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The recently+leveloped large zone difference profile method in scanning molecular sieve chromatography is applied to 
the analysis of the Gibbs-Gnhem expression in the tetramer-dimer equilibrium of human oxyhemoglobin A. The prrfer- 
ential binding term and salvation parameters of the Hofmeister anion phosphate are examined_ Results indicate that as 
the concentration of phosphate ions inaease, a hydrated phosphate is formed which enhances the association by perturb- 
ing the solvation layer of the hemoglobin molecules. The standard free energy change at a given Hofmeister anion activity 
of In A, = -3.2476 is 9.4 * 0.2 kcal/mole. AGO at ln A, = -1.2711 is 10.90 & 0.05 kcal/mole, suggesting that approximate- 
ly 11 kcal are required to dissociate one mole of tetramer into dimer. 

1. Introduction 

The recent introduction of direct ultraviolet scams- 
iug of a gel c&m-m [I ,223 has greatly advanced previ- 
ous elution techniques by permitting direct analysis 
of solute profles at many stages during a single 
cohunn experiment_ Large zone or saturation experi- 
ments [2] afford the most accurate determination of 
the solute partition cross-section (&) ad the partition 
coefficient (Of)- 

The recently-developed difference profile method 
[3,4] permits analysis of the time-dependent proper- 
ties of large-zone solute profiles at concentrations as 
low as 2 erg/ml. 

Measurement of the dissociation of hemoglobin 
into its Q$ her at neutral pH and low ionic stren,& 

(at concentrations as low as 10 ~.~g/ml) has been 
studied by analytical molecular sieve chromatography 
[5,6] in arder to ascertain the dimer-tetramer stoi- 
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chiometry for oxyhemoglobin and to provide informa- 
tion about free energy of interaction of the subunits 
under these experimental conditions [7-g]. The 
equilibrium constants for dimer-tetramer association 
of oxyhemoglobin as a function of temperature have 
been extensively examaed by molecular sieve chrom- 
atography 2nd calorimetric measurements [10--i 2] _ 
to assess the structural and energetic changes which 
accompany oxygenation. Barksdale and Rosenberg 
1131 have used the tritium-hydrogen exchange pro- 
cedure to study the temperature, pH and anion depen- 
dence of the carboxyhemoglobin A dimer-tetramer 
equiliirium. The free energy coupling between oxy 
and deoxyhemoglobin for tetramer-dimer dissocia- 
tion has been reported to be on the order of 6 or 8 
kcal [I 0,14,15] _ This intersubunit bond appears to 
be the strongest of bonding interactions within the 
hemoglobin tetramer [11,12,16,17] and undergoes 
large structural changes upon oxygenation [ 1 S-20]. 

The effect of sodium chloride on the association of 
hemoglobin subunits has been analyzed by procedures 
based prhnarily on the dimer molecular weight ex- 
pressed as a buoyancy term, M2 (&-@C2). Zere the 
variation of the reduced intensity increment as a 
function of the solvent density, pg. reflects both the 



the changes in preferential interaction of a Hofmeister 
series of anions, where (a,o/aC,) = (1 - Q’po), as weli 
as alterations in the partial specifc volume [ 14,16,23 ]; 

3n a paradoxical contrast to its accepted role as 
a dissociating agent (Hofmeister effect), sodium chlor- 
ide has been reported to increase the degree of self- 
association of cz sH and p”H hemoglobin chains [I 1, 
223 _ To date, however, no data is available on the 
application of the Grbbs-&them expression to de- 
termine the varied effects of a Hofmeister series of 
anions on the association-dissociation equilibria of 
oxyhemoglobin A. 

In this communication, we describe the experimen- 
tal determination of difference proMes for the tetra- 
mer-dimer equilibrium of oxyhemoglobin by scan- 
ing molecular sieve chromatography. Through applica- 
tion of the Gibbs-D&em expression, we attempt to 
defiie alterations in the isothermal equilibrium condi- 
tions when the associating system is perturbed by the 
phosphate anion, one of a Hofmeister series of anions 
1231; 

2. Experimental procedures 

Au gel chromatography experiments were perform- 
ed on Sephadex G-100 regular, obtained from Phar- 
macia. Marker proteins such as cytochrome C, chymo- 
trypsin (3X), sperm whale myoglobin, ovalbumin 
(5X) and bovine serum albumin were purchased com- 
mercially from Schwarz-Mann (Orangeberg, NY). 
Glycylglycine and Trisma were obtained from Sigma 
Chemical Co., St. Louis, MO. Hemoglobin samples 
were prepared from freshly drawn blood by the 
method of Williams and Tsay [24] and all experiments 
for each sample of normal human hemoglobin were 
performed within two days. Concentration of the 
hemoglobin (HbA) in solution was determined by 
extinction coefficients of Esrrrrr = 34.0 and EssfNnf 
psn.er = 1.066. Given molal concentrations of 
NaH,PD, and Na,HP04 are adjusted to pH 7.4 giving 
a total phosphate concentration of 0.05 M, with an ionic 
strength of 0.1. A solution of 0.5 M phosphate, h= 
1.0) would crystallize below 4”C, therefore all experi- 
ments were run at 25°C. 

