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The rates at which aluminum was removed from the N- and C-terminal monoaluminum ovotransferrins by py-
rophosphate were evaluated by UV difference spectra in 0.01 mol/L Hepes, pH=7.4 and at 37 ‘C. Pesudo
first-order rate constants as a function of pyrophosphate concentration were measured. The results indicate that the
pathways of aluminum removal are different. For the N-terminal binding site, aluminum removal follows simple
saturation kinetics, while the removal of aluminum from the C-terminal binding site reverts to the combination of
saturation and first-order kinetics. The saturation component is consistent with a rate-limiting conformational
change in the protein as has been reported. We propose that the first-order kinetics mechanism is attributed to a
pre-equilibrium process. The rate constants of saturation kinetics are accelerated from both terminals with the addi-
tion of 0.1 mol/L chloride to the monoaluminum ovotransferrin solutions, whereas the rates of the first-order kinet-
ics are decreased for the C-terminal binding site. The effect of chloride ionic strength causes a continuing increase
on Kqys for the N- and C-terminal binding sites. Moreover, the kinetics behavior of the N-terminal is more easily af-
fected by chloride than that of the C-terminal. In the experiment presumably the N-terminal site is apparently ki-

netically more |abile than the C-terminal site.
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Introduction

The transferrins are afamily of iron-binding proteins
which are the requirement of a synergistic anion for the
interaction of these proteins with metals.™? Although
these proteins consist of a single chain of about 700
amino acid resides, they fold into two distinct, homolo-
gous lobes connected by a short polypeptide>* Each
lobe contains one high-affinity iron-binding site, which
is designated as the C-terminal or the N-terminal site,
respectively. The ligands for each iron-binding site con-
sist of the same set of six ligating groups: the phenolic
oxygens of two tyrosines, the imidazde group of a his-
tidine, the carboxylate group of an aspartic acid residue,
and two oxygens of the bidentate carbonate synergistic
anion.”*

The kinetic process of the ferric release from differ-
ent serum-transferrin forms in vitro was widely stud-
ied.>™ The results show that there exist different re-
moval pathways by different ligands.**" Li et al. stud-
ied the release of aluminum ion from the recombinant
N-lobe half-molecule of serum transferrin by pyro-
phosphate.’® The mechanism of iron release by ovotran-
sferrin was also studied.’® However, there are relatively
few kinetic studies on the release of metal ions other
than ferric from ovotransferrin. Ovotransferrin (OTf) is
amain member of transferrin family and has a dua role

*  E-mail: yangbs@sxu.edu.cn

in b%h the transport of iron and the antibacterial func-
tion.

Aluminum is nonessential element and of great con-
cern due to its large natural abundance and its possible
toxic effects. ™ It has attracted much attention to peo-
ple’ heath. Several different studies show that the ul-
timate agent for transport of aluminum in the body’s
plasma is believed to be the serum transferrins.”® The
binding of aluminum to transferrin inhibits the uptake of
iron, and the inhibition ratio is up to 90%.% Therefore,
it is significant to study the pathway of aluminum de-
livery, the state of complex, the mechanism of biomedi-
cal processes and the effect on mankind health, and
more and more interest has been attracted on the subject
for scientists in the fields of environment, biochemistry
and chemistry.

The pyrophosphate is an important inorganic anion
in biologic vivo, The interaction of pyrophosphate with
many metal ions forms a soluble and stable complex
compound, and it plays an important role in the progress
of metal ionic metabolism.??’

In the paper, the pathways of aluminum release from
monoaluminum ovotransferrin were analyzed by pyro-
phosphate using the means of UV difference spectra
technique. And we introduced the mechanism of alu-
minum release from the C-terminal monoa uminum
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ovotransferrin, which is attributed to a pre-equilibrium
process.

Experimental

Materials

Ferrous ammonium sulfate, disodium ethylenedia-
minotetraacetic acid (EDTA), sodium perchlorate,
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic  acid
(Hepes), sodium chloride, aluminum nitrate and potas-
sium pyrophosphate were all analytical grade reagents,
and egg apoovotransferrin (apoOTf) was parchased
from Sigma.

Stock solutions

A stock solution of aluminum nitrate in 0.10 mol/L
HNO; was prepared and standardized by compleximet-
ric back-titration with EDTA and zinc. The stock solu-
tion of pyrophosphate (PP,) was prepared by dissolving
weighed samplein 0.01 mol/L Hepes, pH=7.4.

