln A and deoxyhemogloblns
G Georgia and.Rampa9 and 50 % for deoxyhemoglobin St. Luke's.
However, when preferentiai_interactions are taken into consid4
eration and the observed sedimentation coefficients are correoted
usiﬁg Kellett®’s values (Kellétt,}1971) for the appareht épéoific
#olume of hemoglobiﬁ'in sodium chiOride soluticns of incféasing‘.
molariﬁy, the Szb,w values obtained ih this manner indicate
thaﬁ oxyhemoglobin A, and deoxyhemoglobins A, G Georgia, Rampa,
and St. Lukes all retain a tetrameric structure in.2 M NaCl

at the hemoglobin~concentrations used.in this study.,

The evaluation of preferential interactions in the case
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of hemoglobin is an uhsettled‘issue. Evidénce suggesting.that
“hemoglobin may bind water preferehtially has been obtained from
both X-ray crystaliography measurements (Perufz et él,-1968)
aﬁd also from measurements of crystal density (Perﬁtz, 1946).
On the other hand, the studies by Kirshner and Tanford (Kirsh-
nef'and Tanfdrd, 1946), and more recently those by Noren et al
(Noren et al, 1971), suggést that any preferential binding of
NaCl or Watef by hemoglobin is too small +to have an appreciable
effect 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 hemoglobihs.

‘The greatly enhanced degree of dimer formation obéerved
in the liganded forms of hemoglobins G Georgia, Rémpa, and St.
‘Luke‘s in contrast to the predomihantiy tetraméric structure
of the deoxy derivatives, is the result of the replacement of
3 proiyl résidue in position 95 (G2) of the o chains by a leucyl
rgsidue, a_seryl»residue, and an arginyl residue, respectively.
This sité involves one;bf 'the.cri“cica.l9 invariant, mainly non-
polaz*ca«ﬁ% contacts which are broken when hemoglobin tetramers
dissociate into dimers (Perutz et al, 1968). 1In both liganded
and unliganded heméglobin A, this prolyl residue forms a non-
polar contact~with tryptophan residue in position 37 (C3) of the
2 chain (Perutz.et al, 1968; Muirhead and Greer, 1970; Bolton
and Perutz, 1970). Subsfitutibn Qf a leucyl, or a seryl, or an

arginyl residue into position @95 (G2) ruptures these contacts in
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oxygenated hemoglobin and makes the centact aCceséible 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'therconfdrmétional differehces which exist between
| thé.bxy and deéxy structures and to the stabilizing.effect of
the six additionél salt bonds which are present in the deoxy—
genated molecule (Perutz, 1970; Perufz,~19?0).

The’pccurfence of maximgm 8209& values in the pH range
of 6 to 7, which was observed both at uéand 25° for liganded
hemoglobin Rampa and to some extent at 4° for iiganded G Georgia,
is difficulst ‘co'explain° Also the dependence of szopwuupon
temperature, which was observed in this pH range for all three
hembglobin variants (and in the case of hemoglobin Rampa,, up'
-to bH 8), is not readily understood. ;For hemoglobin Rampa,
the data suggest the possibility of an intra~ or interchain
hydrogen bond between the hydroxyl'gfoup of sérine and a posi-~
tively charged imidazole group of a histidyl residue. The
imidazole groups.of the seveh titratable histidine residues
in the ¢ chains of normal human hemoglébin have an average pK
\valué of 6.7 at 25 , while those of the six titrable histidines
“in the B chain-haye'values raﬁging from 5.6 to 8 (Janssen et
al, 1970). Howevéfg replacement of proiylbresidue by seryl
.residue in positicno@ 95 of an oxyhemoglobin model does not
suggest the formation of such a bond, aécording to Perutzo‘
The argihyl residue in position @95 of hemoglobin St. Luke's

might possibly be able to participate in a salt bfidge with
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a side chain carboxyl group, or in hydrogen bond formatlon
with a carboxyl, carbonyl hydroxy, or phenollc group, however,’
the leucyl residue in position @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 experiments in this pH range were done
in phosphate buffer may be significant. Johnson and Parrella
(Johnson and Parrella,41971) observed a similer affect at‘5°
~and 25° for sheep hemoglobin B in the presence_bf phosphafe‘af:
neutral pH and low protein concentration. They found that
dissociation was not significantly affected by a temperaturev
increase frem 59to 25° in dilute NaCl solutions, whereas in7
phosphate solutlons of comparable ionic streng’ch9 51gn1flcantly
less dissociation occurred at 5 ‘
_ In a single experiment, (due to 1aok of suff1c1ent hemo-

globin samble)9 szé;w'values of 3.35 S and 3;37 S were found
at 4°and 250, respecfively for liganded ﬁampa in unbuffered |
0.1 M NaCl near heutral pHé‘correspohding szo"’W values of 3.90 S
at ¥, and 3.30 S at 25  were observed in a phosphate buffer |
of pH 7. 4 The sedimentation coefficients in unbuffered‘NaCl
could not be considered %ellable. however, because the sample
of henoglobvn Rampa was denatured during dialysis and the
protein concentration was cons1derably lesgs than 0.5 g pervioo ml.

