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Rate constants for the removal of iron from N-terminal monoferric transferrin have been measured for a series of
phosphate and phosphonocarboxylic acids in pH 7.4 0.1 M hepes buffer at 25 °C. The bidentate ligands
pyrophosphate and phosphonoacetic acid (PAA) show a combination of saturation and first-order kinetics with
respect to the ligand concentration. Similar results are observed following a single substitution at the 2-position of
PAA to give 2-benzyl-PAA and phosphonosuccinic acid. In contrast, disubstitution at the 2-position to form 2,2-
dibenzyl-PAA leads to a marked reduction in iron removal via the first-order pathway. Rate constants were also
measured for tripolyphosphate and phosphonodiacetic acid, which are elongated versions of PP; and PAA. In both
cases, this elongation completely eliminates the first-order component for iron release while having relatively little
impact on the saturation pathway. The sensitivity of the first-order component to the structure of the ligand strongly
indicates that this pathway involves the binding of the ligand to a specific site on the protein and cannot be
attributed to changes in the overall ionic strength of the solution as the ligand concentration increases. It is proposed
that this structural sensitivity reflects steric restrictions on the ability of the incoming ligand to substitute for the
synergistic carbonate anion to form a relatively unstable Fe—ligand—Tf ternary intermediate, which then dissociates
to FeL and apoTf.

Introduction relatively new class of bacterial iron transport proteins appear

To meet metabolic needs, the human body must transportto _ut|I|_zge phosphate rather than carbonate as a synerg|st|c
anion 2 and are often referred to as bacterial transferrins.

30-40 mg of iron per day through the bloodstrearmhe Certain genetic disorders such @ghalassemia require

bulk of this transport represents the recycling of iron from
senescent red blood cells into new reticulocytes for incor-

regular blood transfusiori8!! Because each unit of whole

poration into hemoglobin. Since free iron is quite toxic, this
iron must be carried through blood by a suitable iron-

sequestering agent. In humans, this agent is the serum protein

transferrin. Serum transferrin is a member of a small class
of iron-binding proteins that are distinguished by the require-
ment of a synergistic anion for effective iron bindifig.In

most cases, the physiological synergistic anion is carbonate,

which acts as a bidentate ligand to the ferric foh.A
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blood contains about 200 mg of irdhlong-term transfusion
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For these ligands, the reaction appears to follow saturation

therapy leads to lethal iron overload unless accompanied bykinetics at lower ligand concentration, but at high ligand
the administration of a suitable chelating agent to enhanceconcentrations the rate of iron release continues to increase

iron excretiont>® The currently approved drug for this
purpose is desferrioxamine B (DFO), which is a trihydrox-
amate microbial iron transport agéntSince transferrin is

linearly with increasing ligand concentration instead of
reaching a plateau.
There is general agreement that the saturation component

located in serum, it is a readily accessible target for of iron release is related in some way to a rate-limiting
therapeutic chelating agents. Many hexadentate siderophores;onformational change in the protéif:2627.363There is also

including DFO, as well as a large number of synthetic

agreement that the rate of iron release can be affected by

siderophore analogues, are stronger chelating agents thathe binding of inorganic anions to an allosteric site on the

transferrin'> 1’ However, the rate of iron exchange from
transferrin to low-molecular-mass ligands is typically quite
slow 61823 |n the case of DFO, the half-life for iron removal

from transferrin is approximately 1 d&§.Thus, we have

proteini819.3741|n contrast, there is no universally accepted
hypothesis to explain the appearance of a first-order com-
ponent for iron release. We have previously suggested that
the first-order component is associated with a distinct iron

been investigating the mechanism of iron release from release pathway that is available only to ligands that are able
transferrin to low-molecular-mass ligands to determine how to replace the synergistic carbonate anion to form a transient
to accelerate this reaction so that therapeutic ligands canFe-L—Tf (L, ligand) ternary complex?-28:30.31.42Several

effectively target transferrin-bound iron for decorporation.
Kinetic experiments on iron removal from transferrin are

carboxylic acids have been evaluated to determine whether
they are capable of serving as a synergistic anion to form

usually run with a large excess of the chelating agent, so Fe—anion—Tf complexes under carbonate-free condititn’

that the reactions follow pseudo-first-order kinetics with

These studies have established a set of structural criteria that

respect to the concentration of ferric transferrin. Numerous a carboxylic acid must meet to function as a synergistic
studies from this and other labs have shown that the orderanion. In This Paper, we assess the degree to which these
of the iron release reaction with respect to the ligand structural criteria correlate with the ability of ligands to
concentration varies among different ligands. Several ligandsremove iron via a first-order kinetic pathway.

follow simple saturation kinetics with respect to the free
ligand6:18.20.21.2529 \while a few ligands follow simple first-
order kineticg830-3Many ligands show what appears to be
a combination of saturation and first-order behavfgf: 3
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Materials and Methods

All UV —vis spectra were recorded by use of a Hewlett-Packard
8452A diode array spectrophotometer. The instrument was equipped
with a six-position multicell holder that was maintained at°Z5
by an external water circulating bath.

Diferric human serum transferrin was purchased from Sigma.
N-terminal monoferric transferrin (FeNTf) was prepared from
diferric transferrin and purified as previously reporté@oncentra-
tions of the monoferric transferrin were based on the absorbance
at 278 nm and an extinction coefficient of 103 000%m1. The
specific loading of iron into the N-terminal site was verified by
polyacrylamide gel electrophoresis using published procedéires.

Ligands. Phosphonoacetic acid, pyrophosphoric acid, sodium
phosphate, and pentasodium tripolyphosphate were purchased
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commercially. The syntheses for 2-benzyl and 2,2-dibenzylphospho-
noacetic acid have been reported previod$lighosphonodiacetic
acid was prepared as described in the literatfire.

To synthesize phosphonosuccinic acid, NaH (60% dispersion,
2.0 g, 50 mmol) was added portionwise to a solution of trimethyl
phosphonoacetate (9.1 g, 50 mmol) in dry £ (100 mL) at 0
°C under argon. After 5 min, methyl chloroacetate (5.42 g, 50
mmol) was added slowly via a syringe. After the mixture was stirred
at room temperature overnight,® (15 mL) was added slowly to
guench the reaction. The mixture was extracted with@H(3 x !
100 mL) and the combined extracts were dried oves3@ and U0 50 100 150 200 250
evaporated in vacuo. The residue was purified by chromatography [Ligand] mM

(SiO,, hexane:ETOAC, 1:1) to yield tetramethyl phosphonosuccinate _. ) .
as a colorless oil (8.2 g, 65%). Tetramethyl phosphonosuccinate Figure 1. Pseudo-first-order rate constants for iron removal from
<0 : yl p p N-terminal monoferric transferrin by pyrophosphate;jP#polyphosphate

(4.0 g, 15.7 mmol) was dissolved 6 N HCI (20 mL). The mixture (TPP,), and inorganic phosphate)(f 0.1 M hepes buffer at pH 7.4 and
was heated at reflux for 3 days. The solvent was lyopholyzed to 25 °C.

yield phosphonosuccinic acid as a colorless oil (2.8 g, 90% yield). . )
1H NMR (D;0) 6 3.27 (1H, dddJuy = 11.5, 3.8 Hz Jup = 15.2 to remove any Fe(OH)that may have precipitated. The filtered
Hz), 2.94 (1H, dddJuy = 1’7.8 11.4 Hz)up _ 7.2 Hz), 2.78 (1H solution was transferred to a cuvette, and the spectrum was recorded.

ddd, Ju = 17.6, 3.8 HzJue = 7.9 Hz); 3C NMR (D,0) 6 175.9 In a second method, a solution _of apoTf was adjusted Fo pH 4
(d, Jep = 18.5 Hz), 174.2 (dJep = 5.0 Hz), 43.4 (dJep = 125 and deggsseq to remove €@ solution pf Fé" and the substltuFe
Hz), 32.2 (dJcp = 2.0 Hz);3P NMR: § 16.4; HRMS (FAB, nba, synergistic anion were added, after Wthh. the solution was adjusted
MH-+) calcd. for GHgO,P: 199.008. Found: 199.0008. to pH 7.4 with NHy(g) and filtered as described above. This method
allowed the testing of different ratios of Fe:Tf.
Spectrophotometric Competition. Effective binding constants

r PAA and EPAA at pH 6.2 were determined by spectrophoto-
metric competition with the well-characterized iron-chelating agent

. -1
Ko (min ")

Stock solutions of the ligands were prepared by dissolving the
solid ligand in 0.1 M hepes buffer and adjusting the pH to 7.4 by fo
the addition of NaOH. Solutions of pyrophosphate were prepared

from a concentrated solution of pyrophosphoric acid that was desferrioxamine B (DFO). Stock solutions of 3 mM DFO, 3 mM

standardized by potentiometric titration with KOH. Fe-DFO, 0.5 M PAA, and 0.5 M EPAA were prepared in 0.1 M
Kinetic Methqu. Samplgswere prepared dirgctly in 1-cm quartz morpholineN-ethanesulfonic acid (MES) at pH 6.2. A stock
cuvettes by mixing approximately 40M FeNTf with a large excess  go|ytion of 5 mM ferric ion was maintained at pH 1.0 in a HCI
(5—200 mM) of the appropriate ligand in 0.1 M hepes buffer at gq|ution to prevent hydrolysis.
pH 7.4. Samples were maintained at Z5, and iron release was In one series of samples, the preformed-BEO complex was
followed by monitoring the decrease in the absorbance of the ferric- mixed with either PAA or EPAA to give samples with 0.3 mM
transferrin charge transfer band at 465 nm. At high ligand Fe-pFO and ligand concentrations ranging from 90 to 250 mM.
concentrations, the iron removal reaction went to completion. At The absorbance at 430 nm because of the[FeO complex was
lower ligand concentrations, iron removal was incomplete, and the yonitored as a function of time. The absorbance decreased to a
reaction went to an equilibrium distribution of iron between cqnstant value within about 15 min. In a second series of

transferrin and the ligand. Both types of reactions were treated asexperiments, ferric ion was allowed to equilibrate with EPAA or
previously describédito give a value okops the pseudo-first-order  paa for 1 h, after which free DFO was added. In these experiments,

rate constant for iron removal at each ligand concentration. the absorbance at 430 nm rapidly increased after the addition of
Carbonate-Free Tf—Ligand—Fe3* Ternary Complexes.The DFO before leveling off after approximately 15 min. For any given
procedures for preparing carbonate-free transfefigand—Fe*+ concentration of EPAA or PAA, the final absorbance was the same

complexes were based on the methods published by Schlabach anébr the two types of competition experiments.
Bates** Two different methods were used. One method involved

the displacement of iron from diferric transferrin under an inert Results

atmosphere. A solution of diferric transferrin was adjusted to pH 3
by adding 8.0 M HCI dropwise, at which point a replacement

synergistic anion was added. At pH 3, diferric transferrin dissociates that th fi h binati f saturati d first
to release F& and bicarbonate, which is protonated and forms an atthe reaction shows a combination of saturation ana first-

equilibrium mixture of HCO;, COx(g), and water. The solution order COmponent@_,3}35,46,49,50F|gur(.a 1 shows a plot dt‘_’bs
was degassed fd h by bubbling with N«(g) to remove the C® versus [PR for the removal of iron from N-terminal
After removal of the CQ, the pH of the protein solution was monoferric transferrin (FeNTf) These results are similar to
returned to 7.4 with Nk{g), which was introduced into the sample  those previously reported:32:33:35

by passing the Ngas over a solution of ammonium hydroxide prior The data for PPin Figure 1 can be described by eq 1.
to bubbling it into the sample. Gaseous ammonia was used as the

base to prevent the contamination of the protein solution with the _ Kmax[L] LKL 1
carbonate that accumulates in alkaline solutions. Once the pH Kops = ky + [L] [L] (1)
reached 7.4, the solution was passed through & @yinge filter

Iron Release Kinetics.Iron removal from transferrin by
PR has been studied several times, and it is well-established

whereknay is the maximum rate constant for the saturation

(47) Harris, W. R.; Brook, C. E.; Spilling, C. D.; Ellepan, S.; Peng, W.;

Xin, M.; Van Wyk, J.J. Inorg. Biochem2004 98, 1824-1836. (49) Harris, W. R.; Bali, P. Klnorg. Chem.1988 27, 2687-2691.
(48) Bonadarenko, N. A.; Raytarskaya, M. V.; Rudoming, M. V.; Tsetov, (50) Marques, H. M.; Walton, T.; Egan, T.J.Inorg. Biochem1995 57,
E. N. Phosphorous, Sulfur, Silicoh991, 56, 179-182. 11-21.
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Table 1. Rate Parameters for Iron Release from N-Terminal 0.10
Monoferric Transferrin
ligand 16 Kax (Min~1) kg (MM) K (M~1min~Y) 0.08
PR?2 47+ 6 10+ 4 0.424+0.03 = 0.06
TPP 35.1+£0.8 4.3+0.6 0 -l
P 0.035+ 0.006 =
PAAd 28+2 0.18+0.01 M’B 0.04
BPAAd 104+ 1.7 0.321+0.014
DBPAAd 4+1 0.034+ 0.011 0.02
pPsSAd 11+1 0.105+ 0.008
I\P/Igﬁé\d o 0.18+0.01 0.00 g
EPAAd 20+ 3 0.19+ 0.02 0 30 . 100 150 200
AHA® 4742 130+ 10 0 [Ligand] mM
Deferiproné 44.9+ 0.7 125+ 0.7 0 Figure 2. Rate constants for iron release from N-terminal monoferric
LICAMSSY 39+2 0 transferrin by PAA ©), BPAA (a), and DBPAA ).

aparameters based on least-squares fit to étParameters based on  experimental range of;Boncentrations. Under these condi-
least-squares fit to eq 2For phosphate, this parameter is the slope of eq 1
3, which is defined a&ma/ks + K. 4 Parameters based on least-squares fit tions, eq 1 reduces to
to eq 4.6Acetohydroxamic acid, data from ref 371,2-Dimethyl-3-
hydroxypyridin-4-one, data from ref 18.1,5,10-Tris(5-sulfonato-2,3- _ kmax +K e 3
dihydroxybenzoyl)-1,5,10-triazadecane, data from ref 39. kobs_ kd [ ] ( )

) o The data in Figure 1 cannot be used to calculate individual
component, andy is a kinetic parameter that reflects the | o forkmas ks, andk, and it is possible thak' = 0.

concentration of ligand required to reach half-saturation. The t5pje 1 simply lists the slope of the plot ks versus [H.

parameteiky has the units of an equilibrium constant, and e gata are included primarily to show that iron release by
one might infer that this is the dissociation constant of a P is much slower than iron release by;PP

PPél—Fe—Tf mixed-ligand intermediate. However, Cowartet 14 inyestigate the steric effect of branching in the ligand
al>* have shown that this intermediate does not accumulate gy,ct re, rate constants for iron removal from FeNTf have

during iron removal, even under saturating concentrations poon measured for phosphonoacetic acid (PAA), 2-ben-

of PR. The pregise definition d{d'in terms of fundamental zylphosphonoacetic acid (BPAA), and 2,2-dibenzylphospho-
rate constants is not well established. The paranietera noacetic acid (DBPAA).

second-order rate constant that describes the component of

iron release that is first-order in both ligand and FeNTf.
Figure 1 also shows kinetic data on iron release by o Q /@
A H CH, CHZ

tripolyphosphate (TPP). The observed first-order rate constant, o N/

for iron release reaches a definite plateau above 50 mM TPP. \C/CHZ\/ O\C/C\/o NS
This type of simple saturation kinetics can be described by OH/ Hc,/ Son OH/ g o /C /P\OH
the equation PAA BPAA > DBP:OA

 KnaxlL] Plots ofkyps Versus the concentration of ligand for PAA,
o ky + [L] @ BPAA, and DBPAA are shown in Figure 2.

