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Synthesis of Fluorescent Organic Phosphates and Their
Equilibrium Binding to Bovine Oxyhemoglobin®
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ABSTRACT: Fluorescent organic phosphates, 3-naphthyl di-
phosphate, S-naphthyl triphosphate, and 3-naphthyl tetra-
phosphate, were synthesized from B-naphthyl monophos-
phate using P; and N, -dicyclohexylcarbodiimide. These
organic phosphates were interacted with bovine oxyhemo-
globin, all in no buffer, 0.1 M NaCl, at 25° and in the pH
range 5.5-7.0. Equilibrium binding parameters were deter-
mined by measuring the fluorescence quenching upon their
interactions. It is indicated that bovine oxyhemoglobin has
more than one binding site, one of which is very strong. The
strength of binding to the stronger site is in the order g3-
naphthyl tetraphosphate > §-naphthyl triphosphate > 3-
naphthyl diphosphate. The logarithms of association con-
stants of these phosphates depend linearly on the net charg-
es of these phosphates at any pH. The results were account-
ed for by electrostatic effects using a simple charge model.

This study is concerned with equilibrium binding of fluo-
rescent phosphates to bovine oxyhemoglobin (HbO,).! Re-
cent reports by a number of authors have shown, under var-
ious solution conditions and by means of various experimen-
tal methods, that many organic and inorganic phosphates
bind not only to deoxyhemoglobin, but also to HbO;. As an
example, by means of equilibrium dialysis, some investiga-
tors (Chanutin and Hermann, 1969; Hedlund er al., 1972)
determined the association constants of such organic phos-
phates as adenosine 5’-triphosphate (ATP) and 2,3-diphos-
phoglycerate (Paglycerate) to human and horse HbO». But
the methods, such as equilibrium dialysis or calorimetry
(Hedlund er al., 1972), take a long time or are accompanied
by complicated operations. We have employed a simpler
method. We made use of a fluorescent substance as an or-
ganic phosphate and determined the binding of that by
quenching of its fluorescence upon interaction with HbO,.
MacQuarrie and Gibson (1971, 1972) made use of 8-hy-
droxy-1,3,6-pyrenetrisulfonate (HOPyn(SO37)3) as a fluo-
rescent analog of Psglycerate to study human hemoglobin
conformational change. This HOPyn(SO;7)3 has sulfonic
groups instead of phosphoric groups. The binding of this an-
alog to carboxyhemoglobin was much weaker than those of
P.glycerate and inositol hexaphosphate (PsIno) and was
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In that model, the average positive net charges in oxyhemo-
globin involved in the binding of -naphthyl phosphate are
shown as a function of pH. It is shown that the binding of
these fluorescent organic phosphates is prevented reversibly
by the excess addition of nonfluorescent organic and inor-
ganic phosphates, inositol hexaphosphate, tripolyphosphate,
and pyrophosphate. Assuming competitive binding in a sin-
gle strong site, the association constants of these nonfluo-
rescent phosphates were also determined by measuring the
recovery of the fluorescence intensity upon the release of
fluorescent phosphates. At pH 6.18, the association con-
stants of inositol hexaphosphate and tripolyphosphate are
comparable to those of S-naphthyl triphosphate and j-
naphthyl diphosphate, respectively. The association con-
stant of pyrophosphate is lower than that of tripolyphos-
phate by one order.

difficult to measure accurately. As the fluorescent organic
phosphate, we chose 8-naphthyl diphosphate (NapP»), §-
naphthyl triphosphate (NapP;) and §-naphthyl tetraphos-
phate (NapP4), which were synthesized from S-naphthyl
monophosphate (NapP,) using P; and N,V -dicyclohexyl-
carbodiimide (DCC). Chanutin and Hermann (1969) and
Hedlund et al. (1972) performed experiments of equilibri-
um binding in the pH range 6.5-7.1, using cacodylate buff-
er which is less competitive for HbO; ion binding sites than
other commonly used buffer systems. We used no buffer
and performed experiments at the wider pH range 5.5-7.0
by adjusting with NaOH and HCI. Most studies on the in-
teraction of hemoglobin with organic phosphates have been
done with human and horse hemoglobin. We made use of
bovine hemoglobin, which is slightly different from the for-
mer two species in titration behavior of histidines (Janssen
et al., 1972). The electrostatic nature between the binding
site in bovine HbO, and organic fluorescent phosphates is
analyzed and discussed in this paper.

