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Prior investigations have shown that phosphate ions destabilize iron-transferrin binding. We have
demonstrated previously that iron binding to transferrin (buffered in 0.10 M phosphate) from iron(Il)
nitrilotriacetate or iron(lll) chloride is a magnesium-dependent process. The kinetics of magnesium’s
effect on iron binding was followed spectrophotometrically at 470 nm, and circular dichroism was
used to monitor changes in secondary structure (186~250 nm) induced by this cation. Circular dichroic
measurements in the aromatic region (250-350 nm) showed time-dependent activity when iron binding
took place in the presence of magnesium. However, similar studies in the intrinsic region (186-250
nm) fuiled to reveal significant magnesium-induced changes in the secondary structure of transferrin.
Kinetic modeling of the data indicate that iron binding to transferrin can be described by a sequence
of three reactions, the last of these being dependent on the magnesium concentration. Thus, magne-
sium may have induced a localized structural change in transferrin, preventing the destabilizing effect

of the phosphate anion.
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Introduction

Transferrin is a glycoprotein that is involved in plasma
iron-transport. Iron binding to transferrin is synergisti-
cally dependent on the presence of carbonate or chem-
ically similar organic anions.' Attempts to use inor-
ganic anions such as phosphate in the synergistic role
have been unsuccessful.? Furthermore, the presence
of high phosphate concentration (0.050-0.10 m) desta-
bilizes the iron-transferrin-anion complex.** Divalent
cations may be involved in iron-transferrin binding as
Graham and Bates’ reported that the presence of Ca®*
increased the stability of iron bound to transferrin
against attack by chelating agents. In a recent report
from our laboratory, we demonstrated that iron trans-
fer from either Fe(IID)-nitrilotriacetate or freshly pre-
pared ferric chloride to transferrin (in 0.10 M phos-
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phate) is a magnesium-dependent process.® This
ability of magnesium to influence iron binding to trans-
ferrin suggests a new role for this cation.

Since it has been widely reported that iron-
transferrin binding is destabilized by the presence of
high phosphate concentrations, our earlier reported
work merited further studies. Consequently, the pres-
ent investigation focuses on the possible mechanisms
for magnesium’s role in potentiating iron binding. We
postulate that magnesium may induce an allosteric ef-
fect on transferrin that results in a modification of the
binding sites to prevent the destabilizing effect of
phosphate anions. To investigate this, we have per-
formed kinetic studies of iron binding to transferrin in
the absence and presence of varying concentrations of
magnesium and structural studies using circular di-
chroism (CD) to measure changes in the secondary
structure of transferrin as affected by magnesium.

Materials and methods

Human apotransferrin (Boehringer Mannheim Bio-
chemicals) was dissolved in a 0.10 M phosphate bufter

J. Nutr. Biochem., 1991, vol. 2, October 535



Research Communications

(Na,HPO,/NaH,PO,, pH = 7.47) to yield final con-
centrations of 0.031 mg/ml; 1.0 mg/ml; 2.0 mg/ml; and
5.0 mg/ml. Additional apotransferrin solutions (1.0
mg/ml) were prepared in 0.10 M tris-HCI buffer (pH =
7.47). Magnesium nitrate solutions of 0.066 mm; 0.13
mM; and 0.66 mm were prepared in 0.10 m phosphate
or 0.10 M tris-HCL lron(III)-NTA solutions (pH
2.5-3.0) of 0.032 mm; 0.064 mm; and 0.32 mM were
prepared using a 1:2 molar ratio of iron(111) chloride to
nitrilotriacetic acid. All solutions were prepared under
atmospheric pCO,. The final pH of all reactions ranged
between 7.3-7.4, and all reactions were carried out at
room temperature. Kinetic studies were made at 470
nm’ using a HP8452 Diode Array uv/vis spectropho-
tometer. CD measurements were made using a JASCO
Spectropolorimeter, and the data were analyzed using
JASCO Secondary Structure Estimation software ver-
sion 1.02.%° The kinetic data were analyzed by Chemi-
cal Kinetics and Dynamics software.' The best set of
rate constants was determined by fitting the observed
form of the time dependence of concentrations to the
software-generated results. The data used to plot Fig-
ures 3 and 4 were analyzed by analysis of variance
(ANOVA), and group means within each significant
ANOVA were separated by Scheffe's test."