| ‘The inereased tendency of liganded hemoglobin St. Luke's
to form tetramers over the PH fange 8.0 to 9.4 is also nof

readily abparent. One possible explanation is that in this pH
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range small conformational changes occur which permiﬁ the‘
arginine in position 95 (G2) of the a chain to form a van der

~ Waals contact = either with tryptophan'residue.in position g 37
(CB)I(Which in normal hemoglobin formé ancml-ﬁz contact with |
position @95), or else with some other residue in the 8 chain.
Such an explanation appears reasonable in view of the fact that
in normal oxyhemoglobin, arginine in position @92 (FG4) forms
three van der Waals type bonds in the criticél o, -f, contacts
and arginine in position48h0 (C6) participates in four such
contacts by means of vén der Waals interactions (Perutsz et.al,
1968)s upon deoxygenation, conformational changes occur which
disrupt one of these contacts in the ¢92 arginine, and two of
_the contacts in theﬁ?ho'arginine (Boltonvand Perutz, 1970).

A further understanding of the physicochemical properties of
hemoglobins‘G Georgiav Rampa, and St. Luke's must awaif the

- X~ray énalySes of their oxy and deoxy structures.



PART IT DEER HEMOGLOBINS



INTRODUGTION - | |

Sickle cell anemia was demdnstrated by Pauling et al
(Pauling et al, 1949) and ingram (Ingram, 1957) to be a molec~
ular abnormality of thé hémoglobin molecule. 'The current
postulafe concerning the mdlecular mechanism responsible for
the sickled efythrocyté is based on the theory of stacking‘of
hemoglobin S molecules proposed by Murayama (Murayama,_196?).
Support for this ﬁoleéular model has come largely from light
and electron microscopy studies which showed tactoid.fbrmation
in both sickled4erythrocytes and cell free hemoglobin solutions
(Harris, 1950; White and Heagan, 1970). |

In vitro_sickiing 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'shaﬁed erythrocyfes and were later found
to have a morphology which fesemb1ed that of erythrocytes
associsated with sickle celi anemia in man (Herrick, 1910; O'Roke,
19363 Undritz et al, 1960; Pritchard et al, 1963).

The'Virginia whiteétaiied déér (Odocoileué virginianus)
has, in aédition, been found by staréh gel. electrophoresis to
have an unusual degree of hemogloBin'heterogeneity {(Weisberger,
1964: Kitchen et él, 1964;.KitchenAeAt'.aly 1967s Huisman et al,
1968). At least five electrophoretically distinct major adult
hemoglobin components and an equal number of minor components
are seen on starch gel electrophoresis (Figure 2-1). The ma jor

hemoglobin components have electrophoretically identical & chains,
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Figure 2-1
Types of hembglobin heterogeneitya obéerfed in Virginia
”:whitemtailéd deer.b’ (From Huisman et al, 1968)
| a,: The o chains are electrophoreticaily indistinguish~
~ able but differ at a minimum,in'two amino acid residues
.at positions 5 and 24, See texf for details.
b. :The numbers above and below the bands represent the

dpercentages observed in 1 to 5 animals.
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Relative Mobility in Starch Gel Electrophoresis (pH:8.1)

TYPES of HEMOGLOBIN HETEROGENEITY OBSERVED in VIRGINIA ‘WHI‘TE-TA{LED DEER
{The numbers below and above the bands represent the percentages observed in | to 5 animals)
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"Eut diffefentlﬁ chains, and are cafagorized according to their
relative mobilities as componénts Ir, 111, IV, V,A énd VII.
RéCently,:Harris_et all have shown that the @ chains of the
ma jor hemoglobins can differ,‘in neutral amino acid residues,‘
at positions 5 and 24; these are-pdsitions other that the criti-
cal @Q@ﬁﬂ or @Jﬁﬁz contacts (Perptz et al, 1968: Bolton and
Perutz, 1970) and not considered any further in this fhéSiS1
The minor hemoglobin oompohents likewise differ_ffom one another
in their £ chains. Eaéh minor component possesses a £ chain
found in one of the majof components but diffefé froﬁ the major
component in the type of ¢ chain. The minor cémponents are
catagorized according to their relative mobility on étarch gél
electrophoreéis és components I-2, I=-3, I~4, I-5, and 147, with
each of the pairs II and I-2, ITI and I-3, IV and T-i, V and
I-5, and VII and I-7 having the same £ chain. If thé,major com-
ponents are designated as oezﬂén; azﬁzul, azﬁzlv, e*Ec, then
their corresponding minor componenfs would be represented by
@éﬁzII’ @2'321119’@éﬁ21v9 cte. |

