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Further evaluation of the biphasic kinetics of iron removal 
from transferrin by 3,4-LICAMS 
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Summary. Fur ther  evalua t ion  o f  the kinetic data  
for  Fe 3 + removal  f rom isolated differic and mono-  
ferric t ransferr ins  by the t r icatechol  l igand 3,4- 
LICAMS has al lowed full characterizat ion of  the 
fou r  mic roscop ic  rate constants .  A very  small co- 
opera t iv i ty  exists be tween  the two i ron-binding g 
sites with respect  to their  rates o f  i ron release. The = 
act ivat ion free energy prof i le  for  the system is 
presented.  
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Introduction and discussion 

In a previous  pape r  (Kre t chmar  and R a y m o n d  
1986) describing the b iphas ic  kinetics and temper-  
a ture  d e p e n d e n c e  o f  i ron removal  f rom transfer-  
rin (Tf) by  the te t raca techol  l igand 3 ,4-LICAMS 
[1,5,10-N,N' ,N"-t r is(5-sulfanato-2,3-dihydroxy-  
benzoyl)- l ,5 ,10- t r iazadecane] ,  we presen ted  a ki- 
net ic  analysis o f  the rate o f  i ron removal  f rom this 
i ron- t ranspor t  p ro te in  (Aisen 1989; Chas teen  
1983) which recognized  that,  in principle,  the iron 
could  be r emoved  at d i f ferent  rates f rom the two 
sites (a and  b) o f  the pro te in  and that  there  might  
be  some in terac t ion  be tween  the two sites in the 
diferr ic  fo rm o f  the pro te in  (Chasteen 1983; 
K r e t c h m a r  et al. 1988). Shown in Fig. 1 (upper  
r ight -hand corner)  is the scheme for  irreversible 
iron release, originally p roposed  by Baldwin (1980) 
that  was used earl ier  to descr ibe this system and 
which will be used here.  Addi t ional  analysis o f  
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Reaction Coordinote 

Fig. L Reaction coordinate diagram for the removal of iron 
from diferric transferrin (FeaFebTf) to form apotransferrin (Tf) 
and ferric ligand (FeL). The free energy of activation values 
AG + , were calculated from: AG + = -R T ln[k h / k T]  (where k 
is the microscopic rate constant, h is Planck's constant, k is 
the Boltzmann constant, and Tis 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, p r o m p t e d  in par t  by the work o f  Bertini 
et al. (1988) and Harris  et al. (1987) has shown 
that more  in fo rmat ion  could  be extracted f rom it 
and that  there  are some e r roneous  calculat ions in 
the original pape r  which we seek here  to correct.  
We refer  the reader  to the earlier paper  (Kretch-  
mar  and R a y m o n d  (1986) for  exper imenta l  details 
and der ivat ion of  the kinetic expressions.  

We assume that  the rates of  i ron removal  f rom 
FeaTf and FebTf are the same within exper imenta l  
error,  and use Eq. (1) (Eq. 7 in the earlier pape r  
(Kre tchmar  and R a y m o n d  (1986)) to de te rmine  
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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] ml x 10 2 m2 × 10 z % ml kobsd X 10 2 
(raM) (rain-i) (rain- l) (min-1) 

6.00 7.0 (1) 1.95 (2) 31 (1) 2.1 
4.00 5.2 (1) 1.48 (8) 30 (2) 1.8 
3.00 4.7 (1) 1.38 (2) 29 (1) 1.3 
2.00 3.36 (8) 1.02 (4) 28 (2) 1.1 
1.00 1.91 (6) 0.52 (4) 31 (2) 0.63 
0.40 0.9 (1) 0.19 (8) 37 (3) 0.30 

Data are taken from Kretchmar and Raymond (1986), mea- 
sured in 0.050 M Hepes pH 7.4, 25 °C, I=0.082 M. 
ml=kla+klb; m2=k2b; %m~=50[2--ml/(m~--m2)]. Values of 
kobsd 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 mj =7.0+0.1 x 10 -2 min -~ 

ml  and  m2 for  i ron r emova l  f r o m  diferr ic  t ransfer-  
rin. ml  > m 2 ~ m  3 

[( m,  
A -Aoo  = Boel 2 (ml -- m2) 

+(,mmm2))e mq 
e - m l t  

(1) 

This  a s s u m p t i o n  was subsequen t ly  i ndepend en t l y  
ver i f ied  by  direct ly  measu r ing  kza and  k2b for  i ron 
r e m o v a l  f r o m  the m o n o f e r r i c  t ransfer r ins  at 
2 5 ° C ;  it m e a n s  tha t  AG+a and  AGz+b (Fig. 1) are 
equal .  He re  A is the a b s o r b a n c e  at 520 n m  as a 
func t ion  o f  t ime,  A ~  the equi l ibr ium abso rbance ,  
Bo the initial  FezTf  concen t ra t ion ,  e the m o l a r  ex- 

t inct ion coeff ic ient  per  iron a tom,  1 the cell pa th  
length, ml=kla+klb, m2=k2b, and m3=k2a  (see 
Fig. 1). 

