Biophysical Chemistry 9 (1979) 329—344
© North-Holland Publishing Company

SCANNING MOLECULAR SiEVE CHROMATOGRAPHY OF INTERACTING PROTEIN SYSTEMS
IV. THE DIFFERENCE PROFILE METHOD AS APPLIED TO THE GIBBS-DUHEM EXPRESSION
IN THE ANALYSIS OF THE DIMER-TETRAMER EQUILIBRIA OF OXYHEMOGLOBIN A*
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The recently-developed large zone difference profile method in scanning molecular sieve chromatography is applied to
the anailysis of the Gibbs-Duhem expression in the tetramer—dimer equilibrium of human oxyhemoglobin A. The prefer-
ential binding term and solvation parameters of the Hofmeister anion phosphate are examined. Results indicate that as
the conceniration of phosphate ions increase, 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 Ay = —3.2476 is 9.4 = 0.2 kcai/mole. AG® stIn Ay =-1.2711 is 10.90 % 0.05 kcal/mole, suggesting that approximate-
1y 11 kcal are required to dissociate one mole of tetramer into dimer.

1. Introduction

The recent introduction of direct ultraviolet scana-
ing of a gel column [1,2] has greatly advanced previ-
ous elution techniques by permitting direct analysis
of solute profiles at many stages during a single
column experiment. Large zone or saturation experi-
ments [2] afford the most accurate determination of
the solute partition cross-section (%;) and the partition
coefficient (o;).

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 pgfml.

Measurement of the dissociation of hemoglobin
into its off dimer at neutral pH and Jow ionic strength
(at concentrations as low as 10 pgfml) has been
studied by analytical molecular sieve chromatography
[5.6]1 in order 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—9]. The
equilibrium constants for dimer—tetramer association
of oxyhemoglobin as a function of temperature have
been extensively examined by molecular sieve chrom-
atography and calorimetric measurements [10—i2].
to assess the structural and energetic changes which
accompany oxygenation. Barksdale and Rosenberg
[13] have used the tritium—hydrogen exchange pro-
cedure to study the temperature, pH and anion depen-
dence of the carboxyhemoglobin A dimer—tetramer
equilibrium. 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 [10,14,15]. 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 [18—20].
The effect of sodium chloride on the association of
hemoglobin subunits has been analyzed by procedures
based primarily on the dimer molecular weight ex-
pressed as a buoyancy term, M, (8p/0C,). Here the
variation of the reduced intensity increment as a
function of the solvent density, pg, reflects both the
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the changes in preferential interaction of a Hofmeister
series of anions, where (9p/3C,) = (1 — ¢'py), as well
as alterations in the partial specific volume [14,16,21].

In 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 & and g hemoglobin chains [11,
22]. To date, however, no data is available on the
application of the Gibbs-Duhem 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 profiles for the tetra-
mer—dimer equilibrivm of oxyhemoglobin by scan-
ing molecular sieve chromatography. Through applica-
tion of the Gibbs-Duhem expression, we attempt to
define alterations in the isothermal equilibrium condi-
tions when the associating system is perturbed by the
phosphate anion, one of a Hofmeister series of anions
[23];

2. Experimental procedures
2.1. Materials and methods

All 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
Chemicat Co., St. Louis, MO. Hemoglobin samples
were prepared from freshly drawn blood by the
method of Williamas and Tsay [24] anad 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 E’;ﬁm = 34.0 and E;;;;nm/
Ef;&nm = 1.066. Given molal concentrations of
NaH,P0,4 and Na,HPO, 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, (u=
1.0) would crystallize below 4°C, itherefore all experi-
ments were run at 25°C.