| Kitchen et al (Kitchen et al, 1964; Kitchen et al, 19665
Kitchen et al, 1967)»showed the morphology of the deer,erythro~'.
cyte tovbe characteristic of the type of hemoglbbih‘(Table 2=1).
Components ITI, III, and_IV, wheh present alone or in'combinaﬁion
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. Harris, M. J., Wilson, J. B., and Huisman, T. H. J., Manu-
- script in preparation. ' ’ ’



Table 2-1
Relatioﬁship between deer hemoglobin éomponents and
red blood cell morphology. (Modified from Kitchen et al,
1967) - |

a. . Identified by starch gel electrophoresis}
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Table 2-1

‘Componenté. o '- ' vlﬁgd Bloqd Cell Morphology
I‘I, IT + IIX ' Matchstif:k.
IIT Crescent v
\ . ' No.sicklihg
VII No Sickling
IT + V, II + VII No .S‘ickling
ITI + VvV, III + VIL " No Sickling
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'Numerous experimental techniqués have been used iﬁ
aftempts to éhow similarity between fhe‘sickling of deer and
humanAerythrocytes."Sickling of déer erythrocytes is.brought
abbut by various agents and conditions,,Such‘aS the aging of
~blood at'féffigeratorAtemperatufe,Atﬁe oxygenation of blood at

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

N above mentioned agents either have no effect on sickling of

-human sickle: cell erythrocytes, or else reverse the sickling
‘ process (Undritz et al, 1960).

Preliminary polarized light.and electron microscopy studies
revealed basic similarities between the sickled deer erythro-
'cyfes and the sickied erythrocytes of man (Pritchard et al,
1963). More recent electron microscopic investigations of
erythfocytes and ceil free hemoglobin solutions from the deer
have showh the formation of microtubules rather than tactoid59
with the transformations characteristic of sickling in deer
hemoglobin solutions being more similar, although not identical,
to the procesé of hemoglobin polymerization in gels of normal
human hemoglobin (White and Seal, 1971).

The sickling phenomena in deer and human erythrocytes
‘are at least simiiar, if not identical processes. The ease of
preparing sickled_erythrocyfe and hemoglobin SOlutidné from
the.deer and the presence of hémoglobin components which are
Xnewn to both éause and préclude 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 sédimentation velocity techniques to observe polymer
: of agegregate formatlon in the deer hemogloblns which undergo
481c&11ng was suggested by ultracentrlfuga1 experlments whlch
have detected polymerization in frogs‘(Trader et al, 1963;
Riggs et al, 1964; Trader and Frieden, 1966), turtles (Riggs
et al, 1964; Sullivan and Riggs, 1964; Sullivan and Riggs, 1967),
ﬁicé (Ranney et al, 1960; Riggs, 1965; Mdrton, 19663 Bonaventura
and Riggs, 1967), and in the abnormal human hemoglobin, Porto
Alegre @xzﬁ%9 Cys) (Bonaventura and nggs,_1967g Tondc 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 species,
~ An increase in 320’W<from 1.9 (monomer) to 3.7 (weight average
trimer) was observed for the polymerized hemoglobin (Briehl,
1963) | |
“The purpose of this research was to characterize the sub-

unit association and dissociation in deer hemoglobiﬁ components
which are associated with sickling and in those which preclude
sickling in order to determine if the sickling components shOW'
a greater tendency to pbiymerize under the conditions known

to be favérable to sickling. The results describe comparative
sedimentation velocity measurements as a function.of PH and
sait concentration of the sickling deer hemoglobin components
iI, III and I-2, and of those which preclude sickling - namely

component“ V, VII and I-7. The sedimentation velocify studies
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were supplemented by a limited number of viscometry measure-
ments on hemolysates which contained only the Sicklihg
hemoglobin components, and also on hemolysates which contained

hemoglobin componenté knoWn‘to preélude Sickling.



