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ABSTRACT. The kinetics and thermodynamics of Al(lll) exchange between aluminum citrate (AIL) and
human serum transferrin were investigated in the—8.2 pH range. The C-site of human serum
apotransferrin in interaction with bicarbonate removes Al(lll) from Al citrate with an exchange equilibrium
constanK; = (2.04 0.6) x 1072 a direct second-order rate constent 45+ 3 M~1 s71; and a reverse
second-order rate constda = (2.34 0.5) x 10° M~1s71. The newly formed aluminumprotein complex

loses a single proton with proton dissociation constént = (15 + 3) nM to yield a first kinetic
intermediate. This intermediate then undergoes a modification in its conformation followed by two proton
losses; first-order rate constant= (4.20+ 0.02) x 1072 s~ ! to produce a second kinetic intermediate,
which in turn undergoes a last slow modification in the conformation to yield the aluminum-loaded
transferrin in its final state. This last process rate-controls Al(lll) uptake by the N-site of the protein and
is independent of the experimental parameters with a constant reciprocal relaxatiagfime(6 + 1)

x 107° s71. The affinities involved in aluminum uptake by serum transferrins are about 10 orders of
magnitude lower than those involved in the uptake of iron. The interactions of iron-loaded transferrins
with transferrin receptor 1 occur with average dissociation constantstof 2ind 5+ 1 nM for the only

C-site iron-loaded and of 64 0.6 and 7+ 0.5 nM for the iron-saturated ST in the absence or presence
of CHAPS, respectively. No interaction is detected between receptor 1 and aluminum-saturated or mixed
C-site iron-loaded/N-site aluminum-loaded transferrin under the same conditions. The fact that aluminum
can be solubilized by serum transferrin in biological fluids does not necessarily imply that its transfer
from the blood stream to cytoplasm follows the receptor-mediated pathway of iron transport by transferrins.

Transferrins are considered as the most essential irondomains containing four protein ligands to which iron is
transport system in vertebrates and invertebrates. They arecoordinated. Iron is also coordinated to a synergistic carbon-
also present in some bacteriB.(These proteins belong to  ate anion without which the protein loses its affinity for the
the superfamily of transferrins that includes periplasmic metal 3—5). When the protein is in the iron-free state, the
transport proteins2). Most of the transferrins as well as two lobes are mostly in an open conformation (apoform),
human transferrin (STonsist of a single polypeptide chain whereas they are in a closed conformation when the protein
of about 700 amino acids organized in two lobe<C(and IS iron-loaded 4). In mammals, ST solubilizes iron(lll) in
—N) linked by an interlobe chain. Each lobe consists of two neutral biological media. When it becomes iron-loaded, it is
recognized by the transferrin receptor 1 (TFR) and is
o wh g roud be add T e internalized in the cytoplasm by receptor-mediated endocy-
33144276807, Fax. 33144276814 E-mail: chahine@paris? jussiew.r. 5> 6): The adduct formed by iron-loaded ST in interaction

1 Abbreviations: ST, serum transferrin: TFR, serum transferrin With TFR is the major iron transport system in vertebrates
receptor 1; ¢ analytical serum transferrin concentratiog;aluminum and invertebrates. Transferrins can also bind other nonferric
citrate concentration; AlL, neutral aluminum monocitraté; Lcitrate metallic elements such as aluminui-(11). These proteins

anion; H,T\-TcH,, apotransferrin, both sites of which are in an ; ; ; ;
unknown sStaté of protonation and charge;THTH, and TeHs, are, therefore, considered as possible vehicles for aluminum

apotransferrin, only the C-site of which is interacting with bicarbonate; from bloodstream to cytosollg, 13).