The addition of a nonfluorescent phosphate to a mixed
solution of HbO; and a fluorescent phosphate induces the
recovery of the fluorescence intensity. From those data, the
association constant of the nonfluorescent phosphate is also
estimated.

Experimental Procedure

Materials

Preparation of NapP,, NapP3, and NapP,. Polyphos-
phorylation from NapP, was performed by the similar
method of Smith and Khorana (1958). The NapP, was ob-
tained from Sigma Chemicals. The solid NapP; (2.5 mmol)
was dissolved in dry pyridine (50 ml) containing tri-n- bu-
tylamine (50.0 mmol) and 85% orthophosphoric acid (i8.0
mmol). Polyphosphorylation of NapP, was started by the
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FIGURE 1: Column chromatographic elution profile of the reaction
products for 8-naphthyl polyphosphate synthesis.

addition of DCC (15.0 mmol) with stirring. After the reac-
tion solution was kept at room temperature for 18 hr, the
dicyclohexylurea precipitated was separated by filtration
and then washed with water. The combined filtrate and
washings (250 ml) were adjusted to pH 8.0 with 1 M sodi-
um hydroxide, and extracted with 150 ml each of diethyl
ether three times. Any organic solvent in the water layer
was removed by evaporation. The product in the water layer
was adsorbed on activated charcoal. Then the adsorbed was
washed with water (2 1.) and eluted with 50% aqueous etha-
nol containing 2% ammonia (1.5 1.). The eluted solution was
evaporated to dryness, and the residue was dissolved in 0.1
M triethylammonium bicarbonate buffer (pH 7.5). The
above buffer solution containing the reaction product was
applied to a column (2.5 em X 40 cm) of DEAE-cellulose
(carbonate form) and eluted with a linear gradient of
triethylammonium bicarbonate (0.1-0.4 M, total 5 1, 15
ml/tube) at pH 7.5. As shown in Figure 1, this chromatog-
raphy gave four well-separated peaks, a, b, ¢, and d. The
fractions containing each peak were combined and evapo-
rated with 25 ml each of methanol for three times to remove
the solvent (triethylammonium bicarbonate). Dissolved in
methanol (5 ml), each product corresponding to each peak
(a, b, ¢, and d) was separately precipitated as a sodium salt
by adding acetone (100 ml) containing Nal by the amounts
of 8 times the number of moles of the product. Each precip-
itate was washed by centrifugation twice with 30 ml each of
acetone-methanol (20:1, v/v) and diethyl ether (30 ml),
and dried over P,Os in vacuo. Each compound thus ob-
tained showed one spot, under ultraviolet beam, on paper
chromatography developed by isopropyl alcohol-1 M am-
monium sulfate (65:35, v/v); R values of a, b, ¢, and d
were 0.62, 0.39, 0.29, and 0.18, respectively. Rg values of a
and NapP; before polyphosphorylation procedures were the
same. The P; content in each compound was analyzed by
the method of Ames and Dubin (1960). The molar ratios of
the naphthyl group to P;in a, b, ¢, and d were approximate-
ly 1/1,1/2, 1/3, and 1/4, respectively. We analyzed com-
ponents ¢ and d by cleaving the terminal phosphates with
myosin ATPase which is well known for hydrolyzing tri-
phosphate and tetraphosphate into diphosphate. By this
method, it was shown that 1 mol of ¢ and d released ap-
proximately 1 and 2 mol of phosphates, respectively, by hy-
drolysis. It was thus concluded that the compounds a, b, ¢,
and d were NapP;, NapP,, NapP;, and NapPy, respective-
ly.
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FIGURE 2: Absorption spectrum of NapP,;. The NapP, (1.5 X 10™*
M) was dissolved in 0.1 M NaCl at pH 7.0. £ is the molar extinction
coefficient.
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FIGURE 3: Excitation and emission spectra of NapP,. The excitation
spectrum {—) was observed at the emission wavelength of 343 nm. The
emission spectrum (- - -) was observed at the excitation wavelength of
285 nm. All solution conditions were the same in Figure 2.