The ques t ion  o f  whe the r  the two sites affect  
one  ano the r  as a second  iron a t o m  is b o u n d  re- 
ma ins ;  the converse  o f  this is whe the r  the rates o f  
i ron release by  the kla and  klb paths  differ  signifi- 
cant ly  on average  f rom the kza and  k2b paths.  
F r o m  Tab le  1 it can  be seen that  the values  (Car-  
rano  and  R a y m o n d  1979) for  the pe rcen tage  o f  
i ron re leased  dur ing  the first phase ,  %ml,  range  
over  28%-37%. (The values  o f  %ml, Tables  1 and  2 
o f  the ear l ier  p a p e r  ( K r e t c h m a r  and  R a y m o n d  
1986), are cor rec ted  in Tables  1 and  2 o f  this pa-  
per.) 

In  the fo l lowing discuss ion it will be  useful  to 
use the free energy  d i ag ram (Fig. 1) to descr ibe  
the relative rates  o f  i ron r emova l  f rom the differ-  
ent sites o f  the i ron- loaded  protein.  I t  will be  o f  
par t i cu la r  i m p o r t a n c e  here  to descr ibe  precise ly  
wha t  we m e a n  by  ' coopera t iv i ty '  o f  i ron b ind ing  
in diferr ic t ransferr in .  The  free energy  d i ag ram is 
in tended  to descr ibe  the free energy  per  i ron site. 
The  iron is b o u n d  m o r e  s t rongly at the a site t han  
at the b site. This  relat ive s t rength o f  b ind ing  is 
also pa ra l l e l ed  in the kinetics. I f  there were  no in- 
te rac t ion  be tween  the two sites when  i ron is 
b o u n d  at b o t h  of  them,  the free energy  per  i ron 
for  the diferr ic  p ro te in  molecu le  should  be  jus t  
the average  o f  the two m o n o f e r r i c  proteins .  The  
absence  o f  in terac t ions  can  be  seen in Fig. 1 as the 
m i d w a y  pos i t ion  o f  the two dashed  lines. Any  in- 
te rac t ion  be tween  the two sites (coopera t iv i ty)  will 
s t rengthen or w e a k e n  (as shown  in Fig. 1) thei r  
average  b ind ing  energy  and  co r r e spond ing ly  
change  the average  rate  of  i ron 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 

5SFe(N)-Fe(C)Tf 59Fe(N)-Fe(C)Tf 55Fe(C)-Fe(N)Tf 59Fe(C)-Fe(N)Tf 
(x 102 min -1) (x 102 min -1) (x 102 min -1) (x 102 min t;) 

m~ 6.9 (2) 7.0 (2) 6.3 (1) 6.3 (1) 
m2 2.35 (6) 1.94 (6) 1.79 (4) 1.93 (2) 
% rna 24 (2) 31 (2) 30 (1) 28 (1) 
kaa[Fe(N)] 4.5 (3) 4.8 (2) 5.5 (3) 5.1 (4) 
k~b[Fe(C)l 3.0 (2) 2.2 (4) 0.9 (1) 1.2 (4) 
ml[kla+k~b] 7.5 (4) 7.0 (4) 6.4 (3) 6.3 (6) 
m~[Fe(T)]/m~[kla+klb] 0.92 (6) 1.0 (1) 0.98 (5) 1.0 (1) 
[kia'k~b]/[k2a'k2b] 3 (1) 3 (1) 1.2 (3) 1.5 (7) 

Here kla and klb are determined from Eqs. (4) and (5). The degree to which cooperativity exists between the a and b sites is 
defined as the ratio [kla.kld/[k2a'k2b]. Measurements were made in 0.050 M Hepes pH 7.4, 25°C, •=0.082 M. m~=kla+klb; 
m2 = k2b. % m~ 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 We(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 
AG+a+AG+=AG2+a+AG +. Therefore the ratio 
(kaa" klb)/(k2a, k2b) 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 FeaTf 
and FebTf) versus F%Tf for the differic transfer- 
fin). 

Amount  of  radioactive iron in the C-terminal 
site 
= [Fe2Tf] + [FebTf] (2) 

Amount  of  radioactive iron in the N-terminal 
site 
= [Fe2Tf] + [FeaTf]. (3) 

Substitution of  the t ime-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 

k la  = e -m,t + [e -m ,¢_ e --m2t] (4 )  
m2- -m 1 

Fraction of  radioactive iron in the N-terminal 
site 

k l b  = e - m , ~  + _ _  [ e  - r e , t _  e - m j ]  ( 5 )  
m 3 --ma 

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 ml 
and rn2 (obtained from the visible spectroscopic 
data) into Eqs. (4) and (5), the microscopic rate 
constants kla and klb were determined using non- 
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Fig. 2. Iron removal from 0.100 mM SSFe(C)-Fe(N) transferrin 
by 6.00mM 3,4-LICAMS (0.050 M Hepes pH 7.4, 25°C, 
1=0.082 M). (O)  The total iron removed [Fe(T)I; (O) iron re- 
moved from the C-terminal site [Fe(C)]; (O) iron removed 
from the N-terminal site [Fe(N)I. 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 Eqs. (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 (kla, klb, k2a, k2b)- In the 
Baldwin kinetic model (Baldwin 1980) the sum 
kla+klb should equal ml. As can be seen from the 
ratios of  the values of  rna 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  10 -2 min -1) 

kla 5.0 (4) 
klb 1.8 (9) 
k2a 2.3 (5) 
k2b 1.8 (2) 
(kla'k,b)/(k2a'k2b) 2 (I) 

Values were determined in 0.050 M Hepes pH 7.4, 25°C, 
[ =  0.082 M. kla and k~b were determined from the average of  
the results of the four experiments presented in Table 2 while 
k2a and k2b were determined from the average of five experi- 
ments 
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