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Abstract. The kinetics of binding of Cu(II), Tb(III) and
Fe(III) to ovotransferrin have been investigated using the
stopped-flow technique. Rate constants for the second-
order reaction, k., were determined by monitoring the
absorbance change upon formation of the metal-trans-
ferrin complex in time range of milliseconds to seconds.
The N and C sites appeared to bind a particular metal
ion with the same rate; thus, average formation rate
constants k, (average) were 2.4 x10*M s ! and
83x10*M™1's! for Cu(ll) and Tb(III) respectively.
Site preference (N site for Cu(II) and C site for Th(II)) is
then mainly due to the difference in dissociation rate con-
stant for the metals. Fe(IIl) binding from Fe-nitrilotri-
acetate complex to apo-ovotransferrin was found to be
more rapid, giving an average formation rate constant k ,
(average) of 5x10° M~ ! s~ !, which was followed by a
slow increase in absorbance at 465 nm. This slow process
has an apparent rate constant in the range 3s™ ! to
0.5s™1, depending upon the degree of Fe(III) saturation.
The variation in the rate of the second phase is thought to
reflect the difference in the rate of a conformational
change for monoferric and diferric ovotransferrins.
Monoferric ovotransferrin changes its conformation
more rapidly (3.4s” %) than diferric ovotransferrin
(0.52s71). A further absorbance decrease was observed
over a period of several minutes; this could be assigned to
release of NTA from the complex, as suggested by Honda
et al. (1980). '

Key words: Transferrin — Metal-binding protein

Introduction

The transferrins are a group of homologous iron-binding
glycoproteins in blood plasma, mammalian milk and avi-
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an cggs, which are called serotransferrin, lactotransferrin,
and ovotransferrin, respectively (Bezkorovainy 1980;
Brock 1985; Feeney and Komatsu 1966). In vivo, the
transferrins bind and transfer iron and thus contribute to
the effective use of iron (iron metabolism) in the physio-
logical state. Hence it is of importance to study the bind-
ing kinetics of metal ions to transferrins and this is the
subject of the present study.

Each transferrin molecule consists of a single polypep-
tide chain of molecular weight approximately 80 kDa,
which has two major structural lobes, the N and C do-
mains, and a short connecting part (Gorinsky et al. 1979;
Anderson et al. 1987). The two domains each possess a
specific site for metal ion binding, the affinity is different
for the two sites (Yamamura et al. 1984; Aisen et al. 1973;
Donovan and Ross 1975). The amino acid sequences of
the two domains show considerably homology (Metz-
Boutigue et al. 1984; Yang et al. 1984; Williams et al.
1982), and the residues in the metal-binding sites are the
same (Metz-Boutigue et al. 1984; Williams et al. 1982).
The domains are also capable of binding various other
metal ions such as copper, terbium etc. (Aasa et al. 1963;
Tan and Woodworth 1969; Luk 1971; Yamamura et al.
1988). The concomitant binding of a particular divalent
anion, physiologically (bi)carbonate, is required for the
formation of a stable metal-transferrin complex (Bates
and Schlabach 1973; Cowart et al. 1982).

We have studied the equilibrium iron-binding proper-
ties of ovotransferrin and have found that the N site has
a greater affinity than the C site for iron and that the
binding is cooperative. Copper, on the other hand shows
no cooperativity in binding (Yamamura et al. 1985). In the
present study, we have measured the kinetics of metal
binding using the stopped-flow technique. From the find-
ings described here we propose a binding model in which
the irons are bound to the two domains non-selectively
and independently. The subsequent conformational
change and/or stabilization of iron-binding with a diva-
lent anion occurs cooperatively. Kinetic studies on iron
binding to human serotransferrin have been performed
by Bates and co-workers (Baes and Wernicke 1971; Bates
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1982; Cowart et al. 1982) and by Honda et al. (1980). The
model we propose here is consistent with their experimen-
tal results, but is actually established by our new findings
on the bimolecular reaction and the subsequent uni-
molecular process.