E.E. Saffen Jr., P.W. Chun/Scanning molecular sieve chroratography of interacting protein systems. iV

2.2. Scanning chromatograph with Nova Z[4 data
acquisition system

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 (2202 A, half-width) band pass
optical filter (Baird-Atomic 35-02-0, 25 mm diameter)
inserted between the monochromator and column
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 (Olis Model No. 3600) developed by
On-line Instrument Systems [3]. Commands to the
interface program are entered via an ASR33 teletype.
Daia may be output to a storage oscilloscope
(Tektronix DI11), to an X — Y plotter (Hewleit-
Packard 70035-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 Florida.
Operation of the system has been extensively de-
scribed elsewhere [25,26].

2.3. Colurnn packing

The quartz column (25 cm X 0.975 cm) was
packed under gravity with Sephadex G-100 regular,
previously swollen 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 column and an LXB varioper-
pex pump was used to maintain a constant flow rate
of approximately 4.01 ml per hour. For these experi-
ments, a single column was used throughout and the
area was 0.567 cm? (radius, 0.425 cm).

The activity coefficients of NaH, PO, were calculai-
ed from the curve shown in fig. 1, derived from eq.
(12), based on the data of Robinson and Stokes [27],
and compared with the CRC Handbook of Chemistry
and Physics [28].
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2.4. Large zone profile transport experiments

Data on column partitioning were obtained ex-
clusively by the use of large zone transport experi-
ments. The gel column was equilibrated with phos-
phate buffer of varying concentrations at pH 7.4.
in this type of experiment, a hemogiobin solution at
the desired concentration was added continuously to
the column, which is scanned repeatedly at regular
intervals until a2 reproducible baseline is obtained.
The criterion for reproducibility of such large zone
scans was established to be that the mean difference
in abscrbance 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
gel matrix at a constanti fiow rate of 4.0 mi/hour.

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 £1%. This
procedure has proved itself in yielding exceptionally
accurate (dt/dx) values. Partitioning calibration
parameters for a given coluinn are obtained by de-
termining the rate of movement of a series of sample
macromolecules of known molecular radius [29,30].
The partition coefficient is caiculated from

_ (@dr/ax)p — (drfax)g
97 (arfax); — @t/dx), ¢))

where (dz/dx)p is the slope of a plot of 7 versus x for
a given sample marker, (d#/dX)g is the slope of the
void volume marker and (d¢/dx),, the slope of the

internal vaolume marker. The values of (d2/4d¥), for

SSALCA2A VORUINT Malnes. 200 Vaiuls O LG/ GX jp 101

the hemoglobin sample correspond to (1/F) dV/dx,
where F is the flow rate and (d¥V/dx) = (« + 6), in
which the slope of the plot of volume versus peak
position, X, ic used to calculate the partition coeffi-
cient g. a is the void volume per unit column length
and cross-sectional area and @ is the internal volume
fraction of the gel phase per unit column length and
cross-sectional area, i.e. £ = (« + o). Note that the
values of X were taken directly as the point numbers

corresponding to difference profile peaks. Values of
z, time, were calculated as the average between the
times at which the two scans used to obtain the dif-
ference profile were taken, i€. ¢ = £;_;

+ [(#; — 1;_1)/2]. The partition cross-section, £, is
calculated from the following fundamental expression
[30,31]

£4 = F(dr/dx). @

The partition cross-section, £, represents the frac-
tion of column cross-sectional area, 4, which is ac-
cessible to the solute. This quantity £ 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 £, is:

Ey = 20 (5;C/C) +B,C + 85 C2. (3a)
I

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

Gy = 22(0;C) +6;C+B,C2, (b)
1

where C= Z,C; = E,-K,-Ci . For a given concentration
C;, the following expression is used, where erfc is the
error function complement [29], in order to relate
the partition coefficient o; to the molecular radius
a; -

a;=ag + by erfc o;. 4

Here aj 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 (%) of trailing and
leading boundaries by the difference profile method

files of leading and trailing boundaries requires numer-
ical approximation of the delta function in terms of
the time reference frame, i.e. F(r,x)’ this function may
be expressed as [30,31]

In cases where determination of the difference pro-

G o2
Fiex = VaaLv: exp{_ [i—ffL(_Vt/é)_ﬂ-} ©)
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Letting C, represent the plateau concentration,
a= 4LV, where L is the axial dispersion coefficient
and ¥-is the solute distribution volume of the leading
and trailing edges of the boundary. The ceniroid posi-
tion, X = Vg and C' = Co/\/AnLV.

