
Effect of a Covalently Attached Synergistic Anion on Chelator-Mediated
Iron-Release from Ovotransferrin: Additional Evidence for Two Concurrent

Pathways†

Christopher T. Bailey,* Cheryl Byrne, Kristi Chrispell, Catherine Molkenbur, Marcella Sackett, Katherine Reid,
Kärin McCollum, Denise Vibbard, and Rose Catelli

Department of Biological and Chemical Sciences, Wells College, Aurora, New York 13026

ReceiVed June 14, 1996; ReVised Manuscript ReceiVed NoVember 20, 1996X

ABSTRACT: The mechanism by which the iron-transport protein transferrin releases its ironin ViVo is
presently unclear. In Vitro studies have implicated two concurrent chelator-mediated iron-release
pathways: one which is hyperbolic in nature, involving a conformational change in the protein as a rate
limiting step, and a second which has been proposed to be first-order in nature and to involve initial
release of a synergistic anion. We have examined the effect that an affinity-label analog of the synergistic
anion has on chelator-mediated iron-release from this protein. A covalently attached anion would inhibit
iron-release via any pathway in which anion release is a prerequisite to iron release. The present
investigation examined the effect that the covalently attached anion had on iron-release to pyrophosphate
(PPi) and N,N-bis(phosphonomethyl)glycine (DPG), two chelators which are believed to utilize both
pathways concurrently. Results show that when the affinity-label anion is utilized, strictly hyperbolic
data are obtained, with similar observedkmaxvalues. This is strong support for the hypothesis of a common,
chelator-independent rate-limiting step for the one available pathway. These results also support strongly
the hypothesis that synergistic anion removal is a prerequisite step to iron-release via the second pathway.

The transferrins are a class of iron-binding proteins (MW
approximately 80 kDa) which include the ovo-, lacto-, and
serum transferrins (Aisen, 1989; Harris & Aisen, 1989).
X-ray structures for human lactoferrin (Anderson et al., 1987,
1990; Baker et al., 1990), rabbit serum transferrin (Bailey,
S., et al., 1988; Sarra et al., 1990), and hen ovotransferrin
(Dewan et al., 1993) have shown that the various proteins
are compacted into two lobes, each of which binds tightly,
but reversibly, a single iron. One of the unique features of
the transferrins is that for iron to bind a suitable synergistic
anion must also be present (Bates & Wernicke, 1971).
Crystallographic results and EPR evidence (Dubach et al.,
1991) have shown that the anion, which is strongly indicated
to be carbonate, binds directly to the ferric ion in a bidendate
fashion. In the absence of carbonate a limited number of
other organic anions can also promote binding (Schlabach
& Bates, 1975).
Because of the importance of the interaction of small, low

molecular weight, iron-chelators with transferrin, much has
been done to elicit the exact mechanism of iron release to
these chelators. Earlyin Vitro studies of iron-release from
transferrin to certain chelators discerned a hyperbolic de-
pendence of the rate of iron-release on the chelator concen-
tration (Carrano & Raymond, 1979). This led to the proposal
of a mechanism where the rate-limiting step involves a
conformational change in the protein between “closed” and
“open” forms (Cowart et al., 1982). Under this mechanism

the maximal rate of reaction is dependent solely on the rate
at which the protein “opens” and would therefore be
independent of chelator concentration, [C]. This mechanism
has been described by eq 1, where the maximum rate
constant,kmax, is equal tok′/k′′.

W. R. Harris et al. (1987; Bali et al., 1989, 1991) have
shown that a plot of the observed rate constants for release
of iron to pyrophosphate or certain other chelators does not
exhibit strictly hyperbolic dependence on chelator concentra-
tion but includes a second, less steep, almost linear slope at
higher concentrations. These researchers modified eq 1 to
include a term which is first-order in chelator (eq 2) and
used these results to propose that there are in fact two iron-
release mechanisms operating in transferrin: the saturation
pathway discussed above, and one that is first-order in
chelator.