Materials and methods
1. Preparation of ovotransferrin

Ovotransferrin was purified from hen egg white by CM-
and DEAE-Sepharose CL-6B column chromatography,
as described previously (Yamamura et al. 1984). The con-
centration of apo-ovotransferrin was determined from
the absorbance at 280 nm as E'”=11.3 (Glazer and
McKenzie 1963) and a molecular weight of 77,770
(Williams et al. 1982).

2. Preparation of metal solutions

Fresh Fe-NTA solutions were prepared by dissolving
Fe(NO;);,9H,0 and NTA. 3Na in 0.05M Tris-HCI
buffer at pH 8.0 (Harris and Aisen 1973), the concentra-
tion of Fe was adjusted to 0.05 M at pH 8.0. Cu(Il) and
Tb(I1l) solutions (0.05 M) were prepared by dissolving
CuSQO,5H,0 and TbCl;3H,0, in distilled water. The
solutions were diluted with buffer or distilled water to the
required concentration just before each experiment. The
pH was not adjusted on mixing, since the pH change due
to metal binding and/or to mixing with the acidic metal
solution was negligible in the buffer used.

3. Chemicals and buffers

All reagents used were analytical grade. Ovotransferrin
was dissolved in 0.05 M Tris-HCI buffer at pH 8.0 con-
taining 0.06 M NaHCO,; in the case of reaction with Fe-
NTA, or in 0.1 M Tris-HCI buffer at pH 8.0 containing
0.06 M NaHCO, in case of reaction with Cu(Il) and
Tb(III) ions. Final concentrations of ovotransferrin in all
cases were adjusted to approximately 1.3 x 10™% M (ca.
1%) (see Results). In all cases, an amount of bicarbonate
sufficient to saturate all binding sites was included.

4. Apparatus

Stopped-flow experiments were performed with a Union-
Giken stopped-flow spectrophotometer, RA-450. The
binding reactions were monitored at 465 nm for Fe-NTA
(Warner and Weber 1951), at 440 nm for Cu (1I) (Frankel-
Conrat and Feeney 1950), and at 245 nm for Tb(III)
(Yamamura et al. 1988) as these wavelengths showed the
maximum absorbance change on metal binding. Data
were stored in a transient memory HR-1200 (Kawasaki
Electronics), and transferred to a Sord microcomputer
M223. Analyses were done by the non-linear least squares

Simplex method (Nelder and Mead 1964). The tempera-
ture was contolled at 30°C+0.5°C throughout.

5. Analysis

Monophasic data were analyzed according to (2) with the
assumption of a bimolecular reaction,

k
Tf+M = Tf-M (1)

kp

Absorbance 4 is derived as (Tachf'iri et al. in press)

ama—tmap (1= gt ) 2
where 4;and A4, are initial and final values of absorbance,
Kapp =k (et —p) (3)
a=3{(Tfl, + Ml +1/K) +7} (4)
B=3{Tflo+ [M]o+1/K)—7v} (5)

y=+/(Tfly + M, + 1/K)* — 4([Tf], [M], — [TT- M]/K)
and (6)
K=k /k, (7

Subscript 0 denotes concentration at t=0. In the present
work, [Tf- M],=0. Equation (2) with (3)—(7) was analysed
by the non-linear least squares Simplex method with 4;,
Ag, ko, and K as unknown parameters.

When K[M][Tf] > [Tf M], ie. K[M] > 1, (2)—(6) are
simplified as follows by neglecting the back reaction.

A=A, —(4,—4,) >0
Yo

1 —J)o/xo
< 1—(yo/xo)exp(—kf(xo—yo)t)> ®)

where x, is max ([Tf],, [M],) and y, is min ([Tf],, [M],). In
practice, (8) was used in the following analyses, as the
evaluated k, were not reliable and were probably negligi-
ble. The validity of this assumption will be discussed later.

For biphasic processes the absorbance change was
analysed according to the following equation,

B af a—pf .
A—Ai—(Ai“Af)ﬂ<1 a_ﬁexp(—kappt)>+dc ‘

©
or
A=A, —(A—A;) 0 1o

Yo
] (1_ 1—Yo/%o
1—(yo/x0) eXp(_kf(xO_yO)t)

according to (8).