{i) The centroid position of the trailing boundary
¥, after difference profile determination, may be
directly evaluated from

F @+ranx) — F {.3)

=C'Ar f

Assuming the time interval between scans, Az, is
limited to 5 ~ 10 minutes, then eq. (6) yields

7 &P [~Cx — %P fat] dx. ©)

F @roanx) — Fe.x)

9

providing that £, remains constant within this time
interval and noting that £, varies with the distance
coordinate in self-associaﬁng systems.

(ii) The centroid positions of the leading boundary
mmay be determined from the same eguation, noting
that the distribution curve is quite distinct from that
of the trailing boundary. At the centroid position,
¥, the distribution function is expressed as

F @+Atx) — F ,x)
CoXAL
O inall exp[—(x — ¥)?/ALV1]. ®)
ALV

Eq. (8) may be used to locate the centroid positions
of the trausport boundaries for any associating sysiem
of the monomer—dimer type as a function of concen-
{ration, noting that the expression deals with the dif-
ference boundary profile, rather than the derivatives
of the large zone profile.

2.6. Thermodynarnic analysis of the Gibbs-Duhem
expressions

‘The standard Gibbs free energy of association, as
a funcition of the ion pair activity of the salt (4,), ac-

tivity of water (4,,) and ternperature of 1 : 1 elec-
irolytes, has been described [26]

dInK,, =@ KA, rdlkndy

+@mImEK/RINAL), rdlnd,

+@In K/oT)y, 4, 4T, ©)

where A+ and pressure {F) remain constant. Integra-
tion of eq. (9) yields

InK,, = [av, — (ry/n)Av, 1in Ay

I
+ [ @umkjanaer, a
7
where
@InK/alnA,)= A,
and
dlnAd, = —(ny/ny)din4,.
Based on eq. (10), at a consiant temperature
K, = Av; InAdy + A7, Indg, +C, 1)
where
e
i
c= [ @nk/or)ar .
T
C remains constant where d7"= 0. 7j is the initial
temiperature of the experiment and Ty is the final
temperature.
The values of In 4, are extracted from Robinson
and Stokes [27] and compared with the CRC Hand-

book of Chemistry and Physics [28], noting that
In A, is calculated from —(2, /55.56)In A,,. Linear

ragracsing annlusin jo 11003 4 Jatarmina $ha anafil

ACEISOAIL I Y DID AD LIDT1 LW ULl nac CATCIRI™
cients of In 4, and In 4, where In Keq is a function
ofind, ata given temperature.

-’

@CInK/dInAd,)=A5,

2.7. Methods of computation

Al calculations in the compuiztion of the Gibbs-
Duhem equation [11] and the molecular sieve parti-
tion equation (3) were done using general linear
models (SAS GIM precedure, Barr et al. [32]),
which use the principle of least squares o fit a fixed-
effect linear model to virtually any type of univariate

and multivariate analysis, including simple linear ve-
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gression, multiple linear regression, analysis of
variance, analysis of covariance, and partial correla-
ticn analysis.

The statistical analvsis system language, interfaced
with PL/1, was utilized for all routines (GLM 127,
GLM 131).

