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The chloride effect is related to anion binding in determining the rate of
iron release from the human transferrin N-lobe
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The major function of human transferrin is to deliver iron from
the bloodstream to actively dividing cells. Upon iron release, the
protein changes its conformation from ‘closed’ to ‘open’.
Extensive studies in vitro indicate that iron release from trans-
ferrin is very complex and involves many factors, including pH,
the chelator used, an anion effect, temperature, receptor binding
and intra-lobe interactions. Our earlier work [He, Mason and
Woodworth (1997) Biochem. J. 328, 439—445] using the isolated
transferrin N-lobe (recombinant N-lobe of human transferrin
comprising residues 1-337; h'TF/2N) has shown that anions and
pH modulate iron release from hTF/2N in an interdependent
manner: chloride retards iron release at neutral pH, but
accelerates the reaction at acidic pH. The present study supports
this idea and further details the nature of the dual effect of
chloride: the anion effect on iron release is closely related to the
strength of anion binding to the apoprotein. The negative effect
seems to originate from competition between chloride and the

chelator for an anion-binding site(s) near the metal centre. With
decreasing pH, the strength of anion binding to hTF /2N increases
linearly, decreasing the contribution of competition with the
chelator. In the meantime, the ‘open’ or ‘loose’ conformation of
hTF/2N, induced by the protonation of critical residues such as
the Lys-206/Lys-296 pair at low pH, enables chloride to enter the
cleft and bind to exposed side chains, thereby promoting cleft
opening and synergistically allowing removal of iron by the
chelator, leading to a positive anion effect. Disabling one or more
of the primary anion-binding residues, namely Arg-124, Lys-206
and Lys-296, substantially decreases the anion-binding ability of
the resulting mutant proteins. In these cases, the competition for
the remaining binding residue(s) is increased, leading to a negative
chloride effect or, at most, a very small positive effect, even at
low pH.
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INTRODUCTION

Human serum transferrin (hTF) belongs to a group of iron-
binding proteins that includes ovotransferrin and lactoferrin (for
recent reviews, see [1-3]). Holo-transferrin is composed of two
halves, designated the N-lobe and C-lobe, linked by a short
peptide; each lobe contains an iron-binding site seated in a deep
cleft. Iron is held octahedrally by co-ordination to four amino
acid residues, i.e. Asp-63, Tyr-95, Tyr-188 and His-249, in the
hTF/2N polypeptide (recombinant N-lobe of human transferrin
comprising residues 1-337), and to two oxygen atoms from the
synergistic anion, carbonate [4-6]. When iron is released, the two
domains of each lobe, termed the NI- and NII-domains and the
CI- and ClI-domains, rotate around a hinge to change
the protein conformation from ‘closed’ to ‘open’ [5,6]. While the
iron ligands play a primary role in iron binding, other residues
(including Gly-65, Glu-83, Tyr-85, Arg-124, Lys-206, Ser-248
and Lys-296 in the transferrin N-lobe) make up a second shell
network that also contributes to the stabilization of the iron-
binding site [5,7]. For example, Arg-124 is hydrogen-bonded to
the synergistic anion. Also, Lys-206 and Lys-296, which come
from opposite domains, are hydrogen-bonded to each other in
the closed form; protonation of this dilysine pair appears to be
a driving force to trigger cleft opening of hTF/2N at low pH
[7.8].

Since the primary function of hTF in vivo is to transport iron
from the bloodstream to cells by a process of pH-dependent iron

binding and release, great effort has been focused on defining the
exact mechanism of iron release from transferrin. Numerous
experiments in vitro have shown that iron release is very complex
and involves many factors that may or may not be independent
of each other. Those factors that modulate iron release from hTF
include receptor binding, lobe-lobe interactions, temperature,
pH, chelator and anion concentration or ionic strength [4,9]. In
particular, low pH appears able to induce the conformational
change that is critical to iron release [4].