This was done because the two phases were very well
separated and the slow process could be treated by
adding a linear term (= AC - t) (see Fig. 5b). Apparent rate
constants for the slow processes were determined from
other sets of experiments performed using much longer

)+ac-



time scales (see Fig. 5a) and assuming a single exponen-
tial decay. The initial part of the time course was omitted
in this analysis.

Resnlts and discussion
1. Binding of Cu(1I) and Tb (III)

Binding kinetics of Cu(Il) to apo-ovotransferrin were
monitored using the absorbance change at 440 nm. Fig-
ure 1 shows a typical trace which demonstrates that the
reaction is monophasic. Binding of Tb(Ill) to apo-ovo-
transferrin was monitored using the absorbance change
at 245 nm, this also gave a monophasic decay (Iig. 2).

Upon increasing the metal concentration, the rates
of both metal-binding reactions become faster, which
suggests the reactions are (or at least include) second-
order reactions. The data were analyzed according
to (8) which assumes that the reaction is bimolecular.
Rate constants, k ., were estimated and are summarized in
Figs. 3 and 4, which clearly demonstrate that the ob-
served reactions are bimolecular since the second-order
rate constants thus obtained are independent of metal
concentration. The rate constants obtained for Cu(Il)
and Tb(III) binding are (24+0.3) x10* M~ 's™! and
(8.04+0.3) x10* M~ s respectively.

Ovotransferrin has two metal binding sites, the N and
C sites. Both of these bind metals, but with different affin-
ity as described in the Introduction. In the case of Cu(II)
binding, Yamamura et al. (1985) have reported that the N
site has a higher affinity (ratio of association constants,
K./Ky=0.4740.03) and the sites have no cooperativity.
If this difference in association constants for the two sites
is ascribed to the difference in forward reaction rates, we
should observe two phases in the time course of the bind-
ing process, but this is not the case. In fact, the resolving
power of kinetic measurements for multiphase processes
is not particularly great and one might measure an aver-
age rate constant for the two sites. Then,

kf(ave)zkmfz\"l‘kfcfc (11)

holds, where k,(ave) is the observed forward rate con-
stant, ky and k. are forward reaction rates for the N and
C sites, respectively, and fy and f are unoccupied N and
C site fractions. As the N site has a higher affinity, we
would expect that k,(ave) shifts from k;y to k. upon
increasing the metal concentration. However, Fig.3
demonstrates that k,, is independent of metal concentra-
tion. Therefore, we conclude that k,y =k ;. within experi-
mental error (ca. 10%). In fact, we could not see any
evidence for the rate of binding to the N being different
from that to the C site. Thus we are led to conclude that
differences in association constants must be attributable
to different dissociation rates, with dissociation from
the C site being twice as fast. Yamamura et al. (1984)
have reported that cupric ions are released from N
and C sites with rates of (4.08+0.22) x1073s™* and
(8.66+2.88) x 1072 s~ upon addition of 0.1 M EDTA
(in the presence of 5 mM NaHCO,). The ratio of dissoci-
ation rate constants of [N site]/[C site] (by EDTA)is 0.047.

Absorbance

200ms

Time

Fig. 1. Time course of absorbance change at 440 nm, as a probe of
copper binding to ovotransferrin. Solutions (A) and (B) were mixed
at a ratio of (A)/(B)=1 vol/vol; (A) apo-ovotransferrin at
2.6 x 10™* M dissolved in 0.1 M Tris-HCL, pH 8.0 in the presence of
0.06 M NaHCO;; (B) 5.4 x 10~* M CuS0, in distilled water. Ordi-
nate represents absorbance in arbitrary units