Results

Loading iron into the specific binding sites on trans-
ferrin to form an FE(I1I)-transferrin-anion complex re-
sults in an absorption maximum in the 460—-470 nm
region.' In this investigation, similar maxima were ob-
tained using both optical absorption and circular di-
chroism (CD).'? indicating that we were measuring
specific iron binding to transferrin. The CD wave-
length scan of iron-loaded transferrin in the 370-500
nm region showed a negative extremum at 460 nm,
and a significant increase in this extremum occurred
when magnesium was present during iron binding.
These ellipticity measurements parallel our previously
reported visible absorption data taken at 470 nm, fur-
ther demonstrating the ability of magnesium to po-
tentiate this effect.®

In the present study, CD changes in the protein’s
aromatic region (260-290 nm) and in the 300-340 nm
region demonstrate time-dependent activity only when
iron binding takes place in the presence of magnesium
(Figure I). In the 260-290 nm region and the 300-340
nm region, iron binding solutions lacking magnesium
(Figure 2) did not show discernible time-dependent
activity.
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Fig_ure 1 Typical CD scan (260-340 nm) of iron binding to apotransferrin (0.10 m phosphate butfer) in the presence of magnesium. There
is time-dependent activity in the 265—-285 nm region and in the 300—-340 nm region
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Figure 2 Typical CD scan (260—-340 nm) of iron binding to apotransferrin (0.10 m phosphate buffer) in the absence of magnesium. There
is no discernible time-dependent activity in either the 265-285 nm region or the 300—340 nm region.

Normal serum values for inorganic phosphate are
reported to be 0.001-0.0015 m."* Price and Gibson"
demonstrated that perchlorate ions in excess of 0.10
M induced a conformational change at the metal bind-
ing site. Consequently, the use of 0.10 M phosphate
concentration in this protocol suggested that a confor-
mational change in transferrin may have occurred, and
CD scans in the intrinsic region (186—250 nm) were
made subsequently to measure any changes in the sec-
ondary structure. However, there was no significant
difference in secondary structure when comparing
apotransferrin prepared in 0.002 M phosphate to that
prepared in 0.10 M phosphate buffer. Additional CD
scans (186-250 nm) were made of the following 0.10 M
phosphate solutions; apotransferrin plus magnesium,
apotransferrin plus Fe(III)-NTA, and apotransferrin
plus Fe(III)-NTA and magnesium. There was no sig-
nificant difference in transferrin’s secondary structure
when comparing all five of the above solutions.

Figure 3 depicts the kinetics of iron-transferrin bind-
ing as determined by changes in absorbance at 470
nm. This graph appears to represent a biphasic reac-
tion, with the second phase exhibiting magnesium de-
pendence. Further kinetic studies were performed by
recording the change in absorbance each second over
a 30-second period. There was no significant differ-

ence between the magnesium-free and magnesium-
containing solutions of Fe(lll)-transferrin-NTA during
this time period, indicating that the first phase was not
magnesium-dependent. During all kinetic studies, the
absorbance at 470 nm and 320 nm wavelengths was
monitored simultaneously and yielded comparable
data demonstrating the effect of magnesium on iron-
transferrin binding.

Kinetic studies were run comparing apotransferrin
solutions (0.10 M phosphate) to similar phosphate-free
solutions buffered by 0.10 m tris-HCI. In magnesium-
free solutions, more Fe(Ill)-transferrin-NTA was
formed initially in the tris-buffered solutions (Figure 4;
curve a) compared to the phosphate-buffered solutions
(Figure 4; curve d). Although magnesium potentiated
iron binding in the presence of either buffer, the
concentration-dependence that was found in phos-
phate-buffered solutions was not evident in the tris-
buffered solutions (Figure 4; curves b,c,e, and f).