Discrepant results regarding iron release from full-length
transferrin have been reported. Unfortunately, comparisons are
difficult owing to the use of different conditions and measurement
techniques by different research groups. The exact effect of
anions on iron release is a major source of controversy. Earlier
studies showed that chloride retards iron release from the
transferrin N-lobe, but enhances release from the C-lobe in
the presence of EDTA at pH 7.4[10,11]. A different study showed
that chloride exerted a similar accelerating effect on iron release
from each transferrin-binding site at pH 7.4 when citrate was
used as the chelator [12]. The same result was achieved with 1,2-
dimethyl-3-hydroxy-4-pyridinone (L1) and acetohydroxamic
acid [13]. When pyrophosphate (PP,) was used as the chelator, a
positive chloride effect on iron release from Fe -hTF (C-terminal
monoferric human transferrin) at both pH 5.6 and pH 7.4 was
noted [9,14-16], but no significant chloride effect on iron release
from Fe-hTF (N-terminal monoferric human transferrin) was
observed at pH 7.4 [17]. In the meantime, Marques et al. [18]

Abbreviations used: hTF, human serum transferrin; Fey-hTF and Fe.-hTF, N- and C-terminal monoferric human transferrin respectively; hTF/2N,
recombinant N-lobe of human transferrin comprising residues 1-337; NTA, nitrilotriacetate; Tiron, 4,5-dihydroxy-1,3-benzenedisulphonate.
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reported that, at pH 7.4, chloride had a very slight effect on iron
release from Fe-hTF at 5mM PP,, but a significant positive
effect when the concentration of PP, was increased to 100 mM.

To simplify studies of iron binding and release, the recombinant
N-lobe of transferrin (hTF/2N) has been generated ; the hTF /2N
protein has proved to be an excellent model for the N-lobe in
holo-transferrin [19,20]. Work with the isolated recombinant
hTF /2N has enabled us to focus specifically on the effects of pH
and anions on iron release without the complications of receptor
binding and lobe—lobe interactions. Extensive experimentation
in our laboratory using both conventional and stopped-flow
kinetic measurements under carefully controlled conditions has
shown that pH and anions exert their effects on iron release from
hTF/2N in an inter-dependent manner: chloride has a negative
effect at pH 7.4, but a positive effect at pH 5.6 [7,21,22]. It is clear
that the chloride effect may be physiologically significant, given
the fact that the physiological concentration of chloride is approx.
0.14 M, which is high enough to influence the kinetics of iron
release from transferrin.

The experimental results presented here support our previous
findings and further define the nature of the pH-anion inter-
dependent mechanism of iron release from hTF/2N. The struc-
tural basis for these behaviours is also considered by examining
iron release from three hTF/2N mutants: R124A (Arg-124
mutated to Ala), H249E and K206A /K296A. These three mutant
proteins demonstrate completely different iron-binding abilities;
all feature loss of one or two residues involved in anion binding
(see Discussion). The three mutants are excellent representatives
of those hTF/2N proteins with weak anion binding due to a
structural change caused by mutation. A comparative study at
different pH values indicates that, under identical conditions,
the chloride effect on iron release from hTF/2N depends both
on the strength of anion binding to the protein and on the avail-
ability of anion-binding residues in the protein.

EXPERIMENTAL
Materials

Chemicals were reagent grade. Stock solutions of Hepes and Mes
were prepared by dissolving the anhydrous salts in Milli-Q
(Millipore) purified water, and adjusting the pH to the desired
value with 1 M NaOH. 4,5-Dihydroxy-1,3-benzenedisulphonate
(Tiron) was from Fisher Scientific Co., EDTA was from Mann
Research Laboratories, and nitrilotriacetate (NTA) was from
Sigma. Centricon 10 microconcentrators were from Amicon.
Tiron and EDTA stock solutions were prepared by dissolving
these chelators in the appropriate buffers and adjusting the pH to
the desired value with 1 M NaOH ; no chloride is present in these
stock solutions.

