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Further evaluation of the biphasic kinetics of iron removal

from transferrin by 3,4-LICAMS
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Summary. Further evaluation of the kinetic data
for Fe** removal from isolated differic and mono-
ferric transferrins by the tricatechol ligand 3,4
LICAMS has allowed full characterization of the
four microscopic rate constants. A very small co-
operativity exists between the two iron-binding
sites with respect to their rates of iron release. The
activation free energy profile for the system is
presented.
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Introduction and discussion

In a previous paper (Kretchmar and Raymond
1986) describing the biphasic kinetics and temper-
ature dependence of iron removal from transfer-
rin (Tf) by the tetracatechol ligand 3,4-LICAMS
[1,5,10-N, N’ N"'-tris(5-sulfanato-2,3-dihydroxy-

benzoyl)-1,5,10-triazadecane], we presented a ki-
netic analysis of the rate of iron removal from this
iron-transport protein (Aisen 1989; Chasteen
1983) which recognized that, in principle, the iron
could be removed at different rates from the two
sites (a and b) of the protein and that there might
be some interaction between the two sites in the
diferric form of the protein (Chasteen 1983;
Kretchmar et al. 1988). Shown in Fig. 1 (upper
right-hand corner) is the scheme for irreversible
iron release, originally proposed by Baldwin (1980)
that was used earlier to describe this system and
which will be used here. Additional analysis of
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Fig. 1. Reaction coordinate diagram for the removal of iron
from diferric transferrin (Fe,Fe, Tf) to form apotransferrin (TY)
and ferric ligand (Fel). The free energy of activation values
AG*, were calculated from: AG* = — RT Infkh/kT] (where &
is the microscopic rate constant, # is Planck’s constant, k is
the Boltzmann constant, and T'is the Kelvin temperature). The
free energies are per iron bound and the average value of the
free energy of the monoferric iron a and b sites are shown to
illustrate cooperativity of binding between the two sites

our data, prompted in part by the work of Bertini
et al. (1988) and Harris et al. (1987) has shown
that more information could be extracted from it
and that there are some erroneous calculations in
the original paper which we seek here to correct.
We refer the reader to the earlier paper (Kretch-
mar and Raymond (1986) for experimental details
and derivation of the kinetic expressions.

We assume that the rates of iron removal from
Fe,Tf and Fe,Tf are the same within experimental
error, and use Eq. (1) (Eq. 7 in the earlier paper
(Kretchmar and Raymond (1986)) to determine
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Table 1. Macroscopic rate constants for iron removal from
0.100 mM diferric transferrin by 3,4-LICAMS

[3,4-LICAMS] m;x102  m,x10? % m;  Kkopsa x 10?
(mM) (min~?)  (min~Y) (min—1)
6.00 70 (1)  195(Q) 31(1) 21

4.00 52 (1) 148(8) 30(2) 18

3.00 47 (1) 138(2) 29(1) 13

2.00 336(8) 1.02(4) 28(2) 11

1.00 1.91 (6) 0.52 (4) 31(2) 0.63

0.40 09 (1) 019(®]) 37(3) 030

Data are taken from Kretchmar and Raymond (1986), mea-
sured in 0.050 M Hepes pH 7.4, 25°C, I=0.082M.
my=ky,+ky,; my=kay; Yom;=50[2—m,/(m; —m,)]. Values of
kovsa are from Baldwin 1980 (0.1 M Tris pH 7.4, 25°C,
I=0.082 M). Here, and in other tables, the estimated standard
deviation (in the least significant digits) is presented in paren-
theses following the corresponding parameter, i.e. the first
value for m;=7.0£0.1x 102 min~!

m, and m, for iron removal from diferric transfer-
rin. my>my, = M3

my

(m;—my)
i)
* ((ml —m;) ©

This assumption was subsequently independently
verified by directly measuring k,, and k», for iron
removal from the monoferric transferrins at
25°C; it means that AGS;, and AGS (Fig. 1) are
equal. Here A is the absorbance at 520 nm as a
function of time, 4., the equilibrium absorbance,
B, the initial Fe,Tf concentration, & the molar ex-

e Mt

A—Aw=B0£l[(2 -

M

tinction coefficient per iron atom, [/ the cell path
length, m;=k.+kw, my=ks, and m;=k,, (see
Fig. 1).

The question of whether the two sites affect
one another as a second iron atom is bound re-
mains; the converse of this is whether the rates of
iron release by the k;, and ky, paths differ signifi-
cantly on average from the k., and k,, paths.
From Table 1 it can be seen that the values (Car-
rano and Raymond 1979) for the percentage of
iron released during the first phase, %m,, range
over 28%-37%. (The values of %m, Tables 1 and 2
of the earlier paper (Kretchmar and Raymond
1986), are corrected in Tables 1 and 2 of this pa-
per.)

In the following discussion it will be useful to
use the free energy diagram (Fig. 1) to describe
the relative rates of iron removal from the differ-
ent sites of the iron-loaded protein. It will be of
particular importance here to describe precisely
what we mean by ‘cooperativity’ of iron binding
in diferric transferrin. The free energy diagram is
intended to describe the free energy per iron site.
The iron is bound more strongly at the a site than
at the b site. This relative strength of binding is
also paralleled in the kinetics. If there were no in-
teraction between the two sites when iron is
bound at both of them, the free energy per iron
for the diferric protein molecule should be just
the average of the two monoferric proteins. The
absence of interactions can be seen in Fig. 1 as the
midway position of the two dashed lines. Any in-
teraction between the two sites (cooperativity) will
strengthen or weaken (as shown in Fig. 1) their
average binding energy and correspondingly
change the average rate of iron removal. As can