2-Z. Scanlling chromatograph with Nova Z/4 d&a 

acquisition sysrem 

The scanning system used in these experiments is 
essentially the same as that described elsewhere [1,2]. 
with the exception of the monochromator and lamp 
housing, which are GM250 spectrophotometer model 
EU-700 (grating monochromator) and EU-701-50 
(light source module) housing a Beckman deuterium 
lamp. All experimental data were obtained at 2200 A 
with a single 2240 A (1202 A, half-width) band pass 
optical falter (Baird-Atomic 35-02-0,25 mm diameter) 
inserted between the monochromator and wlumn 
compartment. 

The data acquisition and processing system consists 
of Nova Z/4 mini-computer (Data General Corp., 16K, 
16-bit words of core memory) and a multi-purpose 
interface unit (Ohs Model No. 3600) developed by 
On-line Instrument Systems [3] _ Commands to the 
interface program are entered via an ASR.33 teletype_ 
Data may be output to a storage oscilloscope 
(Tektronix Dl l), to an X - Y plotter (Hewlett- 
Packard 7005-B) and to punch tape and/or printed 
hard copy via the teletype. For data storage and 
manipulation, we use the computer facilities of the 
Northeast Regional Data Center;University of Plorida. 
Operation of *he system has been extensively de- 
scribed elsewhere [25,26]_ 

2.3. CbZumn packing 

The quartz column (25 cm X 0.975 cm) was 
packed under gravity with Sephadex G-1 00 regular, 
previously swohen in Na-phosphate buffer of varying 
concentrations at pH 7.4. 

Glass wool served as the base on which the gel bed 
was packed. A porous polyethylene disc was used to 
stabilize the top of the gel whmm and an I_XB varioper- 
pex pump was used to maintain a constant flow rate 
of approximately 4.03 ml per hour. For these experi- 
ments, a single column was used throughout and the 
area was 0.567 cm2 (radius, 0.425 cm)_ 

The activity coefficients of NaH2P04 were calculat- 
ed from the curve shown in fig_ 1, derived from eq. 
(12), based on the data of Robinson and Stokes 1273, 
and compared with tJte CRC Handbook of Chemistry 
and Physics [28]. 
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2.4. Lawe zone proftie *ansport experiments 

Data on column partitioning were obtained ex- 
clusively by the use of large zone transport experi- 
ments. The gel column was equilibrated wi’th phos- 
phate buffer of varying concentrations at pH 7.4. 

in tis type of experiment, a hemogiobin soiution at 
the desired concentration was added continuously to 
the cohmm, which is scanned repeatedly at regular 
intervals until a reproducible baseline is obtai-red. 
The criterion for reproducibility of such large zone 
scans was established to be that the mean difference 
in absorbance at each point in the column between 
two consecutive scans not exceed 0.001 absorbance 
units. The column is scanned at regular time intervals 
as the solution/solvent boundary moves through the 
gei matrix at a constant fiow rate of 4.0 mirhour. 

In the difference profile method of analyzing such 
large zone experiments, 300-point unit records of 
successive scans are subtracted from each other, 
matrix-wise, yielding difference profiles. The problem 
of locating the centroid position of each boundary is 
then reduced to the simple problem of locating the 
peak position of these difference profiles. For a 300- 
point profile, location of the peak position to within 
*3 points results in a position error of 21%. This 
procedure has proved itself in yielding exceptionally 
accurate (d&E) values. Partitioning calibration 
parameters for a given column are obtained by de- 
termining the rate of movement of a series of sample 
macromolecules of known molecular radius [2930] _ 
The partition coefficient is caiculated from 