Discussion

Kinetic modeling of the data indicate that iron bind-
ing to transferrin can be described by a sequence of
three reactions, the last of these being magnesium-
dependent in a concentration-dependent manner. The
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Figure 3 Time-course plot of varying Mg?
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mm, f = 0.256 mm, g = 0.512 mm] in a solution containing apotransferrin (2 mg/ml; Pi = 0.10 m) and iron(ll1}-NTA (0.065 mwm)
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Figure 4 Time-course plot comparing solutions of Fe-NTA binding to transferrin (1 mg/mi) buffered in phosphate (0.10 m; pH = 7.47;

curves d.e, and f) to tris-HCI (0.10 m; pH = 7.47; curves a,b, and ¢) buffered solutions. (Mg~

curves ¢,f = 0.53 mm).
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first phase of the reaction (0-30 seconds) depicted in
Figure 3 is the delivery of iron to form a ternary com-
plex with transferrin.'” The series of slopes formed
from 30-600 seconds clearly demonstrates a concen-
tration-dependent effect of magnesium on iron bind-
ing. The following reaction sequence appears to ac-
count for the effect of magnesium on binding and is
consistent with the data.

Apotransferrin +

—lg
Fe(III)NTA <:> Fe(III) transferrin-NTA (M

kot =.05s-1

Fe(IID)-transferrin-NTA +

k2 = .25~ ! (pseudo first order) (2)
Pi transferrm Pi + Fe(lll) + NTA
k-3 =.0001 L2Zm—2s-!

Fe(1ll)-transferrin-NTA +

k3 = 40 Lm s~ ! (pseudo second order) ( )
Pi + Mg Fe(]III)—transferrin-NTA-Pi-Mg
k-3 = 0001 s~

This model indicates that there are at least two equilib-
ria involved in iron binding in the absence of magne-
sium, and a third that occurs only in the presence of
magnesium. The first equation accounts for the iron-
transferrin-anion signal recorded at 470 nm using both
spectrophotometric and circular dichroic (CD) mea-
surements. The second equation accounts for the loss
of the signal over time in the absence of magnesium,
most probably due to phosphate destabilization of the
iron-transferrin-anion complex. The third equation ac-
counts for the ability of magnesium to potentiate iron-
transferrin binding in the presence of high phosphate
concentrations. Although the exact nature of the third
reaction has not been elucidated, we suggest that mag-
nesium may effect a localized structural change to sta-
bilize iron binding against phosphate anion attack. The
rate constants used in the rate expressions allowed us
to replicate the form of our kinetic data, but they did
not yield a direct fit. As a consequence, they should
be viewed as relative rather than absolute. However,
at low (0.0081 mm to 0.26 mm) magnesium concentra-
tions. a quantitative fit between experimental and cal-
culated concentrations of Fe(lll)-transferrin-anion can
be obtained by use of a constant multiplier of 42.2 =
3.93.

Transferrin binds iron with a high affinity in non-
phosphate buffered systems (stability constant K =
10%9).'* In comparison, our data demonstrate a rela-
tively slow development of iron binding as measured
by optical absorbance. This slow signal development
may be the result of a significantly larger concentra-
tion of destabilizing phosphate anion (100 mm) when
compared to the concentrations of transferrin’s bind-
ing sites (0.025 mm), iron (0.032 mm), and magnesium
(0.066 mmMm). There is also a difference in the rate of
signal development when comparing the CD data (Fig-
ure 1) with the kinetic data (Figure 3). This may be
due in part to the differences in concentrations of iron,
transferrin, and magnesium used in the two protocols.

Iron-transferrin binding: Parent et al.