Table 2. Rate constants for iron removal from 0.100 mM labeled diferric transferrin by 6.00 mM 3,4-LICAMS

Parameter Value for N-labeled site Value for C-labeled site
*Fe(N)-Fe(C)Tf ¥Fe(N)-Fe(C)Tf 3 Fe(C)-Fe(N)Tf 3Fe(C)-Fe(N)Tf
(% 102 min~") (x 10> min~?) (x 10> min ™" ( x 10? min®)

m 69 (2) 7.0 (2) 6.3 (1 63 (1)

ms 2.35 (6) 1.94 (6) 1.79 (4) 1.93 (2)

% m; 24 (2 31 (2) 30 (D 28 (1)

k1. [Fe(N)] 435 (3) 48 (2) 55 (3) 51 4

k1p[Fe(C)] 3.0 @ 22 ¥ 09 (1 1.2 4

milkia+Kip) 7.5 4) 7.0 4) 64 (3) 6.3 (6)

mq[Fe(D)/m [k + k1ol 0.92 (6) 1.0 (1) 0.98 (5) 1.0 (O

[k1a-kap)/Thaa ko 3M 3. 1.2 (3) L5 (N

Here k;, and k;;, are determined from Egs. (4) and (5). The degree to which cooperativity exists between the a and b sites is
defined as the ratio [kia-kio]/[kza-kon]. Measurements were made in 0.050 M Hepes pH 7.4, 25°C, I=0.082 M. mi=ky,+ ky;
my=ksy. Y%om, is defined in Table 1. [Fe(T)] refers to the total amount of iron in diferric transferrin; [Fe(N)] and [Fe(C)] refer to the
iron located in the N- and C-terminal sites of diferric transferrin, respectively. From the kinetic data, it is concluded that [Fe(N)}

corresponds to site a and [Fe(C)] to site b



be seen from the free energy diagram, a change
in any one of the activation barriers can occur
independently, so that all four are linearly in-
dependent. If, however, it is assumed that the
average energy per iron site for the monoferric
transferrins is the same as that for the corres-
ponding site in diferric transferrin, then
AGH+AGE=AGY, +AGS,. Therefore the ratio
(k1a-k1v)/(kaqa- ko) can be used as a measure of the
cooperativity of the binding between the two sites
of transferrin, with a ratio > 1 corresponding to a
negative interaction.

A stronger assumption is that the rate of iron
release from the a or b sites is independent of
whether it is the monoferric or diferric transferrin.
In previous studies (cited in Kretchmar and Ray-
mond 1986) this has been the tacit definition of
‘cooperativity’. We earlier made no attempt quan-
titatively to fit the rate of iron removal from the
radioisotopically labeled monotransferrins using
the model that we described (Kretchmar and Ray-
mond 1986). However, from that mathematical
model one can define the rate of iron removal
form the monoferric iron sites (described as Fe, Tf
and Fe,Tf) versus Fe,Tf for the differic transfer-
rin).

Amount of radioactive iron in the C-terminal
site
=[Fe, Tf] +[Fe,Tf] 2

Amount of radioactive iron in the N-terminal
site
=[Fe,Tf]+[Fe,Tf]. 3)

Substitution of the time-dependent expressions
for the concentrations of the diferric and mono-
ferric transferrins (Kretchmar and Raymond
1986) gives:

Fraction of radioactive iron in the C-terminal
site
kla

=e M 4
m;—my

[e~m|t__e—m2t] (4)
Fraction of radioactive iron in the N-terminal
site

klb

=e M4 —
msz—m;

[e—m1t_e~m3t] (5)

where the a site has been equated to the N-termi-
nal site and the b site to the C-terminal site. Upon
substitution of the macroscopic rate constants n,
and m; (obtained from the visible spectroscopic
data) into Egs. (4) and (5), the microscopic rate
constants ky, and ky, were determined using non-
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Fig. 2. Iron removal from 0.100 mM **Fe(C)-Fe(N) transferrin
by 6.00 mM 3,4-LICAMS (0.050 M Hepes pH 7.4, 25°C,
1=0.082 M). (®) The total iron removed [Fe(T)]; (1) iron re-
moved from the C-terminal site [Fe(C)]; (O) iron removed
from the N-terminal site [Fe(N)]. All data have been normal-
ized in order to fit on the same plot. Data for iron removal
from the individual sites have been fitted to Eqgs. (4) and (5)

linear-least-squares regression {Table 2). Plots of
these fits are shown in Fig. 2. A summary of the
combined results of the four experiments is given
in Table 3.

It is apparent that iron is removed from the
N-terminal site at higher rates than from the C-
terminal site, as noted previously. However, there
is also a small cooperativity between the two sites
that leads to a factor of 2 between the products of
the rate constants for the first versus second iron-
removal steps. More important, these indepen-
dent refinements of the monoferric sites allow the
independent measurement of all four of the mi-
croscopic rates constants (kya, K1v, k2as k2u). In the
Baldwin kinetic model (Baldwin 1980) the sum
kia+ky, should equal m;. As can be seen from the
ratios of the values of m; determined from the in-
dividual monoferric versus diferric kinetic data,
these are essentially the same (Table 2).

Table 3. Microscopic rate constants for iron removal from fer-
ric transferrin by 3,4-LICAMS (see Fig. 1)

Microscopic rate constant Value (x 107? min ")

k1a 5.0 (4)
Ky 1.8 (9)
K 23 (5)
k2o 18 (2)

(k1a-krv)/ (kza-Kow) 2 (D)

Values were determined in 0.050 M Hepes pH 7.4, 25°C,
I1=0.082 M. k;, and ky;, were determined from the average of
the results of the four experiments presented in Table 2 while
ky, and k;, were determined from the average of five experi-
ments
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