(at/d+ - @r/d+, 

u = (dr/d.T)I - (dt/ajF), 0) 

where (dt/d5$ is the slope of a plot of t versus f for 
a given sample marker, (dr/dE)u is the slope of ti_e 
void volume marker and (dt/rE))I, the slope of the 
intSWnSl vnlllm&= -D&PI- I%‘= Yr4hPP nf /a +Iric=L f-r . . ..--_--1- .VJII.II ..-=.I._ A___ . ..A.-_” v- \‘L, ‘“,p I”S 
the hemoglobin sample correspond to (1 /F) d V/e, 

where F is the flow rate and (ddv/cE) = (cr + Do), in 
which the slope of the plot of volume versus peak 
position, Z, is used to calculate the partition coeffi- 
cient o. Q is the void volume per unit column length 
and cross-sectional area and p is the internal volume 
fraction of the gel phase per unit column length and 
cross-sectional area, i.e. $ = (a -t @r):Note that the 
values of X were taken directly as the point numbers 

corresponding to difference pmfde peaks. Values of 
t, time, were calculated as the average between the 
times at which the two scans used to obtain the dif- 
ference profile were taken, i.e. r@) = ri_l 
+ [(ri - rj_,)/2]. The partition cross-section, 5, is 
calculated from the following fundamental expression. 
r-_ _.- 
130,s 1 J 

EA = F(dr/d+ (2) 
The partition cross-section, .$, represents the frac- 

tion of column cross-sectional area, A, which is ac- 
cessible to the solute. This quantity E is dependent on 
the position of x within the gel bed_ The expression 
for the weight average partition cross-section of inter- 

acting solute, which we denote as rW is: 

7 
L 

VP. -*f 
=~(EiCi/C)-tP;CiPi?~_ 

i 
(3aj 

The expression for the weight average partition coef- 
ficient is: 

Zw=T(“ici)+P,C+B,S, (3b) 

where C= IZjCi = Z,K,-C$ _ For a given concentration 
Cj, the following expression is used, where erfc is the 
error function complement 1291, in order to relate 
the partition coefficient oi to the molecular radius 
LZr- - 

ai =a0 + b0 erfk oi_ (4) 

Here a0 and b, are calibration constants of a 
particle of given radius in a given gel and are determ- 
ined independently. 

2.5. Evaluation of centroid positions fF) of traiZing and 

leading boundnries by the difference profile method 

In cases where determjnation of the difference pro- 
ffies of leading and trailing boundaries requires numer- 
ical approximation of the delta function in terms of 
the time reference frame, i.e. Fct Xj, this function may 
be expressed as 130,311 ’ 



Letting c, represent the plateau concentrat.ion, 
u = 4L V, where L is the axial dispersion coefficient 
and V-is the solute dMn%ut.ion volume of the leading 
and trail&g edges of the boundary. The centroid poti- 
Pion, X = V/E and C’ = C&w. 

(ij The centroid position of the trailing boundary 
E, after difference profie determination, may be 
d&e&y evaluated from 

= C’At 
Xd 1 

J - - exp [--(x - Zr)‘/&J dx. 
_oD art/i- (61 

Assuming the time intend between scans, A?, is 
limited to 5 - 10 mZnutes, then eq. (6) yields 

providing that &, remains constant within this time 
interval and noting that &.. varies ~4th the distance 
wordinate in seif-associating systems. 

(ii) The centroid positions of the leading boundary 
TY-i%)lT hP r3Pt&Wrninf?il frnm *he Sam&? e#m~t:on_ n&jyW “y=T “1 YY.III.-.-- _-.....a __- -..-- -l-_____, __- _-_u 
that the distribution curve is quite distinct from that 
of the trai3ing boundary. At the centroid position, 
Z, the distribution function is expressed as 

c&air 

s4iii2 exp[-(x - zQ2/4LVzj_ @:s) 

Eq. @j may be used to iocate the centroid positii.Zis 
of the transport boundaries for any associating system 
of the monomer-dimer type as a function of concen- 
tration, noting *-hat the expression deals with the dif- 
ference boundary profiie, rather than the derivatives 
of the large zone profile. 

The srandard Gr%bs free energy of association, as 
afunction oftheioupair activityofthesalt (A,), ac- 

tivity of waier (dw) and temperature of I : I eiec- 
trolytes, &s been desmbed [263 

+ (a in Wa0_&, w dT: (9) 

where AH+ and pressure (P) remain constani. Integm- 
tion of eq. ($31 yields 

where 

and 

dIllA, = -(n&&l In A,_ 

Based on eq. (la), at a constant temperature 

Crem&s wnstant where dT= 0. Ti is the initial 
temperature of the experiment and Tf is the final 
temperature. 

Be values of Ln A, are extracted from Robinson 
and Stokes 1273 and compared with the CRC Hand- 
book of Chemistry and Physics [ZS] , noting that 
In A,. is calculated from --(nsf5S,56)ln A,. Linear 
-^-ar”:r..s. ..^..l.l.,L ir ..“r.il .h.. ;i**ormina 4.0 “,.&s 1~;1sxs2w?ll cuuuJsw x2 uacu ‘” Uc;‘FildluxlV U&G -=*I*- 
cients of in A, and In A, where In K+ is a function 
of In A, at a g&en temperature. 