Preparation of protein samples

ApoOTf was prepared as previous description.”®
Protein concentration was determined by UV-vis spec-
troscopy by measuring the absorbance at 280 nm and
calculating the concentration using the extinction coef-
ficient £:50=91200 cm “s(molsL 1) *.%

N-Terminal monoaluminum ovotransferrin (Aly-
OTf) 0.8 equivaent of freshly prepared aluminum
nitrate solution was added to an apoOTf solution. The
solution was stirred in the air for 10 min and then stored
at 4 ‘C for an hour to reach equilibrium after aluminum
was added without further purification.

C-Terminal monoaluminum ovotransferrin (Alc-
OTf-Fey\) Adding one equivalent of ferrous ammo-
nium sulfate to the whole apoOTf molecules in 0.01
mol/L Hepes, pH=7.4, there are preferential oxidation
and binding to the N-terminal binding site of apoOTf.*
C-Terminal monoal uminum ovotransferrin was prepared
by adding 0.8 equivaent of freshly prepared aluminum
nitrate solution to the N-terminal monoferric ovotrans-
ferrin.

UV-vis spectra

To perform kinetic studies of aluminum removal
from monoaluminum ovotransferrins, a solution of
monoaluminum ovotransferrin (umol/L) in 0.01 mol/L
Hepes, pH=7.4 buffer was pre-incubated at 37 ‘C to
equilibrate. The PP, solution was added to the solution,
which represents arange of ligand:OTf ratiosfrom 3 © 1
to I50 : 1. The spectra were monitored immediately
after the addition of the ligand, at 242 nm every 6 s for
6—45 min using the UV-vis Chemstation software from
an HP8453UV-vis spectrophotometer. Experiments
were repeated twice at each ligand concentration. These
measurements were performed in 1 cm quartz curette
maintained at constant temperature (37 “C) using an
HP8453UV-vis spectrophotometer equipped with a
thermostated cell holder and a circulating water bath.
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Collection of kinetic data

The auminum removal reaction was followed by
using a UV-vis spectrophotometry to monitor the
change of the absorbance of the monoaluminum
ovotransferrin at 242 nm. The change of the absorbance
a 242 nm vs. time is shown in Figure 1. Pseudo
first-order rate constants were calculated from nonlinear
least-square fits from Eq. (1).

A=(A—A,)e ' +A, )

where A, A and A, are the absorbance at any time t,
time zero, and the infinite time, respectively.
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Figure 1 The variation of the AAy, m VS. time. -, fits curve
of the AAy4, m VS. time according to Eq. (1).

Results

Aluminum removal by PP; without added chloride

Figure 2 shows the plots of the observed constants
versus the ligand concentration for aluminum removal
from both N- and C-terminal monoaluminum ovotrans-
ferrins by PP,. It can be seen from Figure 2(b) that the
values of kyps for the N-terminal monoaluminum
ovotransferrin increase with the increasing of PP, at low
ligand concentration, but at higher concentration of the
ligand the value of Kky,s approaches a maximum value
and becomes essentialy independent of the concentra-
tion of PP, The solid line in Figure 2(b) represents cal-
culated fits to Eq. (2). The two parameters, Kmax and ky
are listed in Table 1. The experimental results for the
N-terminal site can be fit very well to Eq. (2). It means
that the pathway for auminum removal for the
N-termina binding site is simple saturation kinetics.
And such a result is usually attributed to a rate-limiting
conformational change in the protein.?
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Figure 2 Apparent first-order rate constants for Al remova
from C- and N-terminal monoauminum OTf as a function of the
concentration of PP;. All solutions were buffered at pH=7.4 by
0.01 mol/L Hepes and maintained at 37 C. e, Al\-OTf; o,
Fey-OTf-Alc. The curves ¢ and b represent fitting of the data to
Eg. (2) and the curve arepresents fitting of the data to Eq. (3).

The plot of kqs for the auminum removal from the
C-termina binding site by PP, vs. [PP] is shown in Fig-

ure 2(a). Initially we have attempted to fit the data to Eq.

(2), and the fitting value is shown in as curve c. How-
ever the result is so bad that we have to fit the rate con-
stants for this system using Eg. (3), in which a
first-order term is added to Eq. (3). The curve ain Fig-
ure 2 represents calculated fits to Eqg. (3) using three
parameters. The values of kma, kg, and K" are listed in
Table 1, too. The auminum remova from the
C-terminal binding site by PP, can be described empiri-
cally by Eqg. (3). It means that there is a complex PP,
dependence that appears to consist of saturation kinetics
and first-order kinetics.