Absorption and Fluorescence Spectra. Figure 2 shows
the absorption spectrum of NapP; at pH 7.0. The absorp-
tion maxima were obtained at 274, 312, and 321 nm. The
absorption spectra of NapP; and its polyphosphorylated de-
rivatives were slightly different from one another in the
range 290-340 nm. Since the absorption spectra in the
range 260-290 nm, on the other hand, were almost identi-
cal, their concentrations were estimated on the basis of an
extinction coefficient £ ¢»n'M = 4600 at 274 nm. Figure 3
shows the fluorescence excitation spectrum at the emission
wavelength of 343 nm and the emission spectrum at the ex-
citation wavelength of 285 nm for NapP,. At the excitation
wavelength of 285 nm, the fluorescence emission spectra of
NapP;, NapP,, NapP3, and NapPy were not remarkably
different from one another.

Preparation of Hemoglobin. Fresh bovine blood was col-
lected in acid-citrate-dextrose (ACD solution) and washed
several times with ice-cold 0.9% NaCl. The washed red
blood cells were hemolyzed by shaking vigorously with 1 vol
of cold water and 1 vol of toluene, followed by centrifuga-
tion at 28,000 rpm using a Spinco No. 30 rotor for 40 min.
The clear solution of hemoglobin (concentration about
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17%), obtained by siphoning and filtering, was applied to a
Sephadex G-25 column (2.5 cm X 45 cm) equilibrated with
0.1 M NaCl in order to eliminate the contaminations of
P.glycerate and of other inorganic and organic phosphates.
Elution was carried out with 0.1 M NaCl at a flow rate of
15 ml/hr. The stripped hemoglobin solution thus prepared
(concentration about 3%) was adjusted to pH 7.0 with a di-
luted NaOH solution, stored at 0°, and used for experi-
ments within 11 days. Total phosphate contents in hemoglo-
bin solutions before and after passage through Sephadex
G-251in 0.1 M NaCl were examined by the method of Ames
and Dubin (1960). The result guaranteed that the treated
hemoglobin is “stripped.” The concentration of hemoglobin
was accurately determined using an extinction coefficient
Eyem'™ = 56,800 at 542 nm for HbO,. The molecular
weight of HbO; tetramer was considered to be 64,460
(Hedlund et al., 1972).

Methods

Absorption spectra were measured with a Hitachi 356
spectrophotometer. Fluorescence measurements were car-
ried out with a Shimazu RF-501 recording spectrofluoro-
photometer, and the temperature of the cell was regulated
at 25 £ 0.5° with a Taiyo Coolnit CL-15 circulating water
system. The fluorescence spectra were not corrected for
spectral responses of the photomultiplier, the monochromet-
er, and the Xenon lamp. Bandwidths of excitation and emis-
sion light, in the case of measuring fluorescence of NapP
solution alone, were both 3 nm. In other cases containing
HbO; in NapP solutions, they were 15 and 6 nm, respec-
tively. Fluorescence intensity measurements were per-
formed at the excitation wavelength of 285 nm and the
emission wavelength of 340 nm. At the excitation wave-
length of 285 nm, the fluorescence intensity of NapP is
nearly maximum. At 340 nm, the emission fluorescence in-
tensity is nearly maximum and the absorptions of HbO;
and deoxyhemoglobin are identical.

The stoichiometry of binding sites and the association
constants of NapP for HbO, were determined by titrating a
hemoglobin solution with NapP and measuring the extent
of fluorescence quenching according to the same principle
as that of MacQuarrie and Gibson (1971). On the basis of
the large (42 A) quenching radius of the heme group
(Weber and Teale, 1959), it was assumed that bound NapP
is completely quenched. Thus, the fluorescence intensity of
NapP in a hemoglobin solution is a measure of the free
NapP concentration. Sufficient addition of Pg¢lno, which
has no light absorption at the ultraviolet range of interest
and which is nonfluorescent, causes the release of all NapP
and the resulting fluorescence is a measure of the total
NapP concentration. Since the total NapP concentration is
known, the amount of bound NapP is calculated.