2.7. Methods of mmzputatiom 

AU calculations in the computation of the Gibbs- 
B&em equation [f 13 and the molecular sieve part& 
tion equation (3) were done using general linear 
models (SAS GLM procedure, Barr et al. [323), 
wh& use *e p&&j& of gea q--es to Et a &e& 
effect linear model to &-tuaily any type of univariate 

and mu&&Mate analysis, including simple linear re- 
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gressicm, multiple linear refletion, analysis of 
variance, analysis of covariance, and partial correla- 
tion analysis. 

The statistic@ analvtis svstem Iarteuape_ interfaced -a ~-- -+ ------ __~_~-~~~___~____~_ 
with PL/l , was utilized ior afl routines (GLM 127, 
GLM 131). 

The stepwise regression procedure (STE 25 1, Barr 
et al. 1321) which was applied to our analysis of 
thermodynamic parameters includes five techniques to 
find the var&ble ofa collection of independent vari- 
ables which is most likely to be included in a regres- 
sion model. This method of co,mputation was ex- 
tremely useful for data screening, permitting some 
&_n_d+zht into the reintive &ren&h~ of the rdatinn~hin V-- ---- -__ _-____. _ ______D___ __ ___ _____ *-----= 
between proposed independent variables and dependent 
variables (largest R2 statistic). The five-part procedure 
includes: 1) a forward selection technique which fmds 

first the single-variable model, 2) a backward &mina- 
tion t_echnique which is first performed for a model 
including all the independent variables, 3) stepwise 
_m_odification of the forward selection, 4) and the 
roaxirnum R2 improvement and 5) minimum R2 im- 
provement. The fourth and fifth procedures produce 
models which fit the data equally well in our compu- 
tation_ 

3. Results 

The activity coefficient of the total phosphate in 
* .-.a,&., -FL..&-,_ ,.-.1..+.‘--- ̂ C1I_U 15r\ -U7A ^^ 0 SflGD “1 “UILGil D”I”LI”IIS “1 ‘*“rJ~‘“& YE3 t .-e, .a> 
a function of molal concentration was extracted from 
the CRC Handbook of Chemistry and Physics [ZS] , as 
shown in fig. I- The solid line represents the theoret- 

-= 
%L f . Acti*%’ WeffUeDt as a function of the total phosphate concentration_ Data were extracted from the CRC Handbook of 
i%emistW ad Physics 1281 at WC. T&e curve was fitted to a general linear model by the expression: 7ipo;3 t cx t @C + -rt? 
+x5. 



ical data, which is best fitted to a general linear model 
by the following expression: 

7*q3 = [CY + pcz + -yc2 + SC3 ] (12) 

where cy = 0.8 I 73, fl= 0.8433, y = 0.82 16, and 6 = 
-033 17 with a standard deviation of 0.0028. The 
values of the residue square (R2 j and F-test show that 
the data of -yg versus modal concentration fit the 
theoretical curve within a 99.9% confidence limit 
{PR > F= OBOOl). All values of the activity of the 
buffer system at a given pH were determined based on 
fig. l_ The ionic strength of phosphate buffers used 
in these experiments varied from 0.1 to 1.0. 

Ln fies. 2A_ B. C_ showine the trailine boundarv of o_. _. _, _I _, ___~ _ .__ ____~~~p _ _ _.__~__ 
the difference profiles, the location of the cursor in- 
dicates the cen?roid position of the hemoglobin sample 
in 0.05 M phosphate as it moves down the column into 
0.05 M phosphate and 2 M NaCl. 

In these figures, the slower moving components, 
which appear as either a peek or a dip in the profile 
behind the centroid position, represent the difference 

F@. 2. Difference profiies of the leading (A, B and C> and 
trailing (D, E and F) boundaries for human oxyhemoglobin 
in high (A, B and C) and low (D, E and F) ionic strength 
phosphate buffer. pH 7.4, at the interface between 0.05 M 
phosphate and 0.05 M phosphate + 2 M NaCi. 

in the index of refraction of the two solvent phases, 
0.05 M phosphate and 0.05 M phosphate and 2 M NaCl. 
Thus, the slow-moving peak represents an interface 
between low and high ionic strength buffer solutions. 
Conversely, the interface between a high and low ionic 
strength buffer solution is marked by a dip, seen in 
figs. 2D, E, F. 

These difference profiles reveal that the degree of 
solvent-solvent and solvent-solute interaction varies 
with the leading and trailing edge of the reaction 
boundary as a result of different solvent ionic strengths. 
Hence the large zone difference profiles between two 
solvent systems may be photographed at varying time 
intervals and used to locate the centroid position as a 
function of column length as the hemoglobin sample 
moves down the column. 

The series of photographs in fig. 3 shows the dif- 
ference profiles of scans taken 55 minutes after for- 
mation of the leading or trailing boundary_ Figs. 5A-E 
show five samples at different hemoglobin concentra- 
tions in 0.05 M phosphate buffer; figs. 5F-J represent 
five additional samples in 0.1 M phosphate buffer, 
varying the hemoglobin concentration. Each scan 
rpnr~r~=ntc 2fto ~?=tlr nrrintc ad&-h ITP rnnv~rtpd tn “e.“.“.z%-...., MUV vu.- p.Y_...U, ..1=._1. Yi_ ~U..._.._Y .Y 

absorbance values using a reference intensity determ- 
ined while the column is out of the light beam just 
prior to each run. 

Figs. 4a and 4b show representative original data 
profiles based on a plot of the centroid position (%) 
of the difference profile as a function of time for 
various concentrations of hemoglobin solutions. The 
correlation of the partition cross-section (.&,) and the 
partition coefficient (u,) as a function of dt/dX 
&~~r~t~\ .I1QP fnrnnri er\ hP n 0000 *t 41 rr\nCpntntirmr \‘“““,~‘L.z, “U., l”UllU &” “V “_,.,,, YS -11s L”I‘CIISIL‘IL.V*I._.- 

Values for the partition coefficient as a function 
of concentration in varying phosphate buffers, pH 7-4, 
are shown in fig. 5 and table 5. In analyzing the effect 
of phosphate anions on the tetramer-dimer equilibrium 
of oxyhemoglobin, we Iind that the degree of dissocia- 
tion of a~& Into @ dimer is influenced by the total 
concentration of phosphate anions. 

We have previously reported the partition coeffl- 
cient and partition cross-section for the @I dimer in 
ra &-SC %.I -L-_-L-2- ? m 1‘ trr-ill -XT -2 ” -- a3 -i/c- I ra r%\nr “.“J iw y”“qJmlct: -r L tn milLI, pr7 I._, iiS “_>03 ;f “*“US 
and 0.419 +- 0.002, respectively 131. Table I and fig. 5 
(curve $1) demonstrate the values of the partition 
cross-section and partition coefficient in 0.05 M phos- 
phate, pH 7.4, over the solute concentration range 
10%Io~g/ml. 
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Fig. 5. Partition coefficients of oxyhemoglobin A as a function of concentration k phosphate buffers of varying concentration. 
Horizontal lines designated D and T represent dimer and tetramer respectively. 

Ch.u experimental data points were fitted to eq. (3) suring that the values of ‘Lhe virial coefficients & and 
to generate the curves of fig_ 5, where fl = (cw - 02)/ & were consistent. 
(Cr. - n,> hawii nn 2 ilimc=r_t~tr~m~r mcw-l~l fnr T\W_ 
‘-3 -L,'I--- _-----___ _ILl-Y..I_ -..v...-* __I v-J_ m_e v=+ijnfish t-he nx-titinn a-s&i /in S\ 09 I ~~~*-_~~~~.A~Y \Y.ra,w._ 

hemoglobin association, as shown in table 5. The function of concentration in various phosphate buffers 
equiliirium constants were calculated based on are shown in fig. 6, where each curve is generated by 

03) 
fitting data points to the expression: LQ = “0 + b0 eifc 

ui. Values for n,, and b,, of 89 A and 23.4 A, respec- 

to regenerate (qJf3 = (Z&)f C i- fll + p2 c, in- tiiely, were det&mine~ based on the experiment&y- 

Fig- 4a. O&inal data profles (time versus points) for oxyhemoglobin A at different concentrations. Au profdes represent the 
difference between scans taken 5,15,25,35.45 and 55 minutes after formation of *he large zone boundary. Number x is the in- 
clusion marker, and z-is the void volume marker. A, B, C, D are in 0.05 M phosphate 12 M NaCl. E. F, H and H are in 0.05 M 
phosphate bufier, pH 7_4_ o = 0.327, ,Y = 0596 and z = (0.327 + OSSo). 5 = (F/A)(df/dFF. SC - 3 rate = 0.1949 cm s-r ,. 

g distance = 16.1 ZI cm. Number ofpointsfunit distance in the scamrer = 18545 pts cm-t. A) 43 p&r& B) 32 rgirrd, C) 22 
WlmL D) 9 Ix&& w 43 l%fm& F) 32 t&r& G) 22 l.&rrd, H> 9 t&ml. 