The stepwise regression procedure (STE 251, Barr
et al. [32]) which was applied to our analysis of
thermodynamic parameters includes five techniques to
find the variable of a collection of independent vari-
ables which is most likely to be included in a regres-
sion model. This method of cosnputation was ex-
tremely useful for data screening, permitting some
insight into the relaiive sirengths of the relationship
between proposed mdependem variables and dependent
variables (largest R? statistic). The five-pari procedure
includes: 1) a forward selection technique which finds

activity coefificient
o.85 -’r Tx

8.8p 3
5 BN
0.70
D65 o3

CL,6D =

o.50 X

45
1

first the single-variable model, 2) a backward elimina-
tion technique which is first performed for a model
including all the independent variables, 3) stepwise
modification of the forward selection, 4) and the
maximum R2 improvement and 5) minimum R? 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

n cariae af e ffar cnbitinne AF N LY

Q IOTIIND Ui Uil JUIU LIRS UL l‘dnzr\}4, Pﬂ l ~"?, db

a function of molal concentration was extracted from
the CRC Handbook of Chemistry and Physics [28], as
shown in fig. 1. The solid line represents the theoret-

Activity coefficient of phosphate as a function of concentration

[-29-] [3 ofo

Molal

3
o-6 0.8 .o

Fig. 1. Activity coefficient as a function of the total phosphate concentration. Data were extracted from the CRC Handbook of
Chemistry and Physics [28] at 25°C. The curve was fitted to a general linear model by the expression: 1:pOR =t B8C +

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

T:pop = la+6C2+7C? +56C3] az2)

where « =0.8173, 8= 0.8403, y=0.8216,and 8§ =
—0.3317 with a standard deviation of 0.0028. The
values of the residue square (Rz) and F-test show that
the data of y; versus molal concentration fit the
theoretical curve within a 99.9% confidence limit

(PR > F=0.0001). All values of the activity of the
buffer system at a given pH were determined based on
fig. 1. The ionic strength of phosphate buffers used

in these experiments varied from 0.1 to 1.0.

In figs. 2A; B, C, showing the trailing boundary of
the difference profiles, the location of the cursor in-
dicates the centroid position of the hemoglobin sample
in 0.05 M phosphate as it moves down the column into
0.05 M phosphate and 2 M NaC(l.

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

Fig. 2. Difference profiles 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 NaCl.

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 jonic 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 sirengths.
Hence the large zone difference profiles between two
solvent systems may be photographed at varying time
intervals and used to locate the centroid positionasa
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. SA—E
show five samples at different hemoglobin concentra-
tions in 0.05 M phosphate buffer; figs. SF—J represent
five additional samples in 0.1 M phosphate buffer,
varying the hemoglobin concentration. Each scan

renresents 300 data noints. which are converted to
represents 200 gata points, wingh are converied 1o

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
parrition coefficient (o) as a function of dr/dx

fmin/ntc) wae found to he N OQ0Q0 at all concentratinn

inng
JII/PiS; was 10unga 1o Be LTV at ail concentiraiions.

Vazlues 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 find that the degree of dissocia-
tion of ayf; into of dimer is influenced by the total
concentration of phosphate anions.

We have previously reported the partition coeffi-
cient and partition cross-section for the af dimer in
0.05 M phosphate + 2 M NaCl, pH 7.4, as 0.365 £ 6.605
and 0.419 % 0.002, respectively [3]. Table 1 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
100—10 pg/ml.
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Partition coefficient as a function of conceatration

Sigm'a ' T
©.38 . ~ .
o Oy ©
0.36 =
Hemoglobin A
’ 1. 0.05 M phosphsate, pH 7.4
oo 2. 0.1 M phosphate, pH 7.4
3. 0.25 M phosphate, pH 7.4
! 4. 0.5 M phosphate, pH 7.4
©.32 ¢
3
[ -1
43——'//2
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Fig. 5. Partition coefficients of nxyhemoglobin A as a function of concentration in: phosphate buffers of varying concentration.
Horizontal lines designated D and T represent dimer and tetramer respectively.