The following concentrations were used in the CD
studies; [Fe**] = 0.032 mm; apotransferrin = | mg/
ml; [Mg?*] = 0.66 mm; and [Pi] = 23 mM, whereas
the following concentrations were used in the kinetic
studies; [Fe**] = 0.065 mmM; apotransferrin = 2.0 mg/
ml; [Mg?*] = (0 to 0.512 mm); and [Pi] = 100 mM.
The time-dependent activity in the 300-320 nm region
(Figure 1) reflects a change in the dihedral angle of
disulfide bonds.!” Thus, time-dependent activity in the
presence of magnesium suggests localized structural
changes are being made. Since the magnesium concen-
tration is significantly lower than the phosphate con-
centration, it is unlikely that the potentiation of iron
binding is simply the result of magnesium bonding di-
rectly with phosphate to prevent its attack on the bind-
ing site.

Inorganic anions such as phosphate appear not to
exhibit a synergistic role in iron binding,” and they
destabilize the iron-transferrin-anion complex.** This
type of observation has led to the hypothesis that inor-
ganic anions may play a role in cellular ion release
from transferrin.* Although the initial Fe(II[)-NTA
concentrations were sufficient to saturate transferrin’s
binding sites (Figures 2 and 3), our absorbance mea-
surements at 470 nm did not confirm that saturation
had occurred. This is to be expected when iron-
transferrin binding takes place in the presence of high
phosphate concentration and in the absence of added
carbonate.

It has been reported that transferrin binds transition
metals but does not bind Mg®"."”!® Unpublished
atomic absorption studies by this laboratory using
previously reported techniques® to separate solution
Mg>* from protein bound Mg>* concur with this find-
ing. Calculations using the Mg?" concentrations of this
protocol and the solubility product of Mg(HPO,),, K
= 107°," do not indicate that Mg>* will prec1p1tate
out of solutlon Rogers and coworkers® have demon-
strated previously that the iron-transferrin complex
formed in 50 mM phosphate under atmospheric condi-
tions of CO, is unstable. When they added 50 mm car-
bonate to the iron-transferrin solutions containing 50
mm phosphate, the complex achieved stability for 24
hr. Our iron-transferrin complexes buffered in 100 mm
phosphate were similarly unstable under atmospheric
conditions of CO, with no additional carbonate added.

In these studies, the apotransferrin was used as re-
ceived from the supplier without further purification.
This may raise the question as to whether any impurity
introduced during commercial purification may be act-
ing at the iron-transferrin binding sight. If such an im-
purity were influencing iron binding, then it must be
recognized that in our protocol such an effect only
occurred in the presence of magnesium.

Our typical CD wavelength scans took approxi-
mately two minutes to complete, so there are no re-
corded ellipticity measurements for the zero time-
point. The CD activity at the 275 nm region suggested
that tyrosine participated in the formation of the chro-
mophore,'” but time-dependent activity was only evi-
dent when magnesium was present (Figure ). Addi-
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tionally, there was noticeable time-dependent activity
in the 300-340 nm region in the presence of magne-
sium (Figure 1), but a lack of same in the absence of
magnesium (Figure 2). In this protocol, the apparent
lack of significant change in secondary structure, as
measured by CD scans in the intrinsic region (186-250
nm), is consistent with previous findings of Mazzurier
and coworkers®® and Mason and Brown.?'

In conclusion, our data suggest that magnesium’s
presence may have stabilized the binding site or a
nearby modifier site* from attack by the phosphate
anion. To accomplish this, magnesium may be in-
volved in some localized structural preparation to fa-
cilitate iron binding in the presence of high phosphate
or high tris-HCI concentration. These findings suggest
that the hypothesis calling for anion displacement as
a mechanism in Fe’" release from transferrin* should
also account for Mg>* interactions with this protein.

References

I Aisen, P., Aasa. R., Malmstrom, B.G., and Vanngard, T.

(1967). Bicarbonate and the binding of iron to transferrin. J.

Biol. Chem. 242, 2484-2490

Schlabach, M.R. and Bates, G.W. (1975). The synergistic

binding of anions and Fe'* by transferrin implications for the

interlocking sites hypothesis. J. Biol. Chem. 250, 2182-2188

3 Rogers, T.B.. Feeney. R.E.. and Meares, C.F. (1977). Interac-
tion of anions with iron-transferrin-chelate complexes. J. Biol.
Chem. 252, 81088112

4 Foley. A.A. and Bates, G.W. (1988). The influence of inor-
ganic anions on the formation and stability of Fe'~-trans-
ferrin-anion complexes. Biochim. Biophys. Acta 965, 154—162

S Graham, G.A. and Bates, G.W. (1977). Factors influencing the
rate of iron release from Fe'~-transferrin-COy*". In Proteins
of Iron Metabolism, (E. Brown, ed.). pp. 273-280, Grune and
Stratton, NY

6  Parent. M.E. and Zemel, M.B. (1989). Magnesium potentia-
tion of iron transferrin binding. Life Sciences 44, 1007-1012

7 Bates. G.W. and Schlabach, M.R. (1973). The reaction of fer-
ric salts with transferrin. J. Biol. Chem. 248, 3228-3232

8 Japan Spectroscopic Co. Ltd. (1988). Protein Secondury
Structure Estimation Instruction Manual, Tokyo. Japan

135)

540 J Nutr. Biochem., 1991, vol. 2, October

15

2
()

Hennesy, J.P. and Johnson, W.C. (1981). Information content
in the circular dichroism of proteins. Biochem. 20, 1085-1099
Steinfield, J.1., Franscisco, J.S.. and Hase, W.L. (1989).
Chemical Kinetics and Dynamics, Prentice-Hall, Englewood
Cliffs, NJ

Keppel. G. (1982). In Design and Analysis: A Researcher's
Handbook, (2nd ed.), pp. 151-153, Prentice-Hall, Englewood
Cliffs, NJ

Tomimatsu, Y. and Vickery, L.E. (1972). Circular dichroism
studies of human serum transferrin and chicken ovotransferrin
and their copper complexes. Biochim. Biophys. Acta 285,
72-83

Berkow, R.D. (1987). In The Merck Manual of Diagnosis and
Therapy. (R.D. Berkow, ed.} p. 2414, Merck Sharp & Dohme,
Rahway. NJ

Price. E.M. and Gibson, J.F. (1972). Electron paramagnetic
resonance evidence for a distinction between the two iron-
binding sites in transferrin and conalbumin. J. Biol. Chem.
247, 8031-8035

Bates. G.W. and Wernicke, J. (1971). The kinetics and mecha-
nism of iron(Il1) exchange between chelates and transferrin.
[V. The reaction of transferrin with iron(III) nitrilotriacetate.
J. Biol. Chem. 246, 3679-3685

Aisen, P.. Leibman, A.. and Zweier, J. (1978). Stoichiometric
and site characteristics of the binding of iron to human trans-
ferrin. J. Biol. Chem. 253, 1930-1937

Bezkorovainy, A. (1980). Chemistry and metabolism of the
transferrins. In Biochemistry of Nonheme Iron, (E. Freiden,
ed.), pp. 127-206, Plenum Press. NY

Chasteen, N.D. (1977). Human serotransferrin: structure and
function. In Coordination Chemistry Reviews. (A.B.P. Lever,
ed.), pp. 5-30, Elsevier Scientific Pub. Co., Amsterdam
Smith, R.M. and Martell, A E. (1976). Group V ligands. In
Critical Stability Constants, vol. 4: Inorganic Complexes, pp.
S6-57. Plenum Press, NY

Mazurier, J., Aubert, J.. Loucheux-Lefevre, M., and Spik, G.
(1976). Comparative circular dichroism studies of iron-free and
iron-saturated forms of human serotransferrin and lactoferrin.
FEBS Lett. 66, 238-246

Mason, A.B. and Brown, S.A. (1989). Iron does not affect the
secondary structure of ovotransferrin or its half-molecule. In
Metal lon Homeostasis: Molecular Biology and Chemistry,
(D.H. Hamer. & D.R. Winge. eds.), pp. 169-178, Alan R.
Liss. Inc.. NY

Chasteen, D. (1983). Transferrin: a perspective. In Iron Bind-
ing Proteins Without Cofactors or Sulfur Clusters (E.C. Thelil,
G.L. Eichorn, and L.G. Marzilli, eds.), pp. 202-233, Elsevier,
NY