Absorbarnce
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Fig. 2. Time course of absorbance change at 245 nm. Solutions (A)
and (B) were mixed at a ratio of (A)/(B)=1 vol/vol; (A) apo-ovo-
transferrin at 2.6 x 10™* M dissolved in 0.1 M Tris-HCl, pH 8.0 in
the presence of 0.06 M NaHCO,; (B) 5.4 x 10™* M TbCl; in dis-
tilled water. Ordinate represents absorbance in arbitrary units
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Fig. 3. Rate constant for copper binding to ovotransferin as a func-
tion of [Cu]/[Tf]
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Fig. 4. Rate constant for terbium binding to ovoransferrin as a
function of [Tb]/[Tf]
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Fig. 5a, b. Time course of absorbance change at 465 nm, as a probe
of ferric iron binding to ovotransferrin. (a) (top) slow phase up to
10 s. (b) bottom fast phase up to 200 ms. Solutions (A) and (B) were
mixed at a ratio of (A)/(B)=1 vol/vol; (A) apo-ovotransferrin at
1.2 x 10~* M dissolved in 0.05 M Tris-HC, pH 8.0 in the presence
of 0.06 M NaHCO,; (B) 2.5 x 10~ * M Fe-NTA in 0.05 M Tris-HCL
Ordinate represents absorbance in arbitrary units

If the Cu uptake and release is a simple bimolecular reac-
tion, this ratio (0.047) should agree with K /K, (=0.47),
but it is one order of magnitude different. This result
might indicate the existence of a different rate limiting
step in Cu release induced by EDTA.

To investigate the points above in more detail, we
have measured an average association constant (Experi-
mental details are described in Appendix 1, which was
(2.6 +0.1) x 10° M~ . The average dissociation rate con-
stant is then calculated as (9.1 +0.3) x 10~ 3 s~ 1. This val-
ue is of the same order as the Cu release reaction from the
C site and suggests that Cu binding at the C site is a
simple bimolecular reaction. On the other hand, Cu re-
lease from the N site is 20 times slower than that from the
C site, which might imply the existence of an intermedi-
ate. We assumed that the backward reaction of Cu bind-
ing was negligible when analysing the forward reaction
rate. This assumption was reasonable because the appar-
ent rate constants for the uptake reactions of Cu and Tb
were around 10 s~ !, whereas release reactions were in the
range 10721073

In the case of Tb(IIl) binding, the situation is very
similar to that for Cu(II) binding except that the C site
has a higher affinity than the N site (K /Ky=224+04
(Ichimura et al. 1989)). The average association constant
K, was calculated as (2.840.2) x10° M ™' (see Ap-
pendix 1) and the average dissociation reaction rate was
estimated to be (2.8 +0.2) x 1072 s %, Since the metal re-
lease rate induced by EDTA was (8.4+0.1) x 10”25~ ! for
the N site and (5.840.1) x 1072 s~ ! for C site (Yamamura
et al. 1988), it is reasonable to assume that Tb binding is
a bimolecular reaction for the N site, whereas there might
be an intermediate in Tb release from the C site, as ap-
pears to be the case for Cu release from the N site.

2. Binding of Fe-NTA

In contrast to the binding of copper or terbium, binding
of Fe (III)-NTA, monitored at 465 nm, showed a multi-
phasic process (Figs. 5a and b). The fast phase was fin-
ished within 20 ms, there was a much slower second phase
which lasted more than 10 s and one further slower pro-
cess, lasting several minutes. We refer to these processes as
L, II and III in what follows.

(i) Process I. The fastest phase was analyzed by assuming
that it was a bimolecular reaction as in the case of Cu(II)
and Tb(III). In the analysis, (10) instead of (8) was em-
ployed to subtract contributions of the slower phase.
Rate constants, k,, were estimated using the non-
linear least squares method, and are shown in Fig. 6a.
Rates thus obtained were almost independent of Fe (IIT)
concentration with an average value of (5.040.3)
x 10° M~ 1! 571, which confirms that the reaction is bi-
molecular. The association rate constants thus obtained
are 10 times faster than the values for Cu(II) and Tb (III)
binding. In all cases, association rate constants for Cu(II),
Tb(I1I) and Fe(III) are much smaller than the diffusion-
controlled limit (~10° M~'s™!). Differences between
the rates for Fe(III), Cu(II) and Tb(III) are probably due
to differences in the stercospecificity of the binding sites.