The plots for all three ligands in Figure 2 are linear but
whereknax andkg are defined as described for eq 1. Table 1 with nonzero intercepts. One assumes that these plots would
lists the values okmax and kq for TPP obtained from the  curve toward the origin at lower ligand concentrations.
least-squares fit to eq 2. The data for TPP were also fit to However, the iron-binding constants of phosphonoacetic acid
eq 1, but there was no statistically significant improvement and its derivatives are such that there is a lower limit of
in the quality of the fit because of the addition ifas a ~ about 20 mM on the concentration of ligand that must be
third adjustable parameter. In addition, the valud'dfad a used to measure the rate constant for iron release. Below

relative standard deviation of 75%. In contrast, eq 1 provides this limit, so little iron is removed from the protein that
a significantly better fit than eq 2 for the P&ata, with a accurate rate constants cannot be calculated. These results

well-defined value foi'. have been interpreted in terms of eq 1. The linearity in the
Figure 1 also shows thiey,s values for iron release by.P ~ plots and the nonzero intercept suggests thhts ks over

The plot has a very shallow slope and no discernible the available range of ligand concentrations. Under these

curvature. Attempts to fit these data to either eq 1 or eq 2 conditions, eq 1 reduces to eq 4

resulted in large errors in the adjustable parameters. The lack ,

of curvature and the zeggintercept are consistent with either Kops = Kax+ KL )

eq 1 or eq 2 if one assumes that][R< ky over the

kobs

The values okmnax andk’ determined from the intercepts

(51) Cowart, R. E.; Swope, S. Loh, T. T.; Chasteen, N. D.: Bates, G. W. and slopes, respectively, of the plots in Figure 2 are listed
J. Biol. Chem.1986 261, 4607-4614. in Table 1.
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Figure 3. Rate constants for the removal of iron from N-terminal

monoferric transferrin by PAA®), PSA (1), and PDA (0) in 0.1 M hepes
at pH 7.4 and 25C.
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Figure 4. Visible spectra of diferric transferrin and samples of carbonate-
free Fe-L—Tf complexes with a series of phosphonate ligands. Curve A,
native diferric transferrin with carbonate as the synergistic anion. Curve B,
native diferric transferrin after one acid purge cycle in the absence of any

Two new ligands have been prepared by adding a anions to substitute for the synergistic carbonate. The other spectra reflect

carboxymethyl group to PAA. In one case, the carboxy-

the results of one acid purge cycle in the presence of 1 mM concentrations
of PAA (curve C), EPAA (curve D), 3-PPA (curve E), and BPAA (curve

methyl group was added to the central methylene group of F).

PAA to give phosphonosuccinic acid (PSA), while in the

other case the carboxymethyl group was added to theof the two tyrosine residues associated with the transferrin-
phosphonate group to give phosphonodiacetic acid (PDA). binding site* To prepare a reaction blank, this diferric

o
\
C<
" oH
H,C 0 o
< O\C/CHz\il‘—l'/ Z\C/O
OH
N N HO/ CI)H \

OH

p
HO/ \o \>)

PSA PDA

transferrin solution was acidified to pH 3.0, purged with
nitrogen to remove C§) and returned to pH 7.4 in the
absence of any replacement synergistic anion. After syringe
filtration, the solution gave spectrum B in Figure 4. The tail
coming from the UV in this spectrum is attributed to charge-
transfer bands of the unchelated, hydrolyzed iron remaining
in the solution and possibly to iron nonspecifically bound
to the protein. Although spectrum B has an absorbance at
465 nm, it lacks any distinct peak at this wavelength that

The rates of iron release have been measured for both PsAvould indicate binding to the tyrosines of the high-affinity

and PDA, and the results are plotted in Figure 3.

The plot for PSA in Figure 3 extends to a lower limit of
5 mM PSA. Over this range, the plot kfy,sversus [PSA] is
linear with a nonzerg-intercept. Below 5 mM PSA, the
values ofk,ps began to curve downward toward the origin,

transferrin metal-binding site.

The acidification and purge cycle was repeated in the
presence of 1 mM PAA as a potential synergistic anion to
give curve C in Figure 4. The presence of PAA reduces the
tail from the UV region of the spectrum relative to spectrum

but these constants were not considered to be reliable becaus. presumably by chelating the free iron and reducing the
so little iron was removed. Therefore, these data have beendegree of hydrolysis or nonspecific protein binding. A similar

removed, and the plot dé,,s versus [PSA] has been fit to
eq 4 to obtain the values fd. andk' listed in Table 1.
No value ofky can be calculated, although this interpretation
requires thaky must be less than-12 mM.

The plot ofk.ps versus [PDA] extends to a lower limit of
35 mM, beyond which too little iron is removed to permit a
calculation ofkyys The rate constants for iron removal by
PDA are best viewed as conforming to eq 2. Under
conditions where [PDAP> ky, they-intercept of the plot is
equal tokmayx Which is listed in Table 1.

Carbonate-Free Fe-L-Tf ComplexesSeveral phospho-
nocarboxylate ligands were evaluated for their ability to
replace the synergistic carbonate anion to form anlFe

spectrum is obtained by simply adding ferric ion to excess
PAA. There is no distinct peak near 465 nm that one could
assign to an Fé—phenolate charge-transfer band. Thus,
PAA does not appear to promote the formation of a
significant concentration of an F&AA—Tf ternary com-
plex.

The synthesis of a carbonate-free transferrin complex was
repeated in the presence of ethylphosphonoacetic acid
(EPAA), benzylphosphonoacetic acid (BPAA), and 3-phospho-
nopropionic acid (3-PPA). In the presence of EPAA, there
is a slight increase in the visible absorbance compared to
the PAA sample (curve D), although there is still no
discernible peak near 465 nm. Both 3-PPA (curve E) and

Tf ternary complex. Since the native carbonate complex is BPAA (curve F) give a significant absorbance near 475 nm,

so much more stable, these-He—Tf ternary complexes

indicating the formation of ternary Fd.—Tf species. On

must be formed and studied under carbonate-free conditionsthe basis of the relative absorbance intensities at 475 nm,

The familiar spectrum of the native (FEOs),—Tf diferric

the stabilities of the FeL—Tf ternary complexes appear to

transferrin complex is shown as curve A in Figure 4. The fall in the order PAA< EPAA < 3-PPA~ BPAA.

peak at 465 nm is attributed to a charge-transfer transition

Binding Constants for Fe—Phosphonocarboxylate Com-

between the ferric ion and the coordinated phenolate groupsplexes. During the kinetic studies on iron release as a
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function of the ligand concentration, it appeared that PAA
bound free ferric ion more strongly than either EPAA or
BPAA. The amount of ligand required to remove 50% of
the iron from FeNTf was about 25 mM for PAA as compared
to approximately 50 mM for EPAA and BPAA. If one

Brook et al.

for Fe—~DFO was calculated to be #¥8on the basis of the
literature values for the FEDFO stability constant and the
DFO ligand protonation constarfsThis leads to values of
log s* of 19.7 for PAA and 18.9 for EPAA. These values
are consistent with the previous estimate that the binding

assumes that these ligands all form tris(bidentate) complexesconstant for PAA was about one log unit larger than that of

this difference in ligand concentration would correspond to
a difference of about one log unit in th& formation
constants of the Felcomplexes.

To obtain a more accurate measure of the iron-binding
affinity of PAA and EPAA, spectrophotometric competition

EPAA. It must be stressed that these are effective binding
constants for pH 6.2. They have not been corrected for the
protonation of the phosphonate ligand, and the sFem-

plexes formed at this pH may also be protonated. The results
are presented here to verify that PAA forms a more stable

studies were conducted between these ligands and the wellferric complex than EPAA.

known ferric ion sequestering agent DFO. Stock solutions
of free ligand and the ferrieDFO complex were mixed to
give solutions with a final concentration of 0.3 mM +e
DFO and from 90 to 250 mM of the phosphonate ligand.
The transfer of iron from the FeEDFO complex to the

phosphonate ligand, which was measured by the decreas

in the Fe-DFO charge-transfer band at 430 nm, reached
equilibrium within approximately 15 min.

A second set of samples was prepared in which free DFO

was added to the preformed irephosphonate complex.

Equilibration between DFO and the phosphonates was

complete within a few minutes, and there were no significant
difference in the final spectra because of variations in the
order of mixing.

The metal exchange equilibrium can be described as

®)

This equilibrium is described by the exchange constant
Ky defined as

Fe(PAAN + DFO= Fe-DFO + nPAA

_ [Fe—DFO][PAA]"
X" [Fe(PAA)][DFO]

(6)

Equation 6 was rearranged to the logarithmic form

[Fe—DFO]
[Fe(PAAN][DFO]

log =log K, — nlog[PAA] (7)

Competition experiments were run with a series of ligand
concentrations, and the valuerofvas determined by plotting
the left-hand side of eq 7 versus log [PAA]. The resulting
plot was linear 2 = 0.9957), withn = 2.9 £+ 0.1 and log
Kx 2.36 = 0.09. This confirms the 3:1 ligand:metal
stoichiometry of the ferrie PAA complex.

A similar set of competition experiments were conducted
using EPAA. As with PAA, the plot of log[Fe(DFO)]/
[Fe(EPAA)][DFO] versus log[EPAA] was linear, although
the scatter was higher?(= 0.899). The plot produced values
of n=3.1+£ 0.4 and logKyx = 3.2+ 0.3. The higher scatter
can be attributed to the fact that EPAA removed less iron

from DFO and that the experimental errors become more

difficult to control when less than 10% of the iron is
removed.

The Ky values represent the ratio of the effective binding
constants for FeDFO and the ferric phosphonate complexes
at the experimental pH of 6.2. The effective binding constant
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Discussion

Saturation Pathway for Iron Release. Many ligands
follow simple saturation kinetics for iron removal from
transferrin. Given the high binding affinity of transferrin, it

fs not plausible that the iron exchange reaction could proceed

at measurable rates from the spontaneous dissociation of free
ferric ion, followed by chelation by the competing ligattd.
Although it is virtually certain that the exchange reaction
must proceed through some sort of ligatfee—protein
mixed-ligand intermediate, no such intermediate accumulates
to detectable concentrations during iron release by AHA or
PR, even under saturating concentrations of the ligBié.
These observations led to the Bates mechanism for iron
removal, in which there is a rate-limiting conformational
change in the proteitf. Crystal structures have confirmed
that removal of the iron does trigger a significant confor-
mational change in the protein, which takes the form of a
widening of the cleft in the protein in which the ferric ion
binding site resides. The importance of a conformational
change in the kinetics of iron release is broadly ac-
cepted?18:26.27.36.310ne modification to the original mecha-
nism is that there appears to be an allosteric anion-binding
site that affects iron releagé 35394254

In the original Bates mechanism, the rate constant under
saturating conditiongmax, Corresponds to the rate constant
for the conformational change from the native “closed” form
to a more reactive “open” conformation. If the incoming
ligand were not involved in this step, then this rate constant
would be characteristic of the protein, akg.x would be
the same for all ligands. The data in Table 1 illustrate that
this is not the case. Among the ligands listkgh« varies by
about a factor of 10.

There have been several suggestions that the binding of
an anion from solution influences the protein conformational
change that leads to iron rele@$e® It is suggested that
anionic ligands such as PAA can also bind to this allosteric
anion-binding site and that this is responsible for the variation
in kmax Values seen in Table 1. Neutral ligands such as
deferiprone and AHA havknaxvalues of about 0.04 min,*8

(52) Evers, A.; Hancock, R. D.; Martell, A. E.; Motekaitis, R.ldorg.
Chem.1989 28, 2189-2195.

(53) Pollack, S.; Aisen, P.; Lasky, F.; Vanderhoff, Br. J. Haematol.

1976 34, 231-235.

Egan, T. J.; Ross, D. C.; Purves, L. R.Afr. J. Sci1994 90, 539

543.

(64)
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which are larger than thkn. values for any of the PAA  five- and six-membered chelate rings, respectively. The
derivatives. Thus, the binding of phosphonocarboxylate nonsynergistic anion succinate would have to form a much
ligands to the allosteric site appears to slow the rate of iron less stable seven-membered chelate ring.

release from the N-terminal site. Since pyrophosphate and the phosphonoacetic acid deriva-

The saturation pathway for iron removal by phosphate tives also form six-membered chelate rings, we would expect
appears to reach saturation at a much higher ligand concenthem to serve as synergistic anions, and both of these ligands
tration compared with either PBr TPP. This is consistent ~show a clear first-order component for iron release. Accord-
with the previous observation that the valuegis inversely ~ ing to the Bates criteria for a synergistic anion, one should
related to the iron-binding affinity of the ligarfThe sharp ~ be able to add one substituent to the 2-position of PAA and
difference between;Rind both PPand TPP suggests that retain function as a synergistic anion, but disubstitution at
the transient ternary species associated with the Bates modethe 2-position should produce a nonsynergistic anion. Our
for the saturation pathway involves bidentate coordination hypothesis would predict that disubstitution would abolish
of the incoming ligand to the ferric ion. The similarity the first-order pathway for iron release. For PAA and the
between thé values for PPand TPP suggests that there is three monoalkyl PAA derivatives in Table 1, the average
little steric hindrance to the formation of this ternary species value ofk'is 0.224 0.07. Thek' for the disubstituted ligand
for the open Fe Tf conformation. DBPAA is only 0.034 Mt min~?, well outside the range of

First-Order Component for Iron Release. There is no  the monalkyl derivatives. ,
generally accepted explanation for the appearance of a first- AS shown in Figure 1, pyrophosphate has a clear first-
order component for iron release by certain ligands. Our Order component for iron release, wkh= 0.427, whereas
working hypothesis is that this component is associated with K = 0 for TPP. Both PPand TPP are capable of forming a
a separate reaction pathway in which the incoming ligand six-membered chelate ring. Thus, the lack of a first-order
avoids the rate-limiting conformational change in the protein component for TPP is attributed to a steric effect from the
by replacing the synergistic carbonate anion in the closed @dditional phosphate group of TPP. Similar results are

ferric transferrin conformation to form an Fe—Tfternary ~ ©bserved when comparing the kinetic profiles for PSA and
intermediate. PDA. In PSA, the additional carboxylate group is attached
Schlabach and Bates tested the formation of carbonate-© the central methylene carbon. This type of branching is
free Fe-L—Tf complexes with a series of carboxylic acids allowed under the Bates model and, as expected, PSA shows
a significant first-order term for iron removal, wikh= 0.105

as potential synergistic aniofs.They established three ith the liaand h b hvl subsii
criteria for a potential replacement anion for the synergistic _10.008. With the ligand PDA, the carboxymethyl substituent

carbonate in the FeCO;—Tf ternary complex. (1) The anion IS attached_to the phqsphonate group of PAA, _mimicking
must have a Lewis base functional group in addition to the the elongation of the ligand seen in the_ comparison af PP
carboxylate group. The Lewis base groups studied by _and TPP. As observed for the TPP, this elongation results

Schlabach and Bates included carboxylate, alcohol, ketone," K - 0 for PDA'. This steric_effect agsociated with
aldehyde, amine, and thiol moieties. (2) Increasing the elongation of the anion has not beep prevpusly reported.
separation between the Lewis base and the carboxylate group Phosphonocarboxylates as Synergistic AnionSince we

results in a rapid loss of function as a synergistic anion. For havr;a proposed that iron releas;e.through_ the first-order
example, oxalate is a very effective synergistic anion, Pathway proceeds via an £&—Tf intermediate, we at-

malonate is less effective, and succinate is a nonsynergisticc€MPted to prepare these complexes under carbonate-free

anion. (3) Anions can be monosubstitutedo the carboxy- conditions. No ternary complex was observed with' PAA,
late group, but disubstitution at this carbon destroys the Whereas the ternary complex with BPAA was easily ob-

ability to serve as a synergistic anion. For example, 2-hy- served. The formation of the ternary transferrin complex in

droxypropanoic acid is an effective synergistic anion while (€ Presence of an excess of a chelating synergistic anion
2-hydroxy-2-methylpropanoic acid is not. can be represented by the equilibrium

Subsequent EPR §tudies showed that bo'th .the cgrboxylate Fel, + apoTf= Fe~L—Tf + 2L @8)
group and the Lewis base of the synergistic anion were

coordinated to the ferric ioft.More recently, several crystal There is little reason to believe that bulky substituents on

structures of transfe_rnp an_d Iactofe_rrln have shown that PAA directly stabilize the Fel—Tf complex. Instead, they
oxalate as the synergistic anion coordinates as a 1,2-bidentate

ligand to the ferric ior?>5” Given this bidentate model for appear to de_stabl_llze_ the competing Fepecies, as indicated
. ) . ... by the effective binding constants of PAA and EPAA. Bulky
the synergistic anion, one can now view the length restriction

on the anion reported by Schlabach and Btas a chelate substituents appear to shift the equilibrium in eq 8 to the

: o . right, leading to the formation of detectable concentrations
ring effect. The synergistic anions oxalate and malonate form
of the Fe-L—Tf ternary complex.

(55) Shongwe, M. S.; Smith, C. A.; Ainscough, E. W.; Baker, H. M.; Th.e obseryatiop of a ter.n.ary complex with 3-PPA is
Brodie, A. M. Baker, E. NBiochemistry1992 31, 44514458, " consistent with this competition model. The larger seven-

(56) Halbrooks, P. J.; Mason, A. B.; Adams, T. E.; Briggs, S. K.; Everse, membered chelate ring size for this ligand will drastically

(57) Baker, H. M.; Anderson, B. F.; Brodie, A. M.; Shongwe, M. S.; Smith, reduce the stability of the Fglcomplex on the left side o

C. A.; Baker, E. N.Biochemistry1996 35, 9007-9013. eq 8, shifting the equilibrium in favor of the F& —Tf
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species. It is not clear why this longer phosphonocarboxylate The new data reported here provide an excellent basis to
can form the FeL—Tf complex when no such complex test this ionic strength hypothesis. The phosphonoacetate
forms with the analogous dicarboxylate, succinic acid. One ligands PAA, BPAA, and DBPAA all have a net charge of
can speculate that a more favorable electrostatic interactionapproximately —2 at pH 7.4, and thus they all make
between the phosphonate group and the positively chargedessentially identical contributions to the ionic strength. The
side chain of Arg 124 may permit the formation of a stable ligands PSA and PDA both exist as trianions at pH 7.4 and
ternary species in which only the carboxylate group of 3-PPA will make a larger contribution to the ionic strength. If the
is coordinated to the ferric ion. apparent first-order component were due to changes in the
The tendency to form an Fd—Tf ternary complex ionic strength, then one should observe the same valle of
depends on a rather delicate balance between the relativdor PAA, BPAA, and DBPAA, as well as a largdt for
stability of the ternary complex and the low-molecular-mass both PDA and PSA. Figures 2 and 3 show clearly that this
Fels chelate. In the case of PAA, the equilibrium in eq 8 s not the case.
appears to be shifted too far to the left to allow for the At neutral pH, PP caries an average charge of ap-
formation of detectat_)le concentrations of thHRaAA—Tf proximately —3, while TPP has an even more negative
ternary complex. This does not preclude the formation of charge of approximately-4. Despite its higher charge, TPP
this ternary complex as a short-lived kinetic intermediate gho\ys no detectable first-order component for iron removal.

during iron removal by PAA. _ . Theligand comparisons shown in Figures3lclearly show

_ This is certainly not the_flrst proposal _thgt external anionic pat one cannot attribute the appearance of a first-order
ligands can exchange with the synergistic carbonate anion.m,nent for iron removal to increases in ionic strength.
Aisen et af® measured the rate of exchange between the +1.o first-order component depends much more on the
synergistic carbonate and free carbonate and showed thaky e of the ligand rather than on its charge. This is
both citrate and NTA accelerated the rate of carbonate .., qisrent with the interaction of the ligand with a specific
exchange. They proposed that the acceleration in carbonateOinding site

exchange occurred by the mechanism Other Kinetic Models. Egan and Marques have proposed
Fe— H*CO, — Tf+ A —Fe— A~ — Tf+ H*CO, (9) a different kinetic model consisting of two first-order
pathways for iron removal linked by an anion-binding
Fe— A™ — Tf+HCO, —Fe— HCO, —Tf+ A~ (10) equilibrium1°343554This mechanism would also be consistent
with specific structural requirements for ligands that show a
Pollack et aP® proposed that the ability of small ligands first-order component at high ligand concentrations. As we
to accelerate the transfer of iron from transferrin to DFO have noted previoush?,?° the Egar-Marques mechanism
involved this same carbonate substitution reaction to give aleads to a relationship betwekssand the ligand concentra-
labile intermediate. Morg&halso considered egs 9 and 10 tion that is an algebraic rearrangement of eq 1. Thus, one
as a mechanism by which small ligands could accelerate cannot distinguish between the two mechanisms on the basis
carbonate exchange, although they also noted that the ligantf the quality of the least-squares fits kofs versus [ligand]
could remove both the iron and the carbonate, rather thanfor ligands that follow complex kinetics. The primary
simply substituting for the synergistic carbonate. difference is how the two mechanisms account for simple
lonic Strength Effects. The comparisons of PRersus  saturation kinetics. The proposed mechanism associates
TPP, PSA versus PDA, and BPAA versus DBPAA were simple saturation kinetics with ligands whose structure

intended to probe steric effects on the mechanism of iron prevents them from replacing the synergistic anion, leading
removal. However, they serve to address another issue. The@o a k' of zero. This includes neutral ligands such as
kinetics experiments were run in a 100 mM hepes buffer. acetohydroxamic acid and deferiprofias well as sterically
Given the relatively high ligand concentrations used and the hindered anionic ligands such as TPP and DBPAA. To obtain
charges on the ligands, the ionic strength of the solutions g plateau at high ligand concentrations in the MaretEgan
varies as one goes from low to high ligand concentrations. mechanism, the ligand must bind at an anion-binding site
This raises the possibility that the apparent first-order yith mm ky values, and this binding must result in a rate
component for iron release could be an artifact associatedconstant of zero for iron removal from the liganBe—
with changing ionic strength. In this model, the system protein species. This is highly unlikely, particularly for
initially reaches saturation as described by the parametersngyra| ligands such as deferiprone.

ks and kmax. As more ligand is added, the increase in the
ionic strength gradually increases the numerical valueg,gf
Thus, the values df,,scontinue to increase with increasing
ligand concentration, even though the reaction is following
a simple saturation pathway.

Hirose and co-workers have also proposed kinetic models
for both simple saturation and complex kinetics. The
mechanism for simple saturation involves a preequilibrium
formation of an Fe-L—Tf ternary complexg The model for
complex kinetics involves iron release from two different
(58) Aisen, P.; Leibman, A.; Pinkowitz, R. A.; Pollack, Biochemistry conformational states of transferfihWe have tested these

1973 12, 3679-3684. o models on our data for iron release by both TPP and PP
(59) fg’l"_""jgf" Vanderhoff, G.; Lasky, Biochim. Biophys. Actd977 While we can obtain least-squares fitskpfs versus [L] that
(60) Morgan, E. HBiochim. Biophys. Actd977, 499, 169-177. have the same standard errokigsas those associated with
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egs 1 and 2, the more complex Hirose models lead to very Conclusions
large errors for some of the adjustable parameters. .

Bertini et al® also reported complex kinetics for iron ~ FOr @ series of polyphosphate and phosphonocarboxylate
removal from transferrin by RPThey proposed a mechanism ligands, the relative importance of the saturation and first-

that consists of two saturation pathways linked by an anion- ©der components for iron release from N-terminal monof-
binding preequilibrium. This mechanism gives a very ©ITiC transferrin varies sharply with changes in the structure

complex function relatingss to the ligand concentration, of the Iigand but show_s no correlation with the cor_ltribution
but these authors note that this function reduces to eq 1 with©f the ligand to the ionic strength of the solution. The
only a few assumptions. The primary requirement is that the Sensitivity of the reaction mechanism to structure, rather than
anion-binding preequilibrium must be far from saturation to i0nic strength, suggests that the first-order component for
account for the linear increasekig,s The new data reported iron release involves an interaction between the ligand and
here would be consistent with this mechanism, and the @ specific binding site on the protein. It is proposed that this
concept of an allosteric anion-binding site is mentioned above ligand—protein interaction is the replacement of the syner-
in the context of variations ikna. However, the relationship ~ distic carbonate anion by the incoming ligand to give a
between the structural criteria for a synergistic anion and transient intermediate that quickly dissociates to apotrans-
the observation of the first-order pathway for iron release ferrin and the ferrie-ligand complex.

makes it more likely that the first-order component is due

to binding of the ligand as a synergistic anion. IC050411M
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