Our experimental data points were fitted to eq. (3)
to generate the curves of fig. 5, where f; = (G, — 05)/

{6; — 05), based on a dimer—tetramer model for oxy-

“3 @2/ Dassl O a CUNCI—CUHaner Mmoo 101 OXY-

hemoglobm association, as shown in table 5. The
equilibrium consiants were calculated based on

suring that the values of the virial coefficients By and
B, were consistent.
The variations in the partition radii fin ) aga

2IIATIOIS 182 48 POl IaGu il Ayas a

function of concentration in various phosphate buffers
are shown in fig. 6, where each curve is generated by

fitting data points to the expression: 7; =gy + bg erfc
0;- Values for 2y and bg of 8.9 A and 23.4 A, respec-
tively, were determined based on the experimentally-

K, = (@ — 631 — B, C — B,€)/(0,f1 20) (13)
to regenerate (G, /C) = (Z;0,)/C +B; +B,C, in-

Fig. 4a. Original data profiles (time versns points) for oxyhemoglobin A at different concentrations. All profiles represent the
difference between scans taken 5, 15, 25, 35, 45 and 55 minutes after formation of the large zone boundary. Number x is the in-
clusion marker, and 2 is the void volume marker. A, B, C, D are in 0.05 M phosphate +2 M NaCL E, F, Hand H are in 0.05 M
phosphate buffer, pH 7.4. ¢ = 0.327, 8 = 0.596 and £ = (0.327 + 0.590). £ = (F/A)(dz/dxX). Scanning rate = 0.1949 cm s~ 1,
scanning distance = 16.18 cm. Number of pointsfunit distance in the scanner = 18.545 pts cm™ 1. A) 43 pg/mi, B) 32 pg/ml, C) 22
pg/ml, D) 9 pgfmil, E) 43 pg/ml, F) 32 pgfml, G) 22 pgfmi, H) 9 pg/ml.

Fig. 4b. Original data profzles (time versus points) for oxyhemoglobin A at different concentrations. All profiles represent the 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 pg/ml, B) 75 pgfml, C) 50 pg/ml, D) 25 pe/ml, E) 10 pg/ml.
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Fig. 6. Partition radii as a function of oxyhemoglobin concentration in different phosphate buffers. Partition radii were evaluated
from aj = aq + bg erfc 6; Horizontal lines designated D and T represent dimer and tetramer, respectively.

obtained molecular radius (Stokes) calibration con-
stants of cytochreme C (18.0 4, 6 = 0.606), chrymo-
trypsin (22.5 A, o = 0.403) and ovalbumin (27.6 &,
o= 0.187) [3]. The Stokes radii (7) were calculated
from the following expression:

?=roife) {1 + G — DAY s

where 7y is the partition radius of dimer 23.4 A. The
frictional ratio, f/fg. is 1.104; i is an integer equal
to the number of subunits in the j-mer; and 1, is the
weight fraction of the tetramer. The values for the
dimer and tetramer were determined tobe 254 A
and 31.9 A, respectively. The variation between parti-
tion and Stokes radii as a function of concentration
for varying phosphate buffers are shown in tables
1-5andfig. 6.

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

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

Fig. 8 shows a Gibbs-Duhem plot of In Xeq versus
In A4, , 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.

The effect on the solvation parameters (AP, and.
A7) are shown in table 6. Unfortunately, the curve
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 (dIn 4/dIn A, )= AV
(from eq. 10) are all positive values, indicative of 2
saiting-out phenomenon with increasing phosphate
concentration which would favor association. AT, ¢
values are all negative, and AP, positive, over the con-
centration range examined.
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Table 1
Moiecuiar sieve parameters and free energies for the dimer—tetramer equilibrium of oxyhemoglobin in 5.05 M phosphate buffer,
pH 7.4, at 25°C
Conc (ugfmbD & of erfc oy A ? 1 mK act
(kcalfmole)

100 0.5149 0.2592 0.7140 25.6 30.8 0.151 15.09 --8.95

85 0.5058 0.2464 0.7275 26.0 31.3 0.061 16.68 -9.88

735 0.5040 0.2439 0.7201 26.9 314 0.042 17.2% —-10.19

50 0.5146 0.2587 0.7345 259 30.8 0.148 10.29 —9.65

43 0.5193 0.2653 0.7076 25.5 30.6 0.185 15.64 —9.46

35 0.5313 0.2819 0.6901 25.1 29.9 0.314 15.33 —9.08

25 0.5467 0.303 0.6678 24.5 28. 0.468 1476 —8.75

1 0.5762 0.3447 0.6259 23.6 26.9 0.762 14.02 —8.31

InAx = ~3.2476 and In Ay = 0.00293. 7 is the Stokes radius and A5 partition radius (in A units).