HsTn-TcHs, transferrin, both sites of which are interacting with ; ; ; :
bicarbonate: T, transferrin in an unknown statetTAl TcHoAL T Aluminum is the most abundant metallic element in the

Al, H;TWTcHoAL TH,,TAL THAAL T'HAL the different C-site species  €@rth’s crust. It was until the beginning of the last century
of aluminum-loaded serum transferrin in unknown state of charge, rather inaccessible to living species, and therefore, considered

conformation, and protonation; Tkeholotransferrin in an unknown — jnnocuous. However, its release from soils by acid rain and

state; TAb, T'H Al T'HJAI,, the different species of aluminum-saturated . . . . .
serum transferrin in unknown state of charge, conformation, and its extensive use in food packaglng and water processing

protonation; EHaFe, TeHFe, TuHsTcHoFe, THFe, THs-yFe, THs-Fe, increased its bio-availability to such an extent that exposure
T'Hu-yFe, T'Hu-yFe, the different C-site species of iron-loaded serum  to aluminum became inevitabl&4). Aluminum is involved

trfamsfernn |n’L’Jnknown states of charge, conformation, and protonation; j, dialysis dementia, is a neurotoxicant, and causes nephritic
T'Hu-nFe, T"Hu-)Fe, the different species of iron-saturated serum

transferrin in unknown states of charge, conformation, and protonation; disorders and pulmonary fibrosis, etd4¢-19). However,
TFR—(TFey),, receptor 1 in interaction with two holotransferrins. its role in neurodegenerative diseases such as Alzheimer’s
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is extremely controversial and has never been directly and NaCl. The Hepes concentration in neutral buffers ranged
established 17, 20). Aluminum transport in humans sup- from 10 to 50 mM, and final pHs were adjusted to between
posedly follows the iron transport pathway and would occur 7 and 9 with micro quantities of concentrated HCI or NaOH.
via the aluminum-loaded ST in interaction with TFR2( Transferrin concentrations,fovere spectrophotometrically
13). The structure of TFR is now well-knowr2Q). It is a checked and diluted further to the required final concentra-
homodimeric 190 kDa glycosylated membrane protein tions in the buffers 28). FeNAg solutions were prepared
composed of an endodomain anchored in the plasmaas previously describe@8). Neutral aluminum monaocitrate
membrane and an ectodomain directed toward the biologicalAlL solutions (0.5 M) were prepared by first mixing one
fluids. The ectodomain can interact with two iron-loaded part of a neutral solution of trisodium citrate with one part
transferrins 22). of an equimolar solution of AlGlat pH 2. The pH was
Aluminum forms stable complexes with citrate and even slowly raised to 6 with micro quantities of 10 N NaOH.
more stable complexes with S7,(23). Therefore, transfer-  These solutions were further diluted to the required final
rins appear to be the predominant aluminum carriers in aluminum monocitrate (AIL) concentrations in the final
biological fluids and across the blood brain barriéi7)( neutral buffers. The NaHC{xoncentrations ranged from 5
Nevertheless, the mechanism of aluminum uptake by ST isto 30 mM in the apotransferrin and AlL solutions. All final
not known, and most of the literature deals with the ionic strengths in the Hepes buffers were adjusted to 0.2 M
thermodynamic aspect of the uptake g, 11). Recently, by ~ with KCI.
using the methods and techniques of chemical relaxation Metal-Loaded TransferrinsThe iron-saturated serum
(24-26), we established a multistep mechanism for the transferrin and the transferrin in which only the C-site was
uptake of iron by the three major transferrins: ST, lactoferrin, iron-loaded were prepared as described e|Sewl‘m)e|(fon
and ovotransferrin. In this mechanism, the first stage is the |pad was always checked by polyacrylamideea gel
interaction of the C-site of the apotransferrin with bicarbon- electrophoresis30). Aluminum-saturated transferrin was
ate. This interaction is indispensable for a first fast iron optained in the presence of 20 mM of bicarbonate by
exchange between a chelate and the open conformation ofncubating apotransferrin at pH 7.4 for 48 h at 37 with
the C-site. This iron uptake precedes a series of proton lossesnore than 10 equiv of aluminum monocitrate. The presum-
and changes in the conformation of the protein that leads to gply C-site aluminum-loaded ST was prepared by incubating
a second iron uptake at the N-site, and finally the protein ST for 48 h with 1 equiv of AlL in the neutral buffer and in
attains its thermodynamic closed conformationinabet81  the presence of 20 mM sodium bicarbonate. The mixed C-site
h (5, 27). iron-loaded and N-site aluminum ST was prepared by
We propose in this article a mechanism for aluminum incubating for 48 h the C-site iron-loaded ST with 15 equiv
exchange between its two potential carriers, citrate and of AIL in the neutral buffer and in the presence of 20 mM
human ST. We furthermore analyze the interaction of iron- sodium bicarbonate. The protein solutions were dialyzed
saturated, aluminum-saturated, only C-site iron-loaded, andeight times against final buffers, and the aluminum load was
the mixed C-site iron-loaded/N-site aluminum-loaded trans- checked by Inductive Plasma Coupling by Dr. J.-C. Rouchaud
ferrins with TFR. at the CECM laboratory of the CNRS in the city of Vitry.