Some chelators, for example AHA1 (Cowart et al., 1982)
and 3,4-LICAMS (Kretchmar & Raymond, 1986), which
appear to exhibit strictly saturation kinetics were proposed
by Harris to utilize only the conformational change pathway
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(k′′′ ) 0). Others, such as NTA (Bali et al., 1991), which
appear to exhibit strictly first-order kinetics, were proposed
to utilize only the first-order pathway (k′ ) k′′ ) 0). PPi
(Cowart et al., 1986) and DPG (Harris et al., 1987) each
require significant nonzero values fork′, k′′, andk′′′ in eq 2
to completely describe their kinetic behavior; these results
were used to propose that these chelators utilize both the
saturation and first-order pathways concurrently.
Kretchmar and Raymond (1988) have shown that binding

of ion to the protein is an absolute prerequisite for iron
release. Bertini et al. (1988), have hypothesized that the
second term in eq 2 results from the interaction of the
chelator, or some other nonchelating lyotropic anion, with
positively charged allosteric sites, termed “kinetically sig-
nificant anion binding sites” (KISAB) (Marques et al., 1990,
1991), which affect the thermodynamic and kinetic properties
of the protein. The requirement of KISAB occupation by
either salt or chelator is central to the mechanistic scheme
presented by Egan et al. (1992).
One potential mechanistic difference between the two

pathways has been put forth by Harris (1987), who suggested
that substitution of the synergistic anion by the chelator might
be involved in what he describes as the first-order pathway.
If anion release is a prerequisite to iron-release via this
pathway, but not via the hyperbolic pathway, then discrimi-
nation between the two pathways might be obtained by
preventing loss of the synergistic anion.
In previous studies (Bailey, C. T., et al., 1988), hydroxy-

pyruvate was shown to be effective as an affinity label analog
for the synergistic anion inoVotransferrin. Hydroxypyruvate
was shown to behave synergistically, mediating the uptake
of iron, and also to react covalently with alysine in the
protein. Nadeau et al. (1996), have reported on the possible
sites of this modification. The stability of the affinity labeled
protein was such that the bound iron could be removed and
then, in the absence of other potential synergistic anions (e.g.,
carbonate), successfully reconstituted into the protein; iron
does not bind to ovotransferrin in the absence of a suitable
anion. Control experiments showed that protein treated
exactly like the affinity-label (including exposure to sodium
borohydride), with the exception that carbonate and not a
potential affinity-label was utilized, behaved exactly as
regularly prepared carbonate-bound protein.
We report here the effect that a covalently attached

synergistic anion has on the observed rates of chelator-
mediated iron release from ovotransferrin to two chelators,
DPG and PPi, which have previously been described as
utilizing both the saturative and first-order pathways concur-
rently.

MATERIALS AND METHODS

Preparation of Three Protein-Iron-Anion Complexes.
Ovotransferrin was obtained from Sigma Chemical Com-
pany. Carbonate-bound diferric ovotransferrin was prepared
according to established procedures (Schlabach & Bates,
1975), with final dialysis against several changes of HEPES
buffer (10 mM HEPES, 0.15 M NaCl, pH 7.4) and ultimate
dilution to approximately 50µM. Ferrated ovotransferrin
with hydroxypyruvate or pyruvic acid as the anion was
prepared as follows: carbonate-free solutions of apo-
ovotransferrin were prepared by dissolving the protein in
MES buffer (30 mM MES and 0.15 M NaCl, pH 6.1),

titrating to pH 4-4.5 with 0.1 M HCl, and allowing ascarite-
filtered nitrogen to pass over the solution with gentle stirring
for 1 h. After this degassing procedure, one part iron and
an excess of four parts anion (both per binding site) were
added. The pH was then raised to 6.5 by addition of aliquots
of carbonate-free ammonia gas. In the case of the affinity-
label, hydroxypyruvate, after reaction for approximately 1
h, the solution was titrated to pH 8 and an excess of sodium
borohydride was added to reduce the imine bond of the Schiff
base. Both protein preparations were dialyzed against several
changes of HEPES buffer, titrated to pH 7.4, and finally
diluted to approximately 50µM with the buffer.

Chelators. The chelators utilized,N,N-bis(phosphono-
methyl)glycine (DPG) and pyrophosphate (PPi), are available
commercially and all have been utilized elsewhere to mediate
iron-release from serum transferrin. Bulk solutions were
prepared by dissolving the respective solid in HEPES buffer,
titrating the solution to pH 7.4, and then diluting to the
required concentration.