F%_ 4b_ original data pr~fZ:es (time versus points) for oxyhemoglobin A at different concentrations. All profiles represent tt?e dif- 
ference between scans taken 5,15,25,35.45 and 55 minutes after formation of the large zone boundary in 0.1 M phosphate 
buffer, pH 7.4. A) 100 s/ml, B) 75 rglml, c) 50 pglrrd, D) 25 I.L&& El 10 P&II- 
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Fig. 6. Partition radii as a function of oxyhemoglobin concentrkion in different phosphate buffers. Partition radii were evaluated 
from ai = aa + b,-, erfc q. Horizontal iines de&mated D and T represent dbner and tezramer, respectivelyy. 

obtained molecular radius (Stokes) calibration con- 
stants of cytochrome C (18.0 A, o = O-606), chrymo- 
trypsin (22.5 A, u = 0.403) and ovalbuti (27.6 & 
u = 0.187) [3] _ The Stokes radii @) were calculated 
from the following expression: 

B = @V&) 0 -f (i - 1 )&P3 (14) 

where TV is the partition radius of dimer 23.4 A- The 
frictional ratio_ f/f*_ is 3 104 i is an integer equal ~‘~,_“_~~ -em_ _j. _~~~~~.~ _~ 
to the nur:ber of subunits in the i-mer; and f, is the 
weight fraction of the tetramer. The values for the 
dimer and tetramer were determined to be 25.4 A 
and 31-9 A, respectively_ The variation between parti- 
tion and Stokes iadii as a function of concentration 
for varying phosphate buff_ers are shown in tables 
l-5 and fig. 6. 

A summary plot of the partition radii (A) as a func- 
tion of the erfc (u) at various hemoglobin concentra- 

tions, shown in fig. 7, obeys a strictly linear relation- 
ship. 

Fig- 8 shows a Gr%bs-Duhem piot of In Keq versus 
In A,, the phosphate ion activity, where the curves 
are regenerated representations of different hemoglobin 
concentrations undergoing tetramer-dimer dissocia- 
tion as a function of phosphate concentration- 

‘Ihe effect on the salvation parameters (AEx and. 
AiT 1 are _shhnwn in table h. ih-&ti~~nat~lv the. ;IJE~ -w,_- ___..____ _____ -_ _--__-_-___-r ) ___ 

fitting procedure used here -makes it extremely 
difficult to precisely evaluate the two parameters_ 
Some general conclusions, however, may be drawn 
from the data. The slopes of (dln A/d ln Ax) = AiT& 
(from eq. 10) are all positive values, indicative of a 
saitingaut phenomenon with increasing phosphate 
concentration which would favor association. P- 
values are all negative, and AFw positive, over the con- 
centration range examined_ 



Table 1 
Moiecuiar sieve parameters and iree energies ior ihe timer-ietramar c&Zixiiim of oxyhemo&biij $ii ij.05 M phosphate biiffai, 

pH 7.4, at 25OC 

100 OS149 0.2592 0.7140 25.6 30.8 0.151 ca9 -8.95 

85 0.5058 0.2464 0.7275 26.0 31.3 0.061 16.68 -9.88 
75 0.5040 0.2439 0.7201 269 31.4 0.042 17.21 -10.19 

50 0.5146 0.2S87 0.7145 25.9 30.8 0.148 10.29 -9.65 
‘z 0.5393 0.2653 0.7076 25.5 30.6 0.195 15.64 -9.46 
35 0.5313 0.2819 0.6901 25.1 29.9 0.334 IS.33 -9.08 

25 wsxi7 0.3ii3S 0.6678 24.: 28.9 
To 

0.46:: i&:6 -8.75 
0.5762 0.3447 0.6259 23.6 26.9 0.762 14.02 

_- 
-8.31 

IrtA, = -3.2476 and In A, = O.OCbt43. P is the Stokes radius and A” is partition radius (in A units). 

Table 2 
h¶alecu%ir sieve parameters and free energies for the dimer-tetramer e~~~~~urn of oxyhemoglobin A Ga 0.1 M phosphate buffer, 
pH 7.4, at 2S°C 

300 0.5021 0.2859 0.6X$9 24.9 29.7 0.342 15.38 
-85 0.5075 0.2814 0.6906 25.1 29.9 0.310 IS*06 

75 OS113 0.2805 0.5929 25.x 29.9 0.304 15.04 
50 0.5214 0.2857 0.6861 25-O 29.7 0.341 15.03 
z 0.5235 0.2881 0.683? 24.9 29.6 0.358 15.02 
3s 0.5278 0.2939 0.6776 24.8 29.3 0.399 14.71 

2J 05323 0.301 S 0.6698 24.6 29.0 0.454 14.40 
10 0.5393 0.3161 0.6549 24.2 28.4 0.558 13.68 

-9.96 
-9.28 
-9.26 
-9.30 
-9.34 
-9.69 
-9.92 

-10.41 

lnA, = -2.60X and InA, = 0.00469. 