K [L] | | o
Kgpe= 2 4K [L 3
obs kd+[|_] [ ] ()

Table 1 Kinetic parameters for Al(lI1) removal from Aly-OTf
and Fey-OTf-Alc by PP,

Sample kna/S © ke/(10 " molsL %) K"/(mol LsLes™t)
Without added NaCl
Aly-OTf  0.01320.0004 472144 0
Alc-OTf-Fey 0.010%0.0007 10.1+45 22.940.96
With 0.1 mol/L NaCl
Aly-OTf  0.016+0.0003 542438 0
Alc-OTf-Fey 0.01240.0048 16.1+27 153%0.81

Chloride effects on aluminum removal

Effect of 0.1 mol/L chloride concentration
The effects of 0.1 mol/L chloride concentration on the
ligand dependence of aluminum removal from both
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forms of monoaluminum ovotransferrins by PP, are
shown in Figure 3. The ligand dependence of aluminum
removal from the N-terminal binding site follows sim-
ple saturation kineticsin Figure 3(b), namely it adapts to
Eq. (2), and the values of ky and kg are also listed in
Table 1.
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Figure3 Thevariation of apparent rate constant for the removal
of aluminum from monoaluminum OTf as a function of the con-
centration of PP, a 37 C, pH=7.4, 0.01 mol/L Hepes buffer
containing 0.1 mol/L chloride. @, Aly-OTf; the curve b repre-
sents fits of the data to Eq. (2); o, Fe-OTf-Alc, the curve a
represents fits of the datato Eq. (3).

There are only modest changes in ks and the presence
of 0.1 mol/L chloride concentration makes ks increase
by about 23%. Under the same condition the ligand de-
pendence of aluminum removal for the C-termina site
is shown in Figure 3(a), which adapts to Eq. (3), and the
Kinetic parameters of kmax, Ky and k*'are listed in Table 1,
too. It indicates that aluminum removal from the
C-terminal site follows both simple saturation and
first-order kinetics. The effect of chloride concentration
is much larger for the first-order component. Ky is in-
creased by about 20%, while k"' is decreased by about
33%. From the experiment result, it can be derived that
the first-order pathway of aluminum removal is retarded
for the C-termina site in the presence of 0.1 mol/L
chloride concentration.

Effect of chloride ionic strength The effect of
increasing concentration of chloride on the aluminum
removal from both the termina binding sites at a fixed
PP./protein ratio (50/1, mol/mol) at pH=7.4 and 37 °C
is shown in Figure 4. The addition of chloride causes a
continuing increase in ky,s for chloride concentrations
from 0.02 to 0.10 mol/L. Under the condition, the satu-
ration kinetics pathway is greatly affected for the
N-terminal binding site. The saturation kinetics and the
first-order kinetics pathways are affected, but as awhole
the rates of release are enhanced for the C-terminal
binding sites. The dopes of these plots give a relative
ordering of the release rates towards N- and C-terminal
binding sites. The slope with C-terminal binding site for



1156 Chin. J. Chem., 2004, \ol. 22, No. 10

the auminum removal is alittle lower than that with N-
terminal binding sites. The result implies that the kinet-
ics behavior of the N-terminal binding sites is more
readily affected by chloride than that of the C-terminal
binding site.
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Figure4 Variation in ky,s for Al removal from monoauminum
OTf as afunction of the different concentration of ClI~ for 37 C,
pH 7.4, 0.01 mol/L Hepes buffer. O, Al removal from Alc-OTf;
@, Al removal from Al-OTf.

Discussion

Aluminum removal from the N-terminal binging site
by PP, is simple saturation kinetics in 0.01 mol/L Hepes
buffer, pH=7.4 and a 37 °C. In contrast, aluminum
removal from the C-terminal binding site shows a com-
plexity that appears to consist of saturation kinetics and
first-order kinetics. Such aresult is possibly attached to
have extra disulphide bond at the C-lobe'? which leads
to a smal conformational change from “close” to
“open” when aluminum is released. Moreover, the
pathway of simple saturation Kinetics is primary for the
C-terminal.