Chelator-Mediated Iron Release Experiments. Kinetic
experiments were performed in a constant temperature
cuvette maintained at 25°C by a circulating water bath.
Appropriate aliquots of chelator and buffer were added to
1.000 mL of one of the three respective protein-iron-anion
complexes at pH 7.4, and the progress of iron-release
followed on a Perkin-Elmer Lambda 6 computer-controlled
UV/vis spectrophotometer. The absorption data was col-
lected approximately 15 s after mixing and then every 30 s
for up to 600 min. The resulting data were fit to eq 3 using

the general nonlinear least-squares program NL-REGR (Ebert
et al., 1989) and a four-parameter (Ao, A∞, ka, kb) fitting
procedure. Ao, A∞, and At are the absorbances at the
observation wavelength (460 nm) at time zero, infinity, and
the data acquisition time, respectively. Because only the
early portions of the reaction were examined, the value of
kobs ) (ka + kb)/2. The data obtained in investigating the
effect of chelator concentration onkobs was fit to the
appropriate equations (Vide infra) also utilizing NL-REGR.

RESULTS

The ability of the chelators DPG and PPi to mediate iron
release from the three protein-iron-anion complexes was
initially examined at single chelator concentrations. Identical
parallel iron-release experiments were performed using
ovotransferrin with carbonate (the native anion), hydroxy-
pyruvate (the affinity label), and pyruvic acid as the
synergistic anion. Pyruvic acid, which is structurally quite
similar to the affinity-label anion, behaves as a synergistic
anion, but doesnot react covalently with the protein (Bailey,
C. T., et al., 1988). It was found that each of the chelators
successfully mediated iron release from both carbonate and
pyruvic acid bound ovotransferrin. This would indicate that
simply replacing the carbonate with an alternate synergistic
anion (i.e., pyruvic acid) did not affect the ability of these
chelators to mediate iron-release.

Iron-release studies were performed with DPG and PPi

over a range of concentrations against both the carbonate-
bound and the affinity-labeled proteins. Plots ofkobs vs

At ) ((Ao - A∞)/2) (e
-kat + e-kbt) + A∞ (3)
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concentration for the release of iron from the native protein
to the two respective chelators were quite similar to previ-
ously published plots utilizing human serum transferrin [see,
e.g., Harris et al. (1987) and Egan et al. (1992)]. These plots
exhibited predominately hyperbolic characteristics at low
ligand concentration, with apparently first-order character-
istics predominating at higher concentrations. When similar
chelator-mediated iron-release studies were performed with
the affinity-label protein, very different results were obtained
(Figure 1). For both chelators, strictly hyperbolic data was
obtained. Although the traces for the two chelators are
different, their calculatedkmax values are very similar.

DISCUSSION

Harris has proposed a two-pathway mechanism (exhibiting
hyperbolic and first-order kinetics, respectively) for chelator-
mediated iron-release from transferrin and has described this
mechanism with eq 2. The first term in this equation would
describe iron-release via the hyperbolic pathway, the second
term via the first-order pathway. Harris also suggested that
one potential mechanistic difference between the two path-
ways is the point at which the protein’s synergistic anion is
released. A covalently-attached synergistic anion could not
be removed from the protein and should, therefore, prohibit
utilization of any pathway in which anion release is a
prerequisite to iron release. Quantitative studies of chelator-
mediated iron-release from affinity-labeled ovotransferrin
utilizing DPG and PPi, two chelators which have been
proposed to utilize both pathways concurrently, exhibited
purely hyperbolic kinetics. These results have led us to
conclude that the covalently attached affinity-label does not
affect the ability of chelators to mediate iron-release via the
saturative (hyperbolic) pathway, but does prohibit utilization
of the first-order pathway. These results give strong support

for the hypothesis that synergistic anion removal is a
prerequisite step to iron release via the first-order pathway.
Bertini (1988) has suggested that the second term of eq 2
results from the interaction of the iron-chelator with the
KISAB to affect the thermodynamic and kinetic properties
of the protein. Our results may imply that the purpose of
the chelator’s presence in the KISAB is to dislodge the
synergistic anionsand possibly replace itsprior to iron-
release. Such an action would be prevented by a covalently
attached anion.
Nonlinear least-squares analysis of the respective kinetic

data by the first term of eq 2 for iron-release from the
affinity-labeled protein to DPG and PPi yielded the values
for k′ and k′′ as shown in Table 1 and the corresponding
two traces (solid symbols) in Figure 1. Both plots yield very
similar kmax values, 0.0234 and 0.0220 min-1, for DPG and
PPi, respectively. These data are consistent with a single
common, chelator independent, rate-limiting step for the
saturation pathway.
There are potential problems when eq 2 is utilized to