Table 3 
hlolecultll sieve parameters and free’energies for the dimer-tetramer q#liirium of oxyhemoglobin A in 0.25 M phosphate buffer, 
DH 7.4. 

Cone cs&nl) 

100 
85 

0.5232 0.2707 0.7018 25.3 30.4 0.234 13.97 -8.65 
0.5188 0.2646 0.7089 25.5 30.6 0.190 15.28 -9.04 
0.5184 0.2640 0.7088 25.5 30.6 0.186 15.67 -9.16 
0.5259 0.2745 0.6978 25.2 30.1 0.261 15.59 -9.09 

O.S289 0.2787 0.6884 25.0 30.0 0.291 15.48 -9.03 
0.5364 0.2891 0.6826 24.9 29.6 0.365 15.23 -8.90 
0.5458 0.3023 0.6690 24.6 23.0 0.459 14.99 -8.78 
015636 0.3272 0.6436 239 27.3 0.637 14.92 -8.76 

*i erfc oj P fl lnK AC0 
&zal/mole) 



In Keq Fig, 7_ 
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Table 4 
Molecular sieve parameters and free energies for the dimer-tetramer equilibri;rm of oxyhemodobin A in 0.50 hi phosphate buffer, 
pH 7.4. 

100 0.4936 0.2390 0.7373 26.1 31.5 0.008 23.30 -13.78 
85 0.4987 0.2469 0.7269 25.9 31.5 0.063 18.74 -11.11 

75 0.5015 0.2512 0.7224 25.8 31.3 0.095 18.02 -10.68 
so 0.5067 0.2590 0.7143 25.6 31.1 0.150 17.42 -10.32 
45 0.5074 0.2601 0.7130 25.6 30.8 0.155 17.42 -10.32 

35 0.5084 0.2170 0.7113 25.6 30.8 0169 17.51 -10.44 
2s 05089 0.2625 0.7104 25.5 30.7 0.175 17.77 -10.53 
lo 05089 0.2625 0.7104 25.5 30.7 0.175 17.77 -10.53 

_ ^-__  ̂ ____t 
illA, = --1.z-/, 1 and in&. = “.“11,4. 

Table 5 
GIL?& linear parameters for Fw = Zioifi + plC+ &I? for a tetramer-dimer equilibrium as a function of hemoglobin c.nn~ntra- 
tion, in vary@ phosphate buffers, pH 7.4, at 25°C 

Goifi 0.3782 
@I W/mg) -3.5910 
82 W/m# +23.10 

Residue square 0.8277 
PR>F 0.1723 
STD deviation 0.0268 
Sum of square 2.79 x 10-3 

0.1 M PO;3 0.25 lbf P@ 

0.3579 0.3472 
-2.2665 -2.1421 

+18.47 i-1 3.77 

0.9364 0.8325 
0.0635 0.1075 
0.0054 00.3167 

9.6 X lo4 2.8 X 1 O-3 

05 hf PO;: 

0.2617 
-MO.1223 
-3.48 

0.8277 
0.1723 
0.0189 

6.9 X 1 O-3 

The regenerated curve tits the experimental curve of the weight averagp partition aefficient as a function of concentration within 
a 90% confidence limit. 81 and 82 obtained from C&,/C, = (ZiOifi/O + 81 +&Cwere consistent with values obtained from the 

expression Fw = aI fi +JC~?-~.CT+BICT+~~~~T- 

The values of AFpxf are -%.45.at 100 us/ml, +2-l 9 - I. 
at 25 pg/mI and +1_49 at 10 pg/rnl. Data at hemoglobin 
concentrations of 25 and 50 ,ug/m! do not fit a linear 
model within acceptable confidence limits, as de- 
termined from the residue square and an F-test. How- 
ever, data at the other concentrations examined fell 
well within a 90% confidence limit. The values of 
Nx in the range of 0.05 M to 0.5 M phosphate, that is 
a range of hrdx of -23476 to -12711, were approx- 

imately 4 to -56, suggesting that there is little or 
no binding of phosphate anions in the buffer system 
to either +-he dimer or the tetramer. On the contrary, 
these anions may take up more v rater molecules as the 
concentration of the phosphate I uffer increases. It 
appears that a temperature-sensitive hydrated phos- 
phate, perhaps (H2POz),zH20, (HPO~2)~H20, or 
(POz3)_nHz0, forms which further perturbs the equi- 
librium of this system. 