Molecular biology

Mutation of Arg-124 and Lys-206/Lys-296 to alternative amino
acids was carried out by using a PCR-based mutagenesis
procedure [23]. PCR products of the mutagenesis reactions were
ligated into Bluescript SK containing the hTF/2N cDNA. The
nucleotide sequences of the inserts were determined to confirm
the introduction of the specific mutations and the absence of any
other mutations. The mutated hTF/2N cDNAs were excised
from the Bluescript vector, blunt-ended and ligated into the
Smal site of the pNUT expression vector. Restriction endo-
nuclease mapping was used to confirm the correct orientation
[7,20,21,24].

© 2000 Biochemical Society

Expression, purification and preparation of proteins

The N-lobe of hTF and the single and double mutants of
hTF /2N were expressed by using the pNUT-BHK cell system.
Isolation and purification of the recombinant proteins followed
the general strategy used previously [7,19]. Fe(IlI)-loaded protein
was prepared by adding a slight excess of Fe(NTA), to a pH 7.4
buffer containing apo-protein or Fe-unsaturated protein and
bicarbonate. The Fe(III)-hTF /2N samples were then exchanged
into 10 mM Hepes (pH 7.4) using Centricon 10 micro-
concentrators, and were stored as concentrated stock solutions
(~2.5mM). To prepare the pure Fe-R124A-CO, and Fe-
R124A-NTA complexes, exhaustive exchange with 50 mM
Hepes (pH 7.4) containing 100 mM bicarbonate or | mM NTA
respectively was performed before a final exchange of each
protein into 10 mM Hepes. The preparation of most apo-protein
samples followed the procedure described in detail previously
[7,21]. The apo-form of the K206A /K296A mutant, which binds
iron with high affinity, was prepared by adding at least a 20-fold
excess of EDTA into the buffer solution (pH 4.9) containing the
protein and allowing it to stand at 4 °C for 2 days.

Electronic spectra

UV-visible spectra were recorded on a Cary 219 spectrophoto-
meter under the control of the computer program Olis-219s (On-
line Instrument Systems, Inc., Bogart, GA, U.S.A.). Hepes buffer
(50 mM, pH 7.4) served as the reference for full-range spectra
from 250 to 650 nm. Difference spectra were generated by storing
the spectrum of the apo-protein as the baseline and subtracting
it from the sample spectra.

Kinetics of metal removal

The detailed settings for the kinetics of metal release from
transferrin and the processing of the data have been described
previously [7,22,25]. Tiron was used as the chelator for iron
removal at pH 7.4 (50 mM Hepes), and EDTA was used as the
chelator at pH 6.1 and 5.6 (50 mM Mes). Slow iron-release
kinetics were determined by a conventional method involving
monitoring of the absorbance increase at 480 nm [for Fe(III)—
Tiron] or the absorbance decrease at 293 or 470 nm (for iron
removal by EDTA). The protein concentration used in this case
was approx. 40 uM. Iron release from wild-type Fe-hTF /2N by
chloride alone at pH 5.6 followed the conditions used to monitor
the slow reaction. For fast iron-release reactions, the kinetics
were determined by employing an Olis-RSM 1000 stopped-flow
spectrophotometer, which is able to record the spectral change in
real time. The same wavelengths as cited above were used as the
central wavelength in each assay, and the protein concentration
was approx. 6.5 uM [7]. The pH was measured after each assay
to ensure that it remained constant. The protein samples used for
the kinetic measurements were the natural iron-containing com-
plexes with carbonate, unless stated otherwise. All kinetic assays
were carried out at 25 °C.