(ii) Process II. The second phase was analyzed according
to (12).

F=—b-exp(—ky,,,t)+c-t+d (12)

2app
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Fig. 6a, b. Rate constants of the slow (a) and fast (b) phases of Fe
binding to ovotransferrin as a function of [Fe]/[Tf]
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Fig.7. An analysis of the formation rate for the slow phase (in
Fig. 6a) according to the model (see Appendix II). Broken line was
calculated according to the model shown in Appendix II. Solid cir-
cles were calculated values from the rate constants of process II (in
Fig. 6a)

where b, ¢ and d are constants. In the analysis, the contri-
bution of the fastest process was removed by not using the
initial part of the time course. As processes I and II were
so well separated, this procedure was sufficient to obtain
the apparent rate constant, k,,,.. A linear term ¢-¢ was
added for subtracting the contribution of the slowest
phase. Values of k, . were thus estimated and are plotted
in Fig. 6b, which shows that k, ., decreases linearly up
to [Fe]/[total T, sites] =90%, and then becomes indepen-
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dent of Fe concentration for [Fe]/[total T sites]>120%.
These results are very well explained with the following
model; the rate of this process is mainly determined
by whether the other site is occupied or not. We assume
two rate constants, k, and k,. The former corresponds
to the rate when the other site is empty and the latter
corresponds to the rate when the other site is occupied.
With the simple analysis shown in Appendix II, we have
estimated k, as 3.4s” % and k, as 0.52s !, Simulated
results are shown in Fig. 7.

The above ideas do not exclude the possibility that the
rate of process II differs for the N and C sites. However,
the variation in rate with metal concentration is mainly
determined by the state of occupancy of the other site.

(iii) Process I11. The slowest process lasted several min-
utes and differed from the other processes in that the
absorbance decreased (data not shown). These results are
in good qualitative agreement with the data of Honda
et al. (1980). They attributed this process to the release of
a ligand, NTA, from an intermediate complex consisting
of ovotransferrin, Fe, NTA, and CO3~. A model that
might explain these results is described in the next section.

(iv) A model for Fe binding. As far as our experiments are
concerned, the metal-binding process can be summarized
in a scheme shown in Fig. 8,

(1) Process 1is a second-order reaction. The binding rate
of the Fe-NTA complex for the N and C sites is assumed
to be the same; i.e., Fe-NTA binds with a rate which does
not depend on whether the other site is occupied by
Fe-NTA. Thus, the binding rate constant in the scheme
above is nearly the same; k,y =k, .=k y=Kc.

(2) Process Il shows a more complicated dependence on
Fe-NTA concentration. Ovotransferrin, which binds Fe-
NTA weakly, changes its conformation to form an inter-
mediate involving Fe, NTA, ovotransferrin and CO3 ~. In
contrast to process I, the rates of formation of the inter-
mediate complex become smaller with an increase in Fe-
NTA concentration (see Fig. 6b). This result shows that
the formation rate for one site is influenced by the state of
occupancy of the other. Thus, the formation rate constant
in the above scheme is explainable with the following
relations; k, >k’ and k,> k5. This result implies that
binding of the first Fe-NTA induces a comformational
change which makes the second Fe-NTA form the inter-
mediate complex more slowly. From our experimental
results it is not possible to say anything about the relative
magnitude of k,, and k,, it may be that these rate con-
stants are in fact identical.