With the buffer described above, the effects of 0.1
mol/L chloride concentration promote aluminum re-
mova of simple saturation kinetics from both binding
sites of monoaluminum ovotransferrins. And the effect
of the chloride ionic strength on kqns for both terminals
causes a continuing increase. Explanations of the
dightly faster rate of aluminum remova by PP, in the
addition of 0.1 mol/L chloride concentration to the
buffer are as follows. (1) Chloride may occupy the
KISAB site,'%*! so chloride decreases positive charge
residues close to metal binding site. The behavior
weakens the connection of synergistic anion (COZ ")
with OTf so that it induces a conformational change to
lead to the opening of the lobes. (2) Chloride may dis-
place the carbonate synergistic ion, which would desta-
bilize auminum coordination sphere in OTf. (3) Chlo-
ride may break the hydrogen bonds that maintain the
proteinina“closed” conformation.
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The calculated values of ks indicate that the release
rates are mildly higher for the N-site than the C-site un-
der al conditions listed in Table 1. The phenomenon
implies that the functions of both sites are different.
However, the value of k" (k" =0) is not affected
whether in the presence or absence of 0.1 mol/L chlo-
ride concentration for the N-terminal binding site. Based
on the results above, it can be deduced that the confor-
mational change of the N-lobe is larger than that of the
C-lobe. Therefore, a conformational change is primary
for the N-terminal binding site, which is the mechanism
of saturation kinetics.*? The mechanism is shown below,
where the asterisk indicates on “open” conformation of
monoaluminum ovotransferrins. OTf stands for the
CO; -OTf complex and L represents PP..

Al-OTf ; Al-OTf* )
slow

k )

Al-OTP* + L k: Al-OTf*-1,

2
fast

Al-OTf*-L Al-L + OTf* (6)
fast

Assuming steady-state conditions for both intermediates
Al-OTf* and Al-OTf*-L, Eq. (7) can be derived.

il /L] 0

o koL

The mechanism predicts that Eq. (4), the conformational
change of the aluminum protein from an unreactive
“closed” to a reactive “open” form, will become the
rate-limiting step in the aluminum remova at high
ligand concentrations. The maximum value of Kgps,
which is designated as kma, should be independent of
the ligand used to remove auminum.

The parameter of ky which represents the ligand
concentration for the C-site is a little smaller than that
for the N-site in the above both cases. It means that the
former release is dightly faster than the latter for the
saturation kinetics.

The first-order kinetics is retarded in the presence of
0.1 mol/L chloride concentration. It appears that there is
a slowly substitutional function between PP, and Cl in
the KISAB site.® This negative chloride effect can be
approximately modeled by assuming competition be-
tween pyrophosphate and chloride in the KISAB'*® so
that aluminum release can be affected by PP, and Cl
exchange reactions between aluminum accepting pyro-
phosphate and apoovotransferrin.

In view of dynamic equilibrium between “open” and
“close” in the C-terminal binding site,*® we propose that
the removal mechanism of first-order kinetics from the
C-terminal binding site involves a pre-equilibrium, see
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the mechanism below:

k, I
Al-OTf* + L == Ale-OTPEL—2m Al.-L + OTP*

a

where Alc-OTf*-L denotes the intermediate. A pre-
equilibrium arises when the rates of formation of the
intermediate and its decay back into reactants are much
faster than its rate of formation of products, thus, the

condition is possible when ky>>k, but not when k,>> kj'.

Because we assume that Alc-OTf", L, and Alc-OTf*-L
arein equilibrium, we can write

[AIC-OTf* -L] K, K:k—’?‘ ®)
[Al.-OTf ][L] K,

In writing these equations, we are presuming that the
rate of reaction of Alc-OTf*-L to Alc-L is too Slow to
affect the maintenance of the pre-equilibrium. The rate
of formation of Alc-L may be written as:

%:kb[mc-ow*-L]:ka[A'c-OTf*][L] ©

This rate law has the form of a second-order rate law
with a composite rate constant:

d[A;t L_ =Kk[Al.-OTf"][L] (10)
K=k K=K kakb - (11)
[L] >> [Alc-OTf]
Then Eq. (12) can be derived:
_kk (12)

K= —22[L]=K"[L
ka[] [L]

A high second-order rate constant (k") means that
PP, has high affinity for the auminum and is able to
remove auminum quickly from the C-terminal binding
site. The two different effects of chloride affecting the
two pathways for the C-termina binding site are coin-
cident with the two pathways being parallel.*

It can be arrived at the conclusion on the basis of the
preceding analysis that the N-terminal site is apparently
kinetically more labile than the C-terminal site.
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