Fig. 7. Partition radii as a function of the error function complement of sigma, grouping t?e data points of fig. 6 in linear form. 

F&_ 8. Variation of In Keq as a function of concentration of phosphate anian. Activity cneffkients of various phosphates were ob- 
tained from fig_ 1. The equiliiriz of the various hemo$obin concentrations were determined from the weight fractions of mono- 
mer &en in tables l-4. 



Table 6 
“Xhe effect of phosphate anions (O.OS M to 0.5 M NaN$W4 buffer* pH 7.4 at 25”Q on the preferential bhihg CAsprefl and 
sohtion paxamtrtexs &a& and Ai&> of the tctramer-d&ner equBi%rium as a function of concentration of oxyhemoglobin 

dlnK 
dkiAx - = b-pref 

-56.0 --II 2.9 4.0 -3.7 
+3 3,452 +X835 -+PM +3324 

3.&M 0.05s 0.964 3 3.833 2.706 
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influence on tetramer formation than at In A, f 
-3_0000. The standard free energy change at fn A, = 
-32476 is 9.4 f 02 kcalfmo3e as compared with a 
value of 8.9 * O-7 k&/mole in 0-f M Tris/HC!l, 1 mM 
Na2EDTA, 0.1 M NacI, reported by Ip-and Ackers 
[lo]. AC;* i&h-rAx = --1.2711 is 10.96 rt 0.05 kcal/ 
moie indicating that approximateiy i f kcai are re- 
quired to dissociate one mole of tetramer into dimer. 
At IO0 &g/ml, fig- 9 indicates that approximately 
X3- 14 kcai are required to dissociate ti hemoglobin 
tetramer into dimer, clearly establishing that the dis- 
sociation is dependent on both the concentrations of 
hemoglobin and phosphate in the system. 

4. Discu:ussion 

Our examination of the dimer-tetramer equilibrium 
of oxyhemoglobin by scarming molecular sieve 
chromatography reveals that the correlation of the 
partition coefficient with the partiticn radii, al- 
though widely reported in the past, is not a represen- 
tation of the absolute ma_gnitude of the particle radius 
1333 _ Use of eq_ (14) enables us to record the parti- 
tion radii as a function of concentration, permitting 
us to observe the changes in the eqr$hbrium state as 
the components undergo chemical reaction. The dif- 
ference profile method, therefore, promises to have 
tide applicability to further studies on preferential 
binding and solution phenomena in various self-es- 
sociatiug protein systems, primarily because of the iu- 
creased accuracy in determining the (dat/d.%?) param- 
eter. 

Based on eq. (14), it is possible to determiue the 
variation of the Stokes radii of the spheroid hemog- 
lobin molecules undergoing retramer-dimer dissocia- 
tion withiu 5 A. The Stokes radii varied from 27 to 
32 Bi in this dissoc&ing system, in good agreement 

-i- wrih reported v&es of 31-32 W for the hemogiobin 
tetramer [34353 _ 

KIotz 1363 and Tanford [37] have shown that a 
Hofmeister series of anions canmodify the associa- 
tion (or dissociation) equihbria:i3841 J of protein 
either by preferential binding taone of the equi- 
libratirrg species or by changing the activities of 
added sait or water. fncreasiag the phosphate concen- 
tration from 0.05 to 0.5 M increases the degree of dis- 
sociation, a change reflecting an increase in hydro- 

phobic interaction since the phosphate anions will “sal 
out” non-PO&r groups [23] _ It has been shown that 
Hofmeister specificity depends on the itiieraction 
between the anions end such non-polar groups. The 
dimer-tetramer equilibria of oxyhemoglobin proves 
an excellent model for evaluating the effect of neutral 
__I&_ _:-__ AL_ __lJ? -..“^_z^r:^-_ ___^^^_ :^..#.I..^.. I-rrCL saris, sIl,ce Ll‘t: z%eu-~“l;laLI”II p,lur;r;ss llI”VI”Fi3 “.>=I 
inter-subunit contact between hydrophobic side 
chains and concomitant changes in hydrogen bonding 
and salt bridges. 

Our resuhs suggest that the mode of action of the 
phosphate anions in a hemoglobin solution is not what 
would be predicted by other studies. They appear to 
form hydrated phosphates which enhance the forma- 
tion of tetramer by perturbing the solvation layer of 
the hemog!obin diruer. Because of the difficulty in 
determining the true vaiues of AQ, and AP& however, 
the speci& mode of action of this electrolyte at the 
brjnding site can only be suggested by our results. 
Certainly any further studies should defme AirX, ASH+ 
a.ud &@H,G as a function of temperature for the phos- 
phate amon as well as the full Hofmeister series. 
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