TFR Purification.TFR was extracted from human placenta
EXPERIMENTAL PROCEDURES and purified on an Affigel 15 (Biorad) column doped with

Better than 98% pure human serum apotransferrin (Sigma)holotransferrin according to the published procedures and
was further purified by published procedures; its purity was by following the Turkewicz et al. protocol as modified by
checked spectrophotometrically and by urea and SDS poly-Bali et al. @1, 32). Purity was checked by gradient SBS
acrylamide gel electrophoresi@d-30). KCI (Merck Su-  PAGE @1, 32). TFR was obtained pure and used complete
prapur), NaOH, HCI (Merck Titrisol), EDTA (Merck Titri-  Without cleaving the endodomain. Protein concentrations
plex), FeC}, trisodium citrate, acetic acid (96%) (Merck), Wwere determined spectrophotometrically and by a Bio-Rad
sodium bicarbonate, glycerol, urea, SDS, boric acid, 3-[(3- Protein assay. Final TFR varied from 4 to 6 mg per placenta.
cholamidopropyl]dimethylammonio]-1-propane-sulfonate TFR solutions were dialyzed four times against the final
(CHAPS) (Ultra grade), dithiothreitol (DTT), phenylmeth- buffer. Final TFR concentrations were achieved by dilution.
ylsulfonylfluoride (PMSF), Triton TX-100, ethanolamine, Human placenta screened HIV-free and hepatitis-C free were
glycine (electrophoresis reagent), sodium azide, blue dextranprovided by the maternity hospital of the city of Ivry.
(Sigma), ammonium sulfate, nitrilotriacetic acid [N(AcH) Size-Exclusion Chromatograph$ephadex G100 Super
bromophenol blue, Brilliant blue, Hepes (Aldrich), acryla- Fine was boiled in a 10 mM Hepes,= 0.2, and pH 7.80
mide, APS, TEMED (Boehringer Mannheim), dibasic potas- buffer. The suspension was afterward kept &€4after the
sium-phosphate, trihydrate (Calbiochem), NaCl (molecular addition of 0.1% sodium azide. The bed volume of the
biology grade from Merck), Sephadex G100 super fine and chromatography column was about 2 mL, the full elution
G50 (Pharmacia), and aluminum chloride (Riedel-de-Haen yolume was about 3.2 mL, the void volume was about 1
puriss.) were used without further purification. Desferriox- mL, and the elution fractions were 4@Q (40% of the void
amine was a gift from Novartis. Water and glassware were yolume). The columns were washed with about 30 mL of
prepared as described previousBg\ buffer, and the proteins were only deposited when the

Stock SolutionsAll stock solutions were prepared in  absorption spectrum of the washing solution was identical
previously boiled doubly distilled water, sterilized afterward to that of the buffer. All protein concentrations werg¥,
at 120°C, and used fresh. Phosphate buffer saline (PBS) the deposited volume was 10Q., and the detection was
was prepared from dibasic potassium phosphate trihydratespectrophotometric.
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Spectrophotometric and Kinetic MeasuremeAtssorption
measurements were performed at %.1) °C on a Cary
500 spectrophotometer equipped with a thermostated cell
carrier. Fluorimetric measurements were performed at (25
+ 0.1) °C on a Aminco-Bowman series 2 luminescence
spectrometer equipped with a thermostated cell carrier.
Emission spectra were measured in the-3020 nm range.
Excitation wavelength was set to 280 ngv). Fast kinetic

measurements were performed on a SF 3L Hi-Tech stopped-

flow spectrophotometer equipped with two different light
sources and a thermostated bath at (250.5) °C, as
described previouslys( 27).