(3) From Fe(IIl) equilibrium binding studies (Yama-
mura et al. 1985), it is known that Fe(III) binds more
strongly to the N site than the C site and that Fe(III)
binding shows positive cooperativity. Our findings show
that the second-order rate constants for binding of
the Fe-NTA complex to the N and C sites are not very
different. To be consistent with these results, differences
in association constants would be attributed to differ-



Process Process Process
() ) ()
col cor cor  cor co: co¥
\_/ Koy N/ Kan N S
nTic — ! N/T fc Po— /Nch + NTA
Neant NTAFe K _on |/=e Koan Fe
Coy  CO% s NTA
(1) N/ +nFeNTA Koo || Kag
nTfe
4.,
v
/r:w Cco%” /cog‘ K'on cor cor K s Ccoy cor
N  IN_/i P — N 7
nTfc K on [T Ky nTic + 2NTA
L t” R Fe’ “Fe
NTAFe FeNTA PR
NTA NTA
Process Process Process
) (n ()
2- 2- 2— 2 2- -
CO; €03 CO> CO? CO; €03
\ / kZC \ / kac \ /
wTic — nTie e— NTig + NTA
e FeNTA Kezc Fe, Ko Fe
- . NTA
COi COj A©
2) Tt + nFeNTA Ko Kin
A,;
‘o
4 co> cor y co> co¥ , co> cor
N e Ny K N/
nTiC ——— | Tic | D — nTfC + 2NTA
. Koo RN Koic / \
NTAFe  FeNTA Je  Fe Fe  Fe
NTA NTA

Fig. 8. A model scheme for the reaction of Fe-NTA with ovotransferrin. Sequences show the formation of (1) N-monoferric (upper) and
diferric (lower) ovotransferrins from N-site preference bound FeNTA, and of (2) C-monoferic (upper) and diferric (lower) ovotransferrins from

C-site preference bound FeNTA, respectively. The characters in sequence (i),

CO3S 05" CcoiL  CO3”
NTAFe ™ € ’ Fe N ¢

NTA

coz.

4 ~ N

Tf,
Fe ¢

co3” Co3L.

-

Tf/CO§’

N—-°C

| FeNTA, and NTA

represent apo-ovotransferrin-carbonate, an ovotransferrin complex with weakly bound Fe-NTA, an intermediate complex involving NTA,

a stable ternary complex of ovotransferrin-iron-carbonate, iron nitrilotriacetate complex, and nitrilotriacetate,

respectively.

k is the rate constant and its subscripts indicate association (1N, 2N, 3N) or dissociation (— 1N, —2N, —3N) rates. The symbols in the other

sequence have similar meanings

ences in dissociation rate constants; k_, y<k_,. and/or
k_,y<k_,c,and kK_ y<k_, . and/or k_,y<k__,. as in
the case of Cu(II) and Tb(III).

(v) Comparison with other reports. Bates and coworkers
(Bates and Wernicke 1971; Bates 1982; Cowart et al.
1982) have reported that the kinetics of binding of Fe-
NTA to human serotransferrin are biphasic in the pres-
ence of bicarbonate ion at pH 7.45. The first phase is
complete within 100 ms and it represents reaction of Fe-
NTA with the metal-binding site of transferrin to form an
intermediate involving NTA, iron, and transferrin in the
presence of (bi)carbonate. The second phase is complete
in 10 s and is thought to involve the release of NTA, so
that the ternary complex of the stable iron (III)-transfer-
rin-(bi)carbonate is formed.

Honda etal. (1980) have investigated the slower
region using the stopped-flow method. They found a slow
phase lasting several minutes in which the absorbance
decreases. They attribute this process to the release of

NTA and process 111 of our model probably corresponds
to the process they observed. Although Bates and
coworkers (Bates and Wernicke 1971; Bates 1982; Cowart
et al. 1982) attribute their second phase to the release
of NTA this seems unlikely when experimental results
from the three groups are compared. The slower phase
obtained by Bates and co-workers would appear to
correspond to process II observed by us.

Thus our results partly confirm previous results but
also allow us to establish a model for Fe binding which is
shown in Fig. 8.

Appendix I

An ovotransferrin molecule has two metal-binding sites.
We determine an average association constant at a fixed
pH of 8.3 in a buffer containing 30 mM NaHCO,. Cupric
ion is bound to two sites without any cooperativity
(Yamamura et al. 1986). An average association constant,
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Fig. 10. Spectrophotometric titration of ovotransferrin with Tb(I1I)
ion. Plots of absorbance changes at 245 nm. On the abscissa,
[Tf] represents the site concentration of transferrin. Conditions:
1.2 x10™* M ovotransferrin dissolved in 100 mM Tris-HCI buffer
containing 30 mM NaHCO,, pH 8.0. Average association constant,
K, was estimated as 2.57 x 10> ML, The theoretical curve (solid
line) was calculated with (A-7}

0.0

K,, for Cu(Il) binding to one sitec of ovotransferrin is
calculated according to the following scheme and equa-
tions,

Tf+Cu$Cu Tf (A-1)
_ [CuTf] ]
Ka= [Cu] [Tf] (A-2)
[Cu],=[Cu] + [Cu Tf] (A-3)
[Tf),= [Tf] + [Cu Tf] (A-4)

where [Cu], and [Tf], are total concentrations. [Tf] and
[Cu Tf] are concentrations of the apoprotein and the cop-
per complex of ovotransferrin (per site). [Cu] indicates
unbound copper concentration (existing as hydroxy com-

Fig. 11. A site-occupancy model for transferrin plus metal ions

plexes and/or Tris complexes etc.). [Cu Tf] is estimated
from the specific absorption maxima of the copper com-
plex, using ELY7% . =054 for the dicupric complex
(Frankel-Conrat and Feeney 1950). K, is expressed as a
function of [Cu Tf] using (A-2) to (A-4). Then we obtain
the following equations,

[Cll Tf] :% (X - xZ —4 [Tf]r [Cu]z)

where
x=[Cul,+[Tf],+1/K,

Amplitude analysis was done according to (A-7), using
the non-linear Simplex method (Nelder and Mead 1964).
The absorption difference due to copper binding can be
written as

(A-5)

~ —f . o [Cu]t

A= Ag=4e[CaTil= T II,(Y — ¥4t

where (A7
B 1 [Cu],

Y=, T,

A 1s absorbance, 4, is the absorbance at [Cu],=0, and 4¢
is the molecular absorption coefficient of the Cu-Tf com-
plex. Equation (A-7) is rewritten as

(A, —4o)

A==,

(x—/x*—4[Tf],[Cu],) (A-8)
where A, represents the absorbance at saturating [Cu].
From (A-8), K,, A, and A, were best-fitted by the non-
linear Simplex method.

The K, thus estimated was (2.6 +0.2) x 10° M~ 1. The
average association constant, K, is related to the associa-

tion constants for the N and C sites as follows:

K — Ky(1+4y) _ K(1/A4+y)
¢ 14y 1+y

(A-9)

where y is the distribution ratio (=[C site]/[N site]) and
A=K /Ky as defined by Yamamura etal. (1985). Al-
though K, is not constant with changing Cu concentra-
tion, it does not actually change much because

075K, <K <083 K,.

In Tb(I1I) binding, similar equations ae used for the
analysis with different molecular absorption coefficient,
ovotransferrin and metal concentrations. K, for Th(III)
binding was calculated to be (2.8+0.2) x 106 M~ L.
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Appendix IT

Consider n transferrins with m iron atoms. Each iron
atom is bound to free sites independently. If the other site
is empty the association rate is k,, and if the other site is
occupied, the association rate is k,(k, > k,). Then,

kapp:kl f1+k2f2

where f, and f, are the fractions of protein molecules
with one and two sites occupied. Assume that s molecules
bind at least one iron and then (m — s) molecules bind two
iron atoms. Denote zero, one and two sites occupied com-
binations as C, C, and C,. Then

Number of molecules with no sites occupied: n—s
Number of molecules with one site occupied: 2s—m
Number of molecules with two sites occupied: m—s

Then

[B-1]

" n!

CO:s:Zm/z (n—s)! 2s—m)! (m—s)! [B-2]
" n!

Ci= 2 T Ge—m—1) (m—3)! [B-3]
m n!

= L s @s—m) m—s—1)] [B-4]
Cl CZ

fl:(leCz’ fz=m [B-5]

In Fig. 7, [B1] is illustrated.

Thus, concentration dependency for the apparent rate
constants is explainable with the assumption that the rate
of binding is much faster when the other site is empty.
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