Anion-binding titration

The anion titrations of apo-protein and the calculation of the
binding constants were carried out as described previously [26].
Hepes (50 mM) was used for titrations at pH 7.4, 7.2 and 6.8,
and Mes (50 mM) was used for titrations at pH 6.2. In each case
the protein concentration was approx. 13 #M.
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RESULTS
Preparation of iron-containing and apo-proteins

The final step of purification for the recombinant N-lobe of
transferrin involves passage over a gel-filtration column in 0.1 M
NH,HCO,. The eluted proteins are the normal iron-containing
complexes with carbonate as the synergistic anion. Electronic
absorption spectra were obtained for the eluted protein samples
to allow comparison with that for wild-type hTF/2N. Table 1
lists the spectral characteristics for wild-type hTF /2N and for the
mutants R124A and K206A/K296A. The spectral features of
each of these mutants are similar to those of the wild-type
protein, indicating that the iron-binding core is essentially
unchanged in the mutant proteins.

Consistent with the report of Li et al. [20], the R124A mutant
has two forms, the carbonate complex and the NTA complex.
These two forms are interconvertible, giving rise to an in-
termediate species, a feature also found for other mutants such
as D63S and H249A [21,25]. Iron binding to the R124A mutant
is quite labile (see below), allowing easy preparation of the apo-
protein. In contrast, iron binding to the K206A /K296A mutant
is extremely tight, similar to other mutants in which either K206
or K296 is changed [7,20,27]. Preparation of apo-K206A /K296A
required a higher chelator concentration and a longer incubation
period.

Anion-binding titration

The apo-proteins were titrated with sulphate, as reported pre-
viously for wild-type apo-hTF/2N at pH 7.4 [7,26]. To observe
the effect of the hydrogen ion concentration on anion binding, the
titrations with sulphate for wild-type apo-hTF/2N were
performed at three additional pH values. The resulting binding
constants (K) and maximum absorptivities (Ae,, ) are
summarized in Table 2 and plotted in Figure 1. When the pH is
decreased, the anion-binding constant increases linearly, while

Table 1 Summary of spectral characteristics for iron-loaded wild-type
(WT) hTF/2N and mutants

Spectra were taken usually in 50 mM Hepes buffer, pH 7.4. Proteins were in carbonate complex
form, unless stated otherwise.

Protein A (NM) Apip (NM) A Anin Ao/ Arvan
hTF/2N (WT) 472 410 1.37 23.5
R124A 460 403 1.28 25.4
R124A(NTA) 471 406 1.32 23.3
H249E* 457 400 1.30 25.3
K206A/K296A 470 409 1.33 24.1

* From He et al. [21].

Table 2 Sulphate-binding titration of apo-R124A and wild-type (WT) apo-
hTF/2N at different pH values

Protein pH KM Aepy M -cm™)
hTF/2N (WT) 7.42 5840 5185
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R124A 7.42 425 4870
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Figure 1  Sulphate-binding titration of wild-type apo-hTF/2N at different pH
values

See the Experimental section for detailed conditions and data processing. I, Binding constant
(K); O, maximum absorptivity (Ae
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Figure 2 Iron release from wild-type hTF/2N by chloride alone at pH 5.6

(50 mM Mes) and 25 °C

Lower panel: <>, Rate constant (k;); x, % Fe removed.

the maximum absorptivity decreases in a linear fashion. These
data are similar to previously reported results [26].
Anion-binding experiments were also performed with apo-
R124A and apo-K206A /K296A. Compared with that to wild-
type hTF /2N, sulphate binding to apo-R124A at pH 7.4 has a
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Table 3 Rate constants for iron removal from the mutants of hTF/2N at various KCI concentrations and pH values, at 25 °C

WT, wild type.

k

in—1
s (MINT7)

Protein KCl (mM)... 0 25 50

140 300 500

Iron release by Tiron (12 mM)

atpH 7.4
hTF/2N (WT) (2.2540.09) x 1072 (2.054004)x 1072 (1.6540.03) x 1072 (1.314004)x 102  (1.264+0.08) x 1072
H249E (7.36+0.14) x 1072 (6.80+0.33) x1072 (521 +£012)x107%  (475+0.05x107%  (449+0.11)x 1072
R124A 2214010 1.8440.09 1.6840.05 1.2540.06 1.0140.04 0.936 +0.071
K206A/K296A 436x107* 136 x 1074

Iron release by EDTA (4 mM)

at pH 5.6
hTF/2N (WT) 4.9940.08 226408 395402 472405 464405
H249F 115403 13.040.2 119403 9124015 6.8740.19 5.8740.26
R124A (2.55+0.15) x 10° (2.614+010)x10°  (2.7040.11) x 10 (2.89+0.10) x 10° (3144012)x 10> (3.42+0.13) x 10°
K206A/K296A (2.4840.15) x 1072 (1.88+005)x 1072 (1.1240.05) x 1072 (7.08+0.80)x107°  (7.42+070)x 107°

much smaller K value (~ 13-fold less) and a slightly smaller
Ae,,,. value (Table 2). The titration of apo-K206A /K296A with
sulphate under identical conditions did not yield the characteristic
absorbance bands for normal anion binding; only very weak and
featureless spectral curves were observed. A similar spectrum
was found on titration of the apo-H249E mutant with sulphate

[25].

Iron-release kinetics

Iron release from wild-type Fe-hTF/2N by chloride alone at pH
5.6 is summarized and plotted in Figure 2. In 50 mM Mes
solution, pH 5.6, Fe-hTF/2N was essentially stable, with a
decrease of only about 39, iron. Addition of chloride to the
solution led to removal of iron from the protein. The rate
constants follow a saturation profile with respect to the chloride
concentration (Figure 2). The reaction was at least 90 9, complete
within 50 min, with removal of approx. 10, 25, 47 and 58 9%, of
the iron for KCI concentrations of 50, 140, 300 and 500 mM
respectively.

For iron release by Tiron and EDTA, Table 3 lists the rate
constants for wild-type hTF /2N and the three mutants (R124A,
H249E and K206A /K296A) at various chloride concentrations
and at both pH 5.6 and pH 7.4. Figure 3 shows iron release from
wild-type hTF/2N at three different pH values. It is clear that
chloride retards iron release at neutral pH (Figure 3A), but
accelerates it at acidic pH (Figure 3C), with saturation modes. At
pH 6.1, the chloride effect has two phases (Figure 3B); with
increasing chloride concentration, the rate constant increases,
reaching a maximum at a KCl concentration of approx. 0.1 M,
which is followed by a decrease.

The iron-release rates for the different mutants are extremely
variable. Compared with that for wild-type hTF/2N, in the
absence of chloride, the iron-release rates are slightly higher (~
3 times) for the H249E mutant [25], much higher (50-100 times)
for the R124A mutant and significantly lower (50-200 times) for
the K206A/K296A mutant (Table 3). Figure 4 shows a com-
parison of the chloride effect on the rates of iron release from
wild-type hTF/2N and the H249E and R124A mutants at pH
7.4. In the case of both the H249E and R124A mutants, chloride
inhibits iron release in a saturation mode, similar to the wild-type
protein but with a greater sensitivity. Chloride appears to have a
negative effect on iron release from the K206A /K296A mutant
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(Table 3). A detailed chloride-dependence study was not per-
formed for this mutant at pH 7.4, due to the low rate of iron
release which is exacerbated by additional chloride.

An interesting effect of chloride on iron release was found
when a comparison was made between wild-type hTF/2N and
the three mutants at pH 5.6 (Figure 5). When the chloride
concentration was increased from 0 to 0.5 M, the iron-release
rate for the wild-type protein increased by 10-fold (Figure 5A);
iron release from the R124A mutant also showed a positive but
very small anion effect (less than 0.5-fold increase) (Figure 5C).
In contrast, chloride exerted an apparent retarding effect on
iron release from the K206A/K296A mutant (Figure 5D).
Interestingly, both the positive and negative chloride effects were
observed on the iron-release rates from the H249E mutant
(Figure 5B). The rate constant showed a slight increase at a low
chloride concentration, and then decreased significantly when
more chloride was added.

DISCUSSION
Anion and iron release

It has long been known that anions bind to transferrin and that
there are at least two functional types of anion binding. The first
is the synergistic anion binding that must be completed for high-
affinity iron binding to occur, and the second is the so-called
kinetically significant anion binding (KISAB) [14]. As pioneered
by Harris [28], anion binding can be observed by titrating an
anion into apo-transferrin and analysing the resulting negative
electronic absorbance bands in difference UV spectra. A recent
study from our laboratory revealed that the spectral change
caused by anion binding originates from the direct or indirect
interaction with the liganding tyrosine residues Tyr-95 and Tyr-
188, and this explains why no spectral absorbance is observed
when anion is added to Fe-transferrin in which these tyrosine
ligands are already bound to iron [7]. Our experiments also
indicated that the Lys-206/Lys-296 pair in hTF /2N [7] is a major
KISAB ssite. Disturbing the binding sites directly by mutating the
lysine residues or indirectly through the second-shell network
causes changes in anion binding. The dramatically decreased
anion-binding ability of the R124A, H249E and K206A /K296A
mutants in the present study supports this concept (see below).

It has been reported that anions are required for iron release
from transferrin [16,29]. Iron release from transferrin by ‘non-
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Figure 3 Chloride effect on iron release from wild-type (WT) hTF/2N at
three different pH values

Tiron (12 mM) was used for the release assay at pH 7.4 (50 mM Hepes), and EDTA (4 mM)
was used at pH 6.1 and pH 5.6 (50 mM Mes).

chelating’ anions is demonstrated by the kinetic results presented
in this paper and in other work using an equilibrium approach
[25,30]. At pH 5.6, slow but significant removal of iron by
chloride is observed (Figure 2). Foley and Bates [30] showed that
a series of anions could promote iron release from transferrin,
with an order of effectiveness of SO,*>” > NO,” > Cl" > CIO,".
We believe that an anion helps promote and maintain the confor-
mational change from closed to open by binding to the side
chains along the cleft, in addition to acting directly as a weak
chelator to remove iron. An anion can also decrease the rate of
iron release from transferrin under certain conditions. For
example, chloride inhibits iron release from hTF /2N by both PP,
and Tiron at pH 7.4 [21,31]. Zak et al. [31] proposed, and we
agree, that this negative chloride effect may be due to competition
between chloride and these chelators for the anion-binding site(s)
near the metal centre.
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Figure 4 Comparison of the chloride effect on iron release from wild-type
(WT) hTF/2N and the mutants H249E and R124A by Tiron (12 mM) at pH
7.4 (50 mM Hepes)

The chloride effect depends on the strength of anion binding to
hTF/2N

Our earlier work [22] showed that the chloride effect on iron
release from wild-type hTF /2N is pH dependent: chloride retards
the reaction at higher pH, but enhances iron release at lower pH,
with an isotropic point at pH 6.26. The data in the present paper
support the idea of this dual role of chloride, and provide further
insight into the nature of the pH-dependent mechanism: the
chloride effect is directly dependent on the strength of anion
binding to the protein. Titration of apo-proteins with sulphate
shows that the anion-binding strength of hTF /2N increases with
decreasing pH (Figure 1). The increased capability of the protein
for anion binding appears to dominate the competition be-
tween chloride and the chelator. The parallel relationship between
sulphate and chloride in anion binding to hTF/2N has been
described [7]. The positive effect of chloride may become domi-
nant when the protein conformation becomes ‘open’ or ‘loose’,
induced by the protonation of the dilysine pair and other critical
residues at low pH, so that chloride can easily enter the cleft,
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Figure 5 Comparison of the chloride effect on iron release from wild-type (WT) hTF/2N and the mutants H249E, R124A and K206A/K296A by EDTA (4 mM)

at pH 5.6 (50 mM Mes)

bind to the exposed residues to keep the cleft open and also help
to remove iron. The moderate decrease in the iron-release rate at
pH 7.4 (Figure 3A) reflects the negative effect of chloride. The
significant increase in the release rate at pH 5.6 (Figure 3C)
appears to correspond to the positive effect of chloride when the
protein has a strong anion-binding capability and an ‘open’
conformation. The two-phase curve shown in Figure 3(B)
demonstrates the dynamic balance of the dual effect of chloride
when iron is released from hTF/2N at pH 6.1, near to the
isotropic point. At a low concentration ([KCI] < 0.1 M), chloride
accelerates iron release because the protein has ample capability
to bind anion, but at [KCI] > 0.1 M, the increasing concentration
of chloride dominates over the chelator as it competes for
binding to the protein and thus retards iron release.