In addition to P¢lno, pyrophosphate (PP;) and tripoly-
phosphate (PPP;) have no light absorption and are nonfluo-
rescent. The exchange bindings of PP;, PPP;, and P¢lno
were also determined by titrating fluorescence of NapP in
HbO; solutions with these reagents. In order to simplify
treatment, it is assumed that these nonfluorescent phos-
phates compete with NapP for only one strong binding site,
ignoring weak binding sites. The competitive equilibrium
bindings of NapP and these nonfluorescent phosphates to
bovine HbO, are summarized by eq | and 2, where Fand L
HbO, + F —> HbOyF K = [HbO, F]/[HbO,][F]

(1)
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HbO, + L — HbO,L  K; = [HbOy L]/[HbO,][L]

(2)
[HbO,] + [HbO,F] + [HbO, L] = [HbO,),

[F] + [HbOpF] = [Fl;

(L] + [HPO,L] = [L];

denote the fluorescent and nonfluorescent phosphates, re-
spectively, [F] and [L] denote the molar concentrations of
nonbound F and L, respectively, [HbO>], [HbO; - F], and
[HbO, - L] are the molar concentrations of HbO,, HbO> -
F, and HbO; - L, respectively, [F]t, [L]T, and [HbOs}t
are the molar concentrations of the total amount of F, L,
and HbO», respectively, and K¢ and K| are the association
constants of F and L to HbO3, respectively. In the absence
of L, the K r value can be measured. Even in the presence of
L, [F] and [HbO; - F] can be measured. [HbO:]1, [F]T,
and [L]t are known. Therefore, [HbO,-L], [L], and
[HbO:] can easily be calculated. Changes in absorption by
the addition of PP;, PPP;, and P¢Ino, at wavelengths of exci-
tation and emission, were negligibly small. Control experi-
ments by means of equilibrium dialysis showed no binding
of NapP to HbO; in the presence of enough amounts of PP,
PPP;, and P¢lno.

In all experiments, no buffer was used. Caldwell et al.
(1971) showed that, at a low salt concentration of 0.01 M
NaCl, the binding reaction of Paglycerate to human deoxy-
hemoglobin is complex and probably involves nonspecific
and multiple binding sites. We performed all experiments in
0.1 M NaCl, though we dealt with HbO; from bovine.

The pH values of solutions of hemoglobin, NapP, PP;,
PPP;, and P¢lno, before mixing, were adjusted to such ap-
propriate values that the pH value of the solution after mix-
ing may be finally the desired value. The pH values of he-
moglobin solutions containing NapP and PP;, PPP;, or
PsIno were also measured in the cell after the fluorescence
measurements. A TOA HM-5A pH meter was used.

Results

Equilibrium Binding of NapP to Bovine HbO,. Binding
experiments were performed at several pH values, at 25°,
and in 0.1 M NaCl by adding NapP»,, NapP, or NapPy to
bovine HbO; solutions. The data were plotted according to
Scatchard’s method (Scatchard et al., 1950): vpr/[F] vs.
vr1. Scatchard plots of NapP; binding to bovine HbO; are
illustrated in Figure 4. Similar Scatchard plots of NapP,
and NapP4 binding to bovine HbO; were obtained, but arc
not illustrated by figures. Abscissa intercepts of these data
appear to be more than unity, which indicates at least two
binding sites, in agreement with the result of Chanutin and
Hermann (1969) for human HbO; by means of cquilibrium
dialysis. Generally, Scatchard’s equation is described as

Yer _ S ¥r _ _
P 7 RO
where K g, is the association constant for each of the #; sites
in class i, »f; is the number of moles of F bound into the #;
sites in class / per mole of HbO»y, and vpr = Zw; is the ex-
perimentally observed value of moles of F bound per mole
of HbO,. In our experiments, we assumed that there arc
only two kind of sites and the number of sites in each class
isn; =ny = 1. The solid lines in Figure 4 were obtained by
calculating eq 3 using appropriate values of K and Ko,
which were selected so that most of the calculated solid
lines could fit to the experimental data. The pH dependency
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FIGURE 4: Scatchard plots of NapP; binding to bovine HbO; at vari-
ous pH values in 0.1 M NaCl and 25°. Hemoglobin concentration was
2.2 X 10=° M: (0) pH 5.50; (a) pH 6.00; (O) pH 6.40. The inserted
graph is the similar Scatchard plots of NapP3 binding at pH 6.59 (@),
pH 6.80 (a), and pH 6.96 (W). The solid lines represent the caiculated
curves at appropriate values of Kr; and K at each pH value.
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FIGURE 5: Logarithm of the association constants of the fluorescent
and nonfluorescent phosphates as a function of pH: (O) log Kf; of
NapPy; (a) log Kg; of NapPs; (O) log K¢ of NapPy; (- - -) log Kz of
NapP4, NapP3, and NapP;; (@) log K| of PsIno; (A) log K of PPP;;
(m) log KL of PP;. The unit of K is M~1. Solution conditions are de-
scribed in Figures 4 and 6. o denotes the degree of ionization of the ter-
minal phosphate in NapP at various pH values.

of the logarithm of association constant K gy was plotted in
Figure 5. The exact estimation of the K value was very
difficult. The tentative feature of the logarithm of K>
against pH is shown also in Figure 5. The discrepancy of
the K p2 value for different NapP is unclear.

Competitive Equilibrium Binding of NapP and Nonfluo-
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FIGURE 6: Displacement of NapP; from HbO; by the addition of non-
fluorescent phosphates in 0.1 M NaCl at pH 6.18 and 25°. The top
graph is an enlargement of the dotted-in area in the bottom graph. The
NapP5 concentration was 3.0 X 10~ M. HbO; concentration was 2.2
X 1073 M: (0) L = PgIno; (a) L = PPP; (@) L = PP,
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FIGURE 7: Plots of [HbO,]/[HbO, - L] against 1/[L] in eq 2. The in-
verse of slope gives the association constant (K ) of nonfluorescent
phosphate: (a) L = PP;; (b) L = PPP;: (¢} L = Pslno; (O) F = NapP»;
(a) F = NapP;; (O) F = NapP4. All other solution conditions were the.
same as in Figure 6.

rescent Phosphate to Bovine HbO,. Competitive equilibri-
um binding experiments were performed at pH 6.18. As
shown in Figure 6, nonfluorescent phosphates are able to
displace NapP,. The curves in Figure 6 should yield the rel-
ative affinities between NapP, and nonfluorescent phos-
phates. If the affinities of these nonfluorescent reagents are
much larger than that of NapP,, these curves will consist of
two closely linear limbs with sharp break points as reported
by MacQuarrie and Gibson (1972). NapP, has the smallest
affinity of three NapP’s and Pslno has the largest affinity
of three nonfluorescent phosphates. The curve in Figure 6
indicating the relative affinity between NapP, and Pglno
has no break point. This fact shows that even the affinity of
NapP; is not extremely different from that of PgIno. PP; is
shown to have a much smaller affinity than PPP; and Pelno.
To obtain the K value of PP;, as an example, [HbO;]/
[HbO, - L] in eq 2 is plotted against 1/[L]. The K| value of
PP; is estimated as the inverse of slope in Figure 7a. The K
value of PP; should, in principle, be identical in all cases
where F = NapP,, NapP3, and NapP4. The K| values of
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FIGURE 8: Calculated wZ p from Figure 5 using eq 6 as a lunction of
pH.

PPP; and Pglno can be obtained in a similar fashion. The
logarithms of K at pH 6.18 are indicated in Figure 5. At
pH 6.18, the K values of PPP; and PgIno are shown to be
comparable to the K, values of NapP, and NapP3, respec-
tively. The K| value of PP; is also shown to be the smallest
of all K¢ and Ky values at pH 6.18.

Discussion

By measuring the fluorescence quenching of NapP upon
interaction with bovine HbO,, we could, easily and speedi-
ly, estimate the association constants of fluorescent phos-
phates. If we extrapolate the straight-line region in vpy < 1
of our Scatchard plots back to the abscissa, we would have
the intercepted point on the abscissa between 1 and 2. The
result is similar to results of MacQuarrie and Gibson
(1972) and Hedlund er al. (1972).

In the discussion about the pH dependency of K¢ values,
treatments of Riggs (1971) and Tanford (1961) are useful.
Riggs assumed that Paglycerate binds between the proton-
ated a-NH; terminal groups of the two § chains in deoxy-
and oxyhemoglobin, and discussed the relation between the
P.glycerate binding to their groups and the protonation
reaction of their groups. Furthermore, Arnone (1972) re-
vealed by X-ray analysis that the anionic groups of Pygly-
cerate form salt bridges with seven cationic groups includ-
ing a-NH> groups of the 8 chains in human deoxyhemoglo-
bin. Such features of binding may be extended to other
species of hemoglobin, for example, bovine hemoglobin.
However, there are reports (Tomita and Riggs, 1971: De
Bruin er al., 1973, 1974) that the Pglycerate binding site
of HbO» may exist not only in 8 chains, but also in «
chains. Benesch et al. (1972, 1973) studied the interaction
of N termini of & and 3 chains in hemoglobin with various
pyridoxal compounds instead of polyphosphate. In brief, we
have no detailed information on the Poglycerate binding site
of HbO>. Therefore, we employed Tanford’s (1961) treat-
ment, which is a rough but more general one. According to
the treatment of Hedlund er al. (1972), based on Tanford’s
theory (1961), we assume that there exists general coulom-
bic interaction between charged protein and charged ligand,
with pH control of both these charges, Zp and z f, respec-
tively. We consider the charged protein as a charged spheri-
cal macroion with the interaction parameter w. Here, we re-
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strict our discussion to K g;. If the intrinsic association con-
stant of NapP at Zp = 0 is given by Ko, then

KF1 — Koe-2wZPZF (4)
log Kgy = log K, — 0.868wZpz2¢ (B)

We intend here to evaluate the Zp or wZ pvalueineq 5Sasa
function of pH from experimental data in Figure 5 by de-
termining the three kinds of zf and log K, for NapP»,
NapPs, and NapP, at a given pH value, and by cancelling
log Ko. Usually, the z f value is dependent on pH. The pK
values for the reaction HoATP2~ — H* + HATP3~ and
HATP3~ — H* + ATP4~ are 4.06 and 6.95, respectively
(Alberty, 1969). In the pH range (5.5-7.0) of interest here,
the latter reaction is significant. Assuming tentatively that
the pK values of ionization for HNapP,2~, HNapP;*~, and
HNapP4*~ are the same value, 6.90, the degrees («) of
their ionizations are the same at the same pH value (see
Figure 5). Therefore, at a given pH, the net charges zy of
NapPs, NapP3;, and NapP, differ from one another by one
charge. As an example, at pH 6.90, we can consider that
the z ¢ values of NapP,, NapPs;, and NapPs are 2.5, 3.5,
and 4.5, respectively. Practically, the pK values of each
NapP may be slightly different from one another. Since er-
rors caused by the slightly different pK scarcely influence
our discussion, we can discuss the change of the Ky value
as a function of the z p value for different F at a given pH.
If we assume that, at a given pH, w and Z p are always con-
stant for any F (NapP,, NapP3, and NapPy) log K ¢ should
be linear against z p at any pH. Indeed, such a linear rela-
tion is experimentally recognized in Figure 5. A similar lin-
ear relationship of interaction energy against the net charge
of ligand has been observed by Lo and Schimmel (1969) in
the case of human deoxyhemoglobin at pH 7.0. If we differ-
entiate eq 5 with the net charge z ¢ of each NapP at a given
pH. we obtain eq 6. From eq 6 and experimental data in
SlogKgy 1

5z, 0.868 = “7® (®
Figure 5, we can obtain wZ p as a function of pH. Figure 8
shows that the wZ p obtained decreases with an increase in
pH. If we give an appropriate constant value to «, Figure 8
will directly show the pH dependency of Z p. De Bruin et al.
(1969) studied the proton titration behavior in bovine
HbO; and showed that there are many titratable groups
especially in the pH range 6.0-7.5. Some of these titratable
groups may correspond to the net charge Zp in our data
shown in Figure 8. At the ionic strength of 0.1 M and 25°,
the Debye-Hiickel parameter « is 0.10 A~'. As the radius
of the hemoglobin molecule is about 30 A and the Debye
radius 1/« is about 10 A, not all charges in hemoglobin but
the positive charges in the vicinity of binding sites can con-
tribute to the phosphate binding. Therefore, the net charge
Z pin our data (Figure 8), practically, must signify the pos-
itive net charge involved in the binding in HbO». although
the plausibility for quantitative estimation on the Zp value
is dependent on the estimate of the w value and also the va-
lidity of the electrostatic model used. According to Perutz
(1970), the positively charged groups involved in the phos-
phate binding in hemoglobin have pK values above approxi-
mately 7.0. At a pH lower than 5.5, the phosphate binding
sites are fully protonated. Indeed, Zp in Figure 8 («w is a
constant) is shown to be saturated to a value at the decreas-
ing pH. It appears that we succeeded in accounting for our
results on the association constants at various pH values by
electrostatic effects.
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Table I: Relation between R and Zp; wZp = 0.80 at Low
pH, Ionic Strength = 0.1M, 25°, 1/« = 104,

R (A) w Zp

6 0.40 2.0

9 0.23 3.5

12 0.15 5.3

15 0.11 7.3
30 0.034 24

We tentatively calculated « against R. From Figure 8,
we employed the saturated value 0.80 at low pH as wZp,
and calculated Z p using the w value (Table I).

If we differentiate eq 5 with pH, we obtain eq 7. Hedlund

0 log Kyy 1 S(wZy)

_ 625
6pH 0.868 6pH

OpH

Zp + (wZp) (M
et al. (1972) regarded 6z ¢/6pH = 0O in the pH range 6.5-
7.0. On the basis of our data (Figure 8), we examined the
contribution of the second term in eq 7 in comparison with
the first term. It was found that the per cent ratios, the ab-
solute value of the second term to the absolute value of the
first term at pH 5.5 and 7.0, are 24-47 and 5-9%, respec-
tively. The second term in eq 7 is negligible in the neighbor-
hood of pH 7.0. Therefore, the treatment of Hedlund et al.
is approximately valid at this pH.

As shown in Figure 5, the K f; value of NapPs is larger
than the K value of PPP;, although both substances have
the same number of phosphoric groups. Similarly, the K g,
value of NapP; is larger than the K| value of PP;. This fact
suggests that not only phosphoric groups but also hydropho-
bic groups contribute to the binding to HbO,. It is impracti-
cal to compare our results with many literature references
about organic phosphate binding to hemoglobins of other
species under somewhat different conditions. Keeping in
mind these differences, we will make a try to compare our
values with the association constants of P,glycerate, ATP,
and so on measured by various investigators. Hedlund et al.
(1972) gave K = 4 X 102 M~! for the Pglycerate binding
to horse HbO5, and K = 8 X 102 M~! for the ATP binding,
at pH 7.0 and 25° in 0.1 M NaCl. De Bruin et al. (1974)
found K = 1.2 X 103 M~/ for Paglycerate binding to human
HbO,, at pH 6.8 and 25° in 0.1 M KCI. The association
constants of NapP,, NapPi, and NapP, are larger than
those of Pyglycerate and ATP.

The association constant of NapP3 is comparable to that
of Pg¢lno, which is the strongest allosteric effector ever
found (Benesch er al, 1968; Gibson and Gray, 1970;
Tyuma et al., 1971). We found also that, as well as PgIno,
NapP,, NapP3, and NapP, influence O; affinity of bovine
hemoglobin. The natures of three fluorescent organic phos-
phates as strong allosteric effectors will be reported else-
where.

It is worthwhile to mention here that the fluorescence of
NapP has a very interesting feature. At the excitation
wavelength in the range 290-340 nm, the fluorescence in-

tensities of NapP;, NapP3, and NapP, are clearly different
from one another. Therefore, we made use of NapP; as a
fluorescent ATP analog, and succeeded in measuring AT-
Pase activity directly by the fluorimetric method (Kagawa
etal., 1974).
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