MATERIALS AND METHODS

A. Preparation of Hemolysates

Blood samples of 5 to 10 ml were obfained from the deer :
with EDTA as anticoagulant and shipped to Dr. T. H. J. Huisman.
Whole:blood was céntrifuged for épprokimately 10 minutes at
3000 rpm énd the plasma removed. The red bloqd cells were
washed at least 3 times with 0.9 % NaCl and the washed erythrdf
cytes lysed by‘éddition of an equal volume of distilled water.
One-half volume of CCl, was added to remove the'stroma. - The
mikture was then shaken fbr 15 minutes, centrifuged at 3000
rpm for 30 minutes and the hemoglcbin solution removed.

B. FElectrophoresis

Starch gel electrophoresis of the heﬁoglobin invtheA
heﬁolysates was done by thé method of Efremov et al (Effeﬁov
et al, 1969). The buffer (pH 9;0)-ih the electrode vesselé |
contained 20.0 g of Tris, 2.0 g of EDTA, and 1.5 g of boric
acid per 1000 ml. The same buffer in 1k dilution with dis-
tilled water_waé.used for'theApreparation of the-starch gel.
Hydrolyzed starch (55 g, Electrostarch Co., Madison,iWisconsin)
ﬁas dissolved in'500'ml of starch gel bufferlénd heated until
clear. The starch was poured into the starch gel ffay and
allowed to harden in the cold'for 3 hdurs, One centimeter‘
squares 6f filter paper were saturated‘with the hemolysafe,
inéerted into the starch gel, and the sample allowed %o diffuse

- from the paper to the gel. The paper was removed and electro-
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phoresis was carriéd;out at room témperature (22~25°) for 16
“hours at 6 voltsfper céntimeter and 10 to 12 ma. The gels
were cut and stained with o~dianisidine (100 mg 3,3' ~
- Dimethoxybenzidine in 70 ﬁl.absblute ethanol, 30 ml of 0.5 M .
sodium_acetate and approximately 5.drops of H202)° Both the
heﬁbglobin types.and the purity of the chromatographed samples
were determined by this procedure.. | | |

C. Chromatography

The different components of the deer were isolated from
freshly prepared red cell hemolysates on DEAE~Sephadex
(Pharmacia, A-~50 medium) . columns (2.5 x 50 cm) equilibrated
at room temperature with 0.05 M Tris-HCl buffer at pH 8.5.

The components were eiuted by a stepwise profile with 0.05 M
Tris=-HC1 buffers of pH 8.5~7,8m7,6w?.5.fbr the slower migrating
types, as determined by starch gel electrophoresis, and pH 8,5~
7.8=7.3=7.0 for the faster migrating typesg’as determined by
starch gel electrophoresis. The hemoglobin components were
conecentrated by‘adjusting the eluted components to pH 8.0 with
Tris-HCl buffer (1.0 M, pH 8.5) and repouring on a column of
DEAE-Sephadex (pH 8.5, 2.5 x 3 cm). The material was eluted
with 0.2 W Tri3mHCl; pH 6.5, and diaiyzed for several days
against distilled Water.- The purity.was cﬁecked by starch

gel electrophoresis, | |

D. Sedimentation Velocity Studies

The procedures described in the previous section on

materials and methods was used to determine the sedimentation
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| éoefficients of hemoglobin componenﬁs of the deer,»~In‘place
of’human hémoglobin A, components V and VII wére firétlrun.
against each other and'one of these was then run againstvcom-
péneni IT or III. Componenté I-2 and I-7 ﬁere run against 6ne
another. ‘Sediméntation propertiés were studied as a function
of NaCl concentration over the salt concentration range of'O.l.
to 2;5 M and as a function of hydrogen ion concentration overv
the pH range of 4.9 to 12.0. | |

E. Viscometry

Viscosity measurements Weré done on deer hemoglobin com-
ponents II, II + I-2, and III + I-3 + VII + I-7 in 0.1 M NaCl,
pH'~ 7.3 and on'cbmponents ITI 4 I-3 and III +‘I=3;¢.VII + im?
af PH 10.3. The method was the same as described in the
previous sécfion on materials and methods. The intrinSic
visco%ity wés obtained by extrapolation to zérq protein concen-
tratibn; a'plotvof reducéd;viscosityy Wép/c, versus hemoglobin

N

concentration.