Table 2
Molecular sieve parameters and free energies for the dimer—tetramer equilibrium of oxyhemoglobin A in 0.1 M phosphate buffer,
pH 7.4, at 25°C

Conc (ug/ml) I o erfc oj A4 ? f nk aG®
{kcal/mole)

100 6.5021 0.2859 0.6859 24.9 29.7 0.342 15.38 —5.96
8s 0.5075 0.2814 0.6906 25.1 209 0.310 15.06 —-9.28
75 0.5113 0.2805 0.5929 25.1 29.9 0.304 15.04 —9.26
50 0.5214 0.2857 0.6861 25.0 207 0.341 15.03 —-9.30
a5 0.5235 0.2881 0.6837 24.9 29.6 0.358 15.02 —-9.34
35 0.5278 0.2939 0.6776 24.8 29.3 0.399 14.71 -9.69
25 0.5323 0.3015 0.6698 24.6 29.0 0.454 14.40 -9.92
i0 0.5393 0.3161 0.6549 24.2 28.4 0.558 13.68 —~10.41

InAx = —2.6021 and In Ay, = 0.00469.

Table 3
Moleculer sieve parameters and free ‘energies for the dimer—tetramer equilibrium of oxyhemoglobin A in 0.25 M phosphate buifer,
pH74.

Conc {sg/mi) & of erfc o; A # fi mK aG®
(kcal/mole)

100 0.5232 0.2707 0.7018 25.3 304 0.234 13.97 —8.65

8s 0.5188 0.2646 0.7089 25.5 30.6 0.190 15.28 —9.04

75 0.5184 0.2640 0.7088 25.5 30.6 0.186 15.67 —9.16
50 0.5259 0.2745 0.6978 25.2 30.1 0.261 15.59 -9.09

45 0.5289 0.2787 0.6834 25.0 30.0 0.291 1548 -9.03

35 0.5365 0.2891 0.6826 249 29.6 0.365 15.23 -8.90

25 0.5458 0.3023 0.6690 24.6 23.0 0459 1499 ~8.78

i0 0.5636 0.3272 0.6436 23.9 27.3 0.637 14.92 -8.76

InAy = —1.8118 and In 4y, = 0.00818.
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Table 4
Molecular sieve parameters and free energies for the dimer—tetramer equilibriam of oxyhemoglobin A in 0.50 M phosphate buffer,

pH7.4.

Conc (pg/ml) £ o erfc o7 A 7 hH nX ag®
(kcal/mole)

i00 0.4936 0.2390 0.7373 26.1 31.5 0.008 23.30 —~13.78

85 0.4987 0.2469 0.7269 25.9 315 0.063 18.74 —11.11

75 0.5015 0.2512 0.7224 25.8 31.3 0.095 18.02 —10.68

50 0.5067 0.2590 0.7141 25.6 31.1 0.150 17.42 —10.32

45 0.5074 0.2601 0.7130 25.6 30.8 0.158 17.42 —10.32

35 0.5084 0.2170 0.7113 25.6 30.8 0169 17.51 —10.44

25 0.5089 .2625 0.7104 25.5 30.7 0.175 17.77 —10.53

l(_) 0.5089 0.2625 0.7104 25.5 30.7 0.175 17.77 —10.53

Table 5
GLM linear parameters for o, = Zjoif;f + 81 C+ 822 for a tetramer—dimer equilibrium as a function of hemoglobin concentra-