Data AnalysisThe data were investigated either by linear

or nonlinear least-squares analysis. The uncertainties on the
slopes and intercepts of the linear regressions are given as

3-fold the standard deviationsdB All the observed kinetics
were pure mono- or multiexponential. They were analyzed

as reported elsewhere and dealt with as relaxation modes

(28).
RESULTS

All experimental conditions were set so as to allow the
use of the methods and techniques of chemical relaxation
(26). The state of protonation and charge of the protein
species involved in aluminum uptake by ST in neutral media

are unknown. Therefore, the charge of the protein species is

not indicated, and the subscripts used for H are only relative
values.

Kinetics of Metal Exchange between Alumintiionoci-
trate and ST.Complex formation between ST and Al(llI)
produces changes in the differential absorption and fluores-
cence emission spectra of the proteif 8, 33). These
spectral changes are used to monitor the kinetics of metal
exchange between the citrate chelate and the protein.

When a solution of apo-ST is rapidly mixed with a solution
of Al(Ill) monocitrate, three kinetic processes are detected
(Figure 1). They occur as exponential increases with time
in the differential absorptionA) at 1 = 240 nm (A is

the difference between the absorption of the protein species

in the presence of aluminum monocitrate and that of ST) or
the fluorescence emission at an emission wavelengih,of

= 330 nm with an excitation wavelength &, = 280 nm.
The first process occurs in the 2800 s range and leads to
the accumulation of a first kinetic product (Figures 1a and
2). Itis followed by the second process, which occurs in the
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300—-3000 s range and leads to the accumulation of a secondFicure 1: Variation of the differential absorption with time when

kinetic intermediate (Figures 1b and 2). The third process
occurs in the 6< 10* s range (Figures 1c and 2). A stopped-

flow investigation did not show any faster kinetic process
than those reported in Figure 1.

Although with lower amplitudes, the two fast processes
in Figure 1a,b occur equally with a ST of which only the
C-site is iron-loaded and with a ST previously incubated for
48 h with 1 equiv of aluminum monocitrate (presumably
aluminum-loaded at the C-sit84)). As for the third, slow
process (Figure 1c), it is not observed during aluminum
uptake by the C-site iron-loaded transferrin or the presumably
C-site aluminum-loaded protein.

First Kinetic ProcessAt a constant ionic strength =
0.2, the experimental reciprocal relaxation timas¥)
associated with the first kinetic process of Figure 1a depend

a neutral solution of apo-ST (@M for a and b, and &M for c) is
mixed with a neutral solution of aluminum citrate (0.5 mM) at pH
8.63 and 25t 0.5 °C with [HCO;7] = 20 mM andu = 0.2.

on the analytical concentrations of STj)caluminum
monocitrate (g), [HCO;~], and proton. Bicarbonate plays
the role of a synergistic anion required for the uptake of
aluminum (1). The interaction of ST with bicarbonate is
extremely fast and is a prerequisite for metal uptake (eqgs 1
and 2, refss and 35).

H,T\-TcH, + HCO; = H,T\-T H; (very fast) (1)

(@)

H,T\-TcH, is the protein not interacting with bicarbonate,
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can, at fixed pH and [HC@], write to a rough approxima-
010 4 o Final equilibrated state tion eqs 6 and 7Z8)
K
0.08 -{ 3+ 3— AL
Second kinetic intermediate AT+ L ar AlL (6)
0.06 ~ K
s Al 4+ T==TA| (7)
0.04 —20bs
] First kinetic
0.0 | intermediate with Kar = [AIPT][L3)[AIL], K; = [AI*][T)/[TAIl], and
TAl is the kinetic intermediate.
0.00 4 The reciprocal relaxation times associated with eqs 6 and
@  T~gr 7, when each in turn is assumed rate-limiting, are expressed
40 ' o0 ' A ' as eqgs 8 and 9, respectively (Appendix).
(nm) 1 3+
Ficure 2: Differential absorption spectra of (a) ST (4M1), (b) (7)) “=koap + Ky {[AIT] +
200 and 250 s, (c) 2500 and 3000 s, and (d) 20 h after the addition L 37](K’1 +[Al 3+])/(K,l +[Al 3+] +[T)} (8)