RESULTS

A. FElectrophoretic Studies

The results of staréh(gel‘electrophoresis,Of-hemolysates
from a rﬁndom sampling of Virginia white-tailed deer is shownr
in Pig. 2-2. Electrophoresis was carried out at room tempéraa
ture for 16 hours, pH 9.0. The gels were stained with o-dian-
isidine and the comﬁonents identified by their relative
mobilities. | |

BQI Ultracentrifugal Analysis

Table 2-2 shows the sedimentation velocity data of the
deer major hemoglobin components IT, III, V, 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 components. The Szosw value fdr'comﬁqnent
VII at pH 10.1 was 3.4 S compared to values of approximately
4,0 S for components IT, III, and V. A% pH 10.3 the 520, w
vqlue for component VII was 2.8 S, whereas the corresponding
values for components II, ITI, and V were 3.3 - 3.4 S. (The
-valueslfor,human hemoglobin A at pH 10.1 and 10.3 are about
4,0 S and 3.8 8, respectively). Thus; component VII appears
to dissociate into dimers more readily around pH 10 than the
cther major components. which, in turn, are slightly ﬁore
dissociated then human hemoglobin A in this pH range. The
sedlmentatlon coefflclexts of the deer hemoglobins at pH 10.

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

under the same conditions. At pH 11.2 the S values indi-
. 9
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. Figure 2-2.

Starch gel electrophoresis of hemoglobin from hemolysafes
from a random sampling of deer. Identification of hemoglobin
comporients was doﬁe as described in the text. The electrophorQ
esis was at pH 9.0, and the gel was stained‘with o-dianisidine.
Roman numerals and roman numerals plué arabic numerals refer

to desr hemoglobin componénts.
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cate that dissociation into dimers is complete fof,ail<the
 .deerrmajor hemoglobin components. Comparison of the Sédimen~
“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 hemoglobiné.
In citrateuNazHP04 buffer at pH 4.9 component VII was found

" to be completely denatured following dialysis and centrifuga~

tion.  The hemoglobih solutions of the other deer components
‘wefe brownish in color after 24 hours of dialysis; however, upon
centrifugation their schlieren patterns were symmetrical and
showed no signs of extensive denaturation. The 820, w values

for these components were about 3.5 S, compared to 4,0 S for
_human hemoglobin A. | |

| Sedimentation velocity analyses cf the majdrlhemoglobin
components II, III, V, and VII as a function of increasing

NaCl concentration is shown in Table 2~3. The observed sedimen-
tation coefficients were cérrected to 20° in water by two meth-
ods. In the first, the paftial specific volume of hémoglobin
at 25° is taken to be 0.751 ml per g at ail concentrations Qf
sodium chloride. This first method assumes that preferential
bindiﬁg of solvent or salt to the hemoglobin molecule is
negiigible, The second method takeé preferential solvent
interaction into coﬁsideration; This was done by correcting
the observed sedimentation coefficients using Kellett's

values (Kellett, 1971) for the'apparent specific volume of

hemoglobin in NaCl solutions of increasing molarity. The



Table 2-2
Comparison of S50 w values?® of liganded deer hemoglobin
220, A

components IT, III, V, and VII as a function of pH.

a, A final hemoglobin concentration of 0.5 g/100 ml
waé used in all experiments,

b. The composition of the burfers is given under
"Materials and Methods;“ pH measurements were made

at 259,
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Table 2-2

12.0

2.44

P’ II IIT" v VII
4.9 3.54 3.46 3.50 Denat.
5.9 4.05 4.07 4.15 3.99
6.9 4.03 4.10 4.23 4.12
. 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 13.35 2.77
10.7 2,71 2.72 2.80 2.75
11.2 T 2.48 2.52 2.60 - 2.59
2.42 2.45 2.40
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_ Table 2=3

Comparison of S50 w values?® of liganded deer hemoglbbin
. § . .

" components II, III, V, and VII as a function of increasing

molarity of NaCl.

A final hemoglobin concentration of 0.5 g/100 ml

“was used in all experiments.

The analyses were made at pH ~ 7.2 and at 259,

~The partial specific volume of,hemoglobin; V,

was taken as 0.751 ml/g.
The values for the épparent specific volume . of
hemoglobin, ¢ , at increasing concentrations of

NaCl are given in the text.
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Table~2—3j

 Component : ) II . o >'III ‘ | é," | L VII
 mact? 520w $20,W S20,w 520,
Conc. " ! ! !
'_Sobé v ¢d Sobs v , ¢d Sobs v ¢d sobs' v ¢d
0.1  4.98 4.53 4.53  4.96 451 451 4.92 4.4 4.4 ‘:4.86 1.37 4.37
0.25 464 4.35 448  4.71 4.42  4.55  4.74 4.4 4.58 4.69 _4.40 4.53
0.5 | - 4.22 4.18 4.7 l ' 4.37".4,33v ?4F58  ' 4;68 4.64 4.90 _f 4.51 4;47__ 4.73
0.75 . o '7 ' o , 407 :4.26f  4.68 '.4.02 : 4.20 j'4.62 ‘ o
1.0 73.63 4.03 4.54  3.67 4.07 4.58 . 3.63 4.03  4.54 ‘.64 4.04 455
1.2 ' . ©3.33 3.90 4.41 .  3.25 3.8 4.30 -
s .06 .82 4.29 | 322 4.02 4.51  3.21 4.00 ) 4,50 " x3.11.:13;88 436 -
2.0  2.66 3.75 4.46 2.70  3.80 453 - 2.73 3.85  4.58 '”_2.66 '3.66 1'4;3?'

2.5 o - 2.42 3.93 4.71  2.39 3.88 4.64




76

values used for the appérent specific vqiume Qf hemoglobin,
$, in 0.1, 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, 2.0, and 2.5 M.
NaCl were 0.751, 0.764, 0.770, 0.775, 0.775, 0.775, 0.779,
| and 0.780 ml/g, respéctivély,v A comparison of the values |
obtained by either of the two methods shows the extent of
dissociation of the déer major hemoglobin components to be
similar to one another and also to human.hemoglobin A over
the NaCl concentration range of 0.1 to 2.5 M. |

A limited number of sedimentation velocity experiments
were done with the‘deer minor hemoglobin components I~2 and
I-7 as a function of both pH and increasing concentrations of
NaCl. Table 2=4 shows that the minor components have Szo,w
valﬁes which are similar to those of their major hemoglobih
counterparts. For example,’comparison of the sedimentation
coefficients at pH 10.1 and pH 10.3 shows the minor component
I-7 to be dissociated to-the same extent as the major compohent
VII, and the minor component 1;2 to.be dissociated to the same
“extent as the major component II.

Deoxygenatibn of deér hemogléﬁin component IIT in 0.1 M
NaCl showed an'SZO,w value of 403.3. In 0.5 M.NaCI deoxyhemo-~
globin cbmponent V showed an séo,w'value of 4.4 S when V was
C.751 ml/g and\ﬂ.? S when ¢ was taken as 0,764 ml/g and thus
révealed no differences in sedimentation propeftieé when com-
pared éither to each other or to the corréSponding liganded

species at the same concentration of NaCl.



 Table 2-4

Comparison of ézo W values® of liganded deer hemoglobin
. $ ) :

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

molarity of NaCl.

a.

be.

A final hemoglobin concentration of 0.5 g/100 mI
was used in all experiments.
The ccmposition of the buffers is described under

“Materials and Methods." -

- pH measurements were made at 259,

The pértial.specific volume of hemoglobin, V, was
taken as 0,751 ml/g.

The values of the apparent specific volume of hemo-~
globin, ¢, at increasing goncentrations of NaCl are

given in the text.,
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. Table 2-4

','>501vent?

-~ Concentration

M

PH

“obs

obs

NaCl

_NaCl :

NaCl .

Buffer

-Buffer .
Buffexr o

‘Buffer -

Buffer

0.1

0.5 |

1.0

0.20
0,10

L0012

0.11

0.10

6.9

. _
110.1 ;:fﬂ

10030

10.7

4.65

-’ 3.90

4. 22

4.58

. 3.65

4.17

4.23

. 3.87

3.91

3.88

3.90

3.3

2.67 .

4.67
413
- 3.60
4.12
'4.51
3.56
3.11 .

 2.86

4.;5  _4;25,~~'”‘
4.09' 4.88°
400  4;50
EX

L 4,17

3.31

2.89

2.65

- o —— e
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.C, Viscosity

Viséoéity measurements. of the éyanférfi défivatives'of the
deer-hemoglobih,COmponents II,VII + I-2, and III + I-3 + VII +
Ie?Ain 0.1 M NaCl were done at 25° ovef'é protein concentration.
‘range of 1.5 to 10 g per 100 ml in'ofder to investigate the
-possibility of'detecting agegregation in components II, and
- IT + I-2, and also to determine the effects (if any) of the
presence of component VII. The daté shown in Figufe 2-3
suggest that the components studied have similar reduced viscosit:
vaiues, attleast up to hemoglobin concentrations of 10 g per
100 ml. The reduced viscosity varied only slightly in a linear
manner with hembglobin 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-
E giobin types studied. In addition, 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, globulaxr
proteins (Tanford, 1961).