tion, in varying phosphate buffers, pH 7.4, at 25°C

0.05 M PO> 0.1 M PO 0.25 M PO 0.5 M POZ>

=i6if; 0.3782 0.3579 0.3472 0.2617

81 (ml/mg) —3.5910 —2.2665 —2.1421 +0.1223

82 (mlfmg)? +23.10 +18.47 +13.77 —3.48
Residue square 0.8277 0.9364 0.8325 0.8277
PR>F 0.1723 0.0635 0.1075 0.1723
STD deviation 0.0268 0.0054 00.9167 0.0189
Sum of square 2.79%x1073 9.6 x107% 2.8x102 6.9X1073

The regenerated curve fits the experimental curve of the weight average partition coefficient as a function of concentration within
a 90% confidence limit. 8; and 82 obtained from (6,/C) = (T;0if;/C) + B1 + B2C were consistent with values obtained from the
expression Gy = 03f1 + Kf3 6207 + 6101 + 2CF-

The values of AF, ¢ are +6.45.at 100 pg/ml, +2.19 imately —4 to —56, suggesting that there is little or
at 25 pg/ml and +1 .49 at 10 pg/ml. Data at hemoglobin no binding of phosphate anions in the buffer system
concentrations of 25 and 50 ug/mi do not fit a linear to either the dimer or the tetramer. On the contrary,
model within acceptable confidence limits, as de- these anions may take up more v-ater molecules as the
termined from the residue square and an F-test. How- concentration of the phosphate 1uffer increases. It
ever, data at the other concentrations examined fell appears that a temperature-sensitive hy dr ated phos-
well within a 90% confidence limit. The values of phate perhaps (H,POy )2H, 0, (HPOy )”HZO or
Av, in the range of 0.05 M to 0.5 M phosphaie, that is (PO4 ) nH, O, forms which further perturbs the equi-
arange of In.4, of —2.3476 to —1.2711, were approx- libriumn of this system.

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

Fig_ 8. Variation of In Keq as a function of concentration of phosphate anion. Activity coefficients of various phosphates were ob-
tained from fig. 1. The equilibriz of the various hemoglobin concentrations were determined from the weight fractions of mono-
mer given in tables 1—4.
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Table 6

The effect of phosphate anions (0.05 M to 0.5 M NaHa PO, buffer, pH 7.4 at 25°C) on the preferential binding (A7 pref) and
solvation parameters (Avy and Aby) of the tetramer—dimer equilibrium as a function of concentration of pxyhemoglobin

Concentration {ug/mi)

100 75 50 25 10
ammX _ . -
*é—i—n—g; = Avpref +5.45 - — +2.1% +1.49
vy ~56.0 ~12.9 —4.0 - 3.7
gy +13,452 +2835 4984 - +1124
1. Residue sguare 0.9893 0.9863 0.4042 04526 0.6258
2.PR>F 0.1035 01171 0.7719 0.3272 0.2089
3. Standard deviation 1.357 0.238 0.031 2432 1,163
4. Sum of sguare of

error 1.844 0.055 0.964 11.833 2.706

In X versus In Ay shown in fig. 8 are used to calculate APy and Aby,. In 4y values are extracted from Robinson and Siokes [27],
then compared with the activity cosificients of NaH;P0, as a function of molal concentration at 257C. (CRC Handbook of
Chemistry and Physics, 50th Ed. D-121, 1969). The Gibbs-Duhem expression is obtzined by combining two osmotic cosffivients:

= (55.56/vmy) In Ag; 9 = +H1000/vWymy) In Ay, where Wy, is the molecular weizht of the Hofmeister salt. Thus, s2lt activity,
Ax, taay be determined by integration of the Debye-Hiickel-Onsager equation, an expression used for evaluation of the electro-
static free energy contribution. The value of AFy oris determined by the change in the eguilibrium constants between the phos-
phate anions and the tetramer—dimer equilibriam of oxyhemoglobin. It is evaluated based on eg. (11), fitting Indx and Indy to
In Keg, where In Keq is a function of In dx at a given temperature.