The chloride effect depends on the availability of anion-binding
site(s)

This idea is supported by comparison of the iron-release be-
haviour of wild-type hTF/2N and the three mutants that are
missing one or two anion-binding residues, i.e. R124A, H249E
and K206A/K296A. The importance of the dilysine pair for
anion binding has been demonstrated [7], and is further confirmed
by the absence of specific sulphate binding by the K206A /K296A
mutant. The 13-fold smaller anion-binding constant for the
R124A mutant (Table 2) suggests that Arg-124 is also a significant
contributor to non-synergistic as well as synergistic anion bind-
ing. Also, the H249E mutant does not show specific anion
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binding. A structural basis for this has been identified: the
glutamic acid substituted at position 249 forms an ion pair with
Lys-296, precluding anion binding [32].

A significant negative chloride effect on iron release from all
three mutants is observed at pH 7.4 (Table 3), indicating that,
when any one of the critical anion-binding residues is lacking, the
competition between chloride and the chelator for the available
binding sites becomes stronger. In particular, the weak iron
binder, R124A, probably has a ‘loose’ conformation due to the
lack of the scaffolding support from Arg-124 to the synergistic
anion, carbonate. Chloride usually enhances iron release from
weak iron-binding mutants that are believed to have a loose or
open conformation [22,25,33,34]. The negative rather than posi-
tive chloride effect on iron release from the R124A mutant at pH
7.4 obviously must be attributed directly to the loss of this major
anion-binding residue in the mutant.

The effect of losing an anion-binding residue applies also at
pH 5.6 (Figure 5). Corresponding to an increase in the strength
of anion binding to hTF/2N as the pH decreases, chloride
substantially accelerates iron release from the wild-type protein
(Figure 5A). In the case of the R124A mutant, even the weak
anion binding at pH 7.4 would be strengthened at pH 5.6, thereby
converting the negative chloride effect at pH 7.4 into a small
positive effect (Figure 5C). Since the dilysine pair appear to be
the main anion-binding residues or site [7], eliminating both
lysines means that the chloride effect should remain negative at
pH 5.6, as seen in Figure 5(D). The situation for the H249E
mutant appears to be a combination of these two cases (Figure
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5B). Although the major part of the dilysine pair has been lost
due to the pairing of Lys-296 to Glu-249, anion can still bind to
Arg-124 and Lys-206 in the H249E mutant. This remaining
anion-binding ability would be strengthened at pH 5.6, leading
to a small positive chloride effect at low concentrations of
chloride. However, the loss of the primary anion-binding residue
Lys-296 may result in strong competition between chloride and
the chelator for the remaining anion-binding site(s), leading to a
significant negative chloride effect on iron release from the
H249E mutant.

Conclusion

For the isolated transferrin N-lobe, the effect of anions on iron
release from the protein is closely related to the anion-binding
ability of the protein. The fact that chloride retards iron release
from wild-type h'TF/2N at neutral pH, but enhances the reaction
at acidic pH, corresponds to the observation that the anion-
binding strength of the protein increases linearly with decreasing
pH. When one or two important anion-binding residues are
disabled, the anion-binding ability of the resulting mutants is
substantially reduced. In this case, chloride has significant
negative effects or slight positive effects even at the low pH of 5.6.
Clearly, the chloride effect depends on the strength of anion
binding to the protein and the availability of anion-binding
site(s) in the protein.
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