Viscometry was also done with deer components III + I-3,
and components III 4 I=3 <+ VII + I-7 at pH 10.3 (Fig. 2-4),
Both hemoglobin types showed a émall, linear dependence of
réduéed.viscosity upon hemoglobin eoncentration. Intrinsic
viscosity values were 3.50 ml per g for components III + I-3

and 3.10 ml per g for components IIT 4+ I=3 - VII + I-7.



- Figure 2~3
Intrinsic_viécosities of‘deer cyanferrihemoglobing in
0.1 M NaCl; pH~ 7.2, 25° O, component IIy O , component II
+ I-2; A, components III + I-3 + VII # I-7. |
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Figure 2-4
 Intrinsic viscosities of deer cyanferrihemoglébins in
0.1 M NaCl - Glycine - NaOH, pH 10.3, 25°, O, components
III + I=35 A, éomponents IIT + I=3 % VII + ‘I-"?. |
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DISCUSSION '

The investigationléf the deer hemqglobin components
described in this part of thé thesis was done primarily in an
attempt to'gain some insight‘into.the nature of the forces re-
sponsible for’hemoglobinipolymer formation associated with the
sickling of efythrocytes, As a secondary objective, comparative
associationwdissociation studies of the deer hemoglobin com=-
ponents were done %o see'fhe effect of amino acid variationé
in general positions on the subunit behavior of the hemoglobin.
molecule, The investigations'consisfed of (1) sedimentation
-velodiﬁy experiments cver a pH range of 4.9 - iZnO, and over a
NaCl concentraﬁidn range of 0.05 to 2.5 M at neutral pH, and
(2) viscosity measurements in 0.1 M NaCl at neutral pH, and in
a NaCimglycinewNaOH buffer,3pH 10.3.

Sedimentation velocity analyses of the deer hemdglobin
components associated with sickling showed no indication of
hemoglobin polymerization at the protein concentrations used
in these studies (0.5 g per 100 mi), SZO;W values above a
maximum of .5 g (weight average for the tetramer) were not
~observed; nor was there any suggestion of the héterogeneity
characteristic_of aggregation'phehomena iﬁ the schlieren patterns.
In fact, theischlieren peaks were found to be symmetrical, except
at pH 10,1 to pH 10.3 where the equilibrium ¢oncentrations of
dimers and tetrameré were both appreciable (at pH 10.3 component
VII was completely dimeric and therefore, the peak was symmet-
rical). &t hemoglobin concentrations below the critical concen-

tration for gel formation the same forces of attraction which

34



85

éause ﬁolymerization must still exist, although quantétively
to a leséer.degree.' The detection of potentiai small difféf~ 
ences in SZO,W values between the deer hemoglobin cbmponents.
associated with sickling and those known to preclude sickling
‘were hét poséible using the techniques described in this study.

In ah attempt to detect hemoglobin polymer formationvénd/or
conformational differences at protein concentrations above 0.5
g per 100 ml, viscosity.measurements were done with mixtures
of deer cyanferrihemoglobin components in 0.1 M NaCl atAneutral
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 oniy a slight dependence of relatiVe_viscosityﬁon
hemoglobin concentration (up to 10 g per 100 ml); thus, in the
concentration range investigated, hemoglobin.polymer fofmétion
could not be detected., Viscosity méaéurements were also attémpted
at higher hemoglobih concentrations (251g per 100 ml) but re- .
sulted in precipitatidn of hemoglobin dufing the viscoéity
measurements. recipitation was observed in both the sickling
and nonsickiing.components‘and was possibly due to déﬁaturation
6f the hemoglobin caused by the high shear stress of the
‘capillarjmtype viscometérs° | ., ‘

The sedimentation pfopérﬁies of deer'hemoglobin components
I, IIT, and V were found to be similar to one another in thev
pH range 4.9 - 12.0. At pH 10.1 %o pH 10.3, the deer components
II, IIIp'aﬁd'V dissociate‘ihto'dimers to a greater extent than

human'hemoglobinrA (Tables 2.2 and 1-3); while deer‘hemoglobin
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component VII has an even gréater'teﬁdency'toAform the dimerio
:species:in this pH range'(Fig, 2-5)., Ah increase in the degree
of dimer formation similar to that seen in deer. component VII
 has previously been observed in other animal hemoglobinsv
(Gottlieb, 1967; Hanlon, 1971). |

- A‘possible explanation of the increased tendency to
‘dissociate around pH 10 may be that charge differences on the
- various deer hemoglobin molecules cause smali changes‘in the
PK &alﬁes of the tyrosyl residues, «42 and «140, which partici-
pate in the @iﬁﬁz contact in both liganded and unliganded hemo-
slobin (Perutz et al, 1968; Bolton and Perutz, 1970). Such
charge differences may additionally cause élight conformational
,cﬁanges which meke the &1182 contact either more or less
.accessible to water and small ions, thereby increasing or de-
creasing the tendency to dissociate. Although amino acid
sequéﬁoe data for the deer hemoglobins are not yet available
and positive idéntification of the tyrosyl residues in positions
al4?2 and «l40 has not been made, the residues which participate
' iﬁ theéﬁiﬂgz contact have béen found to be invariant'in all
'hammalian hemoglobins sequenoed to date.