Fig. 9 shows a plot of the standard free energy gnergy change as a function of hemoglobin concentra-
change of association from dimer to tetramer, express- tion.
ed in terms of kealfmole tetramer formed. The curves At high phosphate concentrations the activity of
show the influence of the phosphaie anion on the free the sait at In 4, = —1.5000 seems to have a greater
Kcal/mole Standard free energy change as a fanction of phosphate activity
-5
T ' B} * ;M n.__——l.—.-—q’
T e S R g R e 5 = St
s 2 T —
—
i\a
1. 10 pe/miHbA
-5 z Bpy/mlEBA
4. S0pz/miEbA
4. 7Epg/miHBA
5. Wopp/miHbA
20 3 3 . R .
-3.5 “Jal -2.% ~2u L 38 -1,0

In ax
Fig. 9. Dependence of the Gibbs free energy change zs 2 function of In.dy. The activity voefficienis of various phosphates were
obtained from fig. 1.
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influence on teiramer formation than at In.4, =
—3.0000. The standard free energy change at In 4, =
—3.2476 is 9.4 = 0.2 keal/mole as compared witha
value of 8.9 + 0.7 kcal/mole in 0.1 M Tris/HC(Cl, 1 mM
NazEDTA 0.1 M NaCl, reported by Ip and Ackers
[10]. AG? in'In Ay = —1.2711 is 10.96 = 0.05 kcal/
mole indicating that approximately 11 kcal are re-
quired to dissociate one mole of tetramer into dimer.
At 100 pg/mi, fig. 9 indicates that approsimately

13 ~ 14 kcal are required to dissociate t& hemoglobin
tetramer into dimer, clemly establishing that the dis-
sociation is dependent on both the concentrations of
hemoglobin and phosphate in the system.

4. Discussion

Our examination of the dimer—tetramer equilibrium
of oxyhemoglobin by scanning molecular sieve
chromatography reveals that the correlation of the
partition coefficient wiith the partiticn radii, al-
though widely reported in the past, is not a represen-
tation of the absolute magnitude of the particle radius
[33]. 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 equilibrium state as
the components undergo chemical reaction. The dif-
ference profile method, therefore, promises to have
wide applicability to further studies on preferential
binding and solution phenomena in various self-as-
sociating protein systems, primarily because of the in-
creased accuracy in determining the (d7/d¥) param-
eter.

Based on eq. (14), it is possible to determine the
variation of the Stokes radii of the spheroid hemog-
lobin molecules undergoing retramer—dimer dissocia-
tion within 5 A. The Stokes radii varied from 27 to
32 A in this dissociating system, in good agreement
with reported values of 3132 A for the hemogiobin
tetramer [34,35].

Klotz [36] and Tanford [37] have shown that a
Hofmeister series of anions can.modify the associa-
tion (or dissociation) equilibria:[38—41] of protein
either by preferential binding t@one of the equi-
librating species or by changing the activities of
added salt or water. Increasing 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 “salt
out” non-polar groups [23]. It has been shown that
Hofmeister specificity depends on the interaction
between the anions and such non-polar groups. The
dimer—tetramer equilibria of oxyhemoglobin proves

an excellent model for evaluating the effect of neutral
salts, since the self-association process involves both
inter-subunit contact between hydrophobic side

chains and concomitant changes in hydrogen bonding
and salt bridges.

Qur results 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 hydarated phosphates which enhance the forma-
tion of tetramer by perturbing the solvation layer of
the hemoglobin dimer. Because of the difficulty in
determining the true values of AZ, and A7, , however,
the specific mode of action of this electrolyte at the
binding site can only be suggested by our results.
Certainly any further studies should define A7, , Aby+
and AVHzO as a function of temperature for the phos-
phate anion as well as the full Hofmeister series.
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