describe chelator-mediated iron-release from the native
protein, including inconsistent maximum rate constants
obtained for the saturation pathway. It would be expected
that thesekmax values, which are limited by the conforma-
tional change in the protein, should be consistent regardless
of the chelator utilized. Even for those chelators which are
proposed to utilize both pathways, the maximum rate of
releaseby the saturation pathwayshould still be limited by
the conformational change in the protein regardless of the
fact that another pathway is available. However, reported
values for a variety of chelators (Harris et al., 1987) vary
over an order of magnitude. Our results indicate that when
only the hyperbolic pathway is available consistentkmax
values can be obtained. Because theValuesof kmax andkm
(expressed ask′/k′′ and 1/k′′, respectively, in eq 2) obtained
with the affinity-labeled protein could presumably be con-
sidered intrinsic properties of the hyperbolic pathway itself,
these values might be expected to remain constant even when
both pathways are available (i.e., in the absence of the
affinity-label). Thus, nonlinear least-squares analysis of the
respective data for DPG and PPi-mediated iron-release from
carbonate-bound ovotransferrin was performed utilizing eq
2 with the respective values ofk′ andk′′ (as obtained in the
affinity-labeled experiments above) defined asconstants. In
the case of PPi only a fair fit for k′′ could be obtained, and
in the case of DPG a value fork′′′ could NOT be obtained.
Further analysis of the kinetic data for iron-release from
native ovotransferrin was performed with eq 2 but allowing
for the calculation of all three kinetic constants. This analysis
yielded the values fork′, k′′, andk′′′ as shown in Table 1
and the respective two traces (open symbols) in Figure 1.
Thekmax values for DPG and PPi determined by this method
(0.00930 and 0.0200 min-1, respectively) are not uniform
but are similar to those previously presented by Harris (1987)

Table 1: Kinetic Constants for Iron Removal by Two Chelators from Affinity-Labeled and Carbonate-Bound Ovotransferrina

affinity-labeled ovotransferrin carbonate-bound ovotransferrin

PPi DPG PPi DPG

k′ (min-1 M-1) 3.49( 0.15 1.29( 0.035 2.73( 0.14 2.95( 0.15
k′′ (M-1) 158( 8.5 55.0( 1.8 136( 11 315( 9.1
k′′′ (min-1 M-1) 0.962( 0.027 0.0762( 0.00063

aConstants correspond to those in eq 2.

FIGURE1: Comparisons of the pseudo-first-order rate constants for
the removal of ferric ion from carbonate-bound ovotransferrin (open
symbols) and affinity-labeled ovotransferrin (filled symbols) by PPi
(0, 9) and DPG (4, 2). Both proteins were in 10 mM HEPES,
pH 7.4; all experiments were performed at 25°C. Traces are
calculated fits based on eq 2 and the parameters listed in Table 1.
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to describe iron-release by these chelators from human serum
transferrin.
We see two ways in which these results could be

interpreted. First, the presence of the affinity label may, in
addition to inhibiting totally the first-order pathway, also
change the kinetics of the available hyperbolic pathway. That
alteration of the protein should lead to modification of the
kinetic behavior of both pathways would not be beyond
expectation. The fact that thekmax values obtained with the
affinity-labeled protein are consistent may be only coinci-
dental. Second, thekmax values for the hyperbolic may not
be significantly affected by the affinity label. Such an
interpretation would lead to the conclusion that eq 2 does
not sufficiently describe the mechanism of iron-release from
transferrin. Equation 2 implies an additive relationship
between the two pathways, and although this might be
evidenced by the results with PPi, it is certainly not supported
by the DPG data. For this chelator, the observed rate of
iron-release is faster when only the hyperbolic pathway is
utilized than when both pathways are available. The
implication of this second interpretation would be the
existence of an inhibitory relationship between the two
pathways.
We believe that the affinity-labeled synergistic anion

provides us with a unique tool for examining the mechanism
of chelator-mediated iron-release from transferrin. Our
results utilizing PPi and DPG provide additional evidence
for the presence of two concurrent pathways for iron release.
One of these pathways is hyperbolic in nature and, when it
is the only pathway available, has a maximum rate of iron-
release which appears to be independent of chelator utilized.
This would be consistent with a pathway involving a
conformational change in the protein as a rate-limiting step.
An alternate second pathway involves release of the protein’s
synergistic anion as a prerequisite to iron release.
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