Above pH 11.2 the deer hemoglobin components appear to have

_1ess tendency to form monomers tﬁan human hemoglobin A, althoogh
this was not rigorouély established by comﬁaring each deer com=-
ponent against human hemoglobin A. Below pH 5.9 the deer com-
ponents dissociated to a greater extenf into dimers (component

VII was oompletely denatured at pH 4.9) than did human hemo-



Figure 2-5
The dependence of the sedimentation coefficients of the
deer hemoglobin components upon pH. O, deer hemoglobin compo-
nents II, I-2, III, and Vi & , deer hemoglobin componehts VII,
I-7. | |
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globin A.  Similar results have also been reported for bovine'
henoglobins above pH 11.2 and below pH'5.92 (Hanlon, 1971;
Shreffler, 1962), The amount of ferrihemoglooin present in

the deer components was not determined and could explain +he
increased degree of dissociation'below PH 5.9, since ferrihemo~
globin is very susceptible to acid denatﬁration. Until completion
of the amino acid analyses, the apparent increased sfability of
the deer hemoglobin components towards alkali can only be
_interpreted as an increase in strength of the fbrces comprising -
the ot Bt contact. | |

"SEO,W values of deer hemoglobin components I-2 and I-7 .

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

Lo the corresponding 9209 values of conponents I1 and VIi,
respectlvelya ~Components II and I-2 and,components VII ana I-7
were shown by starch gel eleotrophofeéis to have different'm‘
chains but the eame'ﬁ chains (Kitchen et al, 1966) COnsequently,
the sed:mentaﬁlon propertles of components VI; and I-7 apnear

to be characterlstlc of the bype of ﬂ chain.

The sed1men+a+1on properfles of all the deer hemoglooln
oomponenus were found to be similar in NaCl sclutions of in-
creasing'molarity. The observed éedimentation coefficients of
the deer hemoglobin components were corrected to'standard conw
ditions using.the valueé of Kellett (Kellett, 1971) +to correct _
_fof the preferential’binding of water at high salt concentrations

and in addition, corrected to standard conditions by assuming

2. Smith, L. L., Private communication..

!
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. a constant partial specific volume for the hemoglobin molecule.‘
When the values of Kellett were used,vnéithervthe liganded nor
'the'unliganded.deer hemoglobin components were found to be
dissociated by high concentfations of NaCl (Fig. 2-6). However,
when a constant partial specific volume was assumed, the
molecules were found to form increased concentratiohs 6f dimers
with increasing concentrations of NaGl. These findings are.the .
same ag those seen for human hemoglobin A (sée part 1,
"Diécussion"). Nonetheless, for the cbmparative purposes of
this researéhp this discrepancy does not éffect the interpretam
tion of results. The extent of dimer formation is directly re-
.iated‘to the amino acid residues making up theéﬁlmﬁz contact |
(Guidotti et al, 1963) and indirectly to amino acid substitutions
which cause conformational changes or charge differences in the
o'-8% contact region (Smith et al, 1970). The lack of effect
of NaCl on ‘the comparative associationmdiésociation study of
the deer hemoglobin components suggést that the1m1ﬂ82 contact
is similar in the deer hemoglobin components and also similar
to the aﬂ»ﬂz contact in human hemoglobin A, with the increase
in dimer formation seen in components VII and I-7 at pH 10.1 %o
| pH 10.3 due to charge differences, and/or conformational differu

ences, on the molecule.



Figure 2-6
. " The dependence ‘of the sedimentation coefficients of the
~ deer hemoglobin“compqnents II, III, V, VII, I-2, and I=-7 upon
'NaCl concentration. The‘dafa in NaCl were dbtained at pH~ .
7.2,-0 ; the observed sédimenfatién coefficients were corrected
o standard conditions using the values of Kellett (Kellett,
1971) for the apparent specific volume. of hemoglobing¢', as
described in the text. O , the observed éedimentaﬁion'coefficiehts
were corrected to standard conditions assuming a‘éonstant partial

Specifié;volume‘for’heméglobih,vvg of 0,751 ml/g.
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