of aluminum citrate (0.25 mM) with [HC®] = 20 mM at pH

8.22,u = 0.2 and 25+ 0.5°C. 3

H,T\-TcH; is the protein of which only the C-site is (Tp_lzk_20b5+ ond [A +] "
2N M | ! whi y -Site | 3+ 3+ 3-

interacting with bicarbonate that from now on will be [TI(Ka + [AI (Ko, + AT+ L7 D} (9)

represented ascHs, and T is the protein in an unknown

: _ " T - _ Eqgs 8 and 9 do not depend on the aluminum chelate
state for the C-sit&cpic = [H,T\-TcHI[HCO; J/[THyl = ; N
4.3 mM and for the N-sit&yic = [H,Ty-TcHZI[HCO, I/ g?srltéﬁgtergtlon (IAILJ~ cz). Subsequently, eqs 6 and 7 were

[T] = 36 mM (35). Moreover, it should be noted that under
our experimental conditions (10 m& [HCO;7] < 30 mM),
only 10—40% of the C-site of ST and-14% of that of the
N-site are interacting with bicarbonat85j.

These kinetic observations and the fact that in the presenc
of one aluminum equivalent only the C-site of the transferrin
becomes metal-loade®4) imply that, as with iron 29), K e
complex formation between Al(Ill) and ST primary takes T+AIL =—TAl + L3 (10)
place on one of the two sites of the protein. This metal uptake o0
can proceed by three possible pat@8)( In the first, the
fastest step in Figure 1 is the formation of a ternary complex
between ST and aluminum monocitrate. At constant pH and
ggzzeroSr;.ate values, we can to a rough approximation write 7, 1_ K ([T] + [AIL]) + K o {[TA] + [L3 ) (1)

In the last possibility, we shall assume that the first step
in aluminum uptake occurs by a reaction similar to that
reported for iron exchange between an iron chelate and the
eprotein @7, 29). At fixed pH and [HCQ], this can be
approximatively estimated by eq 10.

The reciprocal relaxation time equation associated with
eq 10 can be expressed as eq 24, @5, 29).

Kiobs Under our experimental conditions wherg & ¢, and no
T+AIL <==—==TAIL 3) citrate anion added, eq 10 can be expressed as eB9)2 (
with TAIL as the ternary kinetic intermediate in an unknown 7, PR KL+ K20 (12)
state of protonatiork;.nsandk-iopsare the observed kinetic
constants at fixed pH and [HGQ. At 5 fixed pH, [HCG; ], and g values, eq 12 is respected

Eqg 3 can be accompanied by one or several proton lossesas shown by the linear least-squares regressiom édgainst
However, since our experiments are performed in a buffer c, (Figure 3). This implies that the first step in aluminum

at a fixed pH value, we can write eq 2§). uptake by ST is a metal exchange between the chelate and
the protein.
(r’l)f1 = Kyopd[T] + [AIL]) + K 100 4) The dependence of the experimental reciprocal relaxation

times related to the first step of Figure 2 on pH and [HJO
To respect the chemical relaxation approximation, our leads us to assume that the exchange of Al(lll) between the
experimental conditions were set so as & ¢; (26). aluminum chelate involves, as in the case of ir@id)( one
Therefore, eq 4 can be expressed as eq 5. or several proton dissociations. This can be expressed by

i egs 13 and 145).
(rél) = klobs(cz) + k—lobs (5)

At fixed pH and [HCQT], the first kinetic process of Figure

2 depends onjcand ¢, whereas eq 5 is only dependent on

C;. Subsequently, eq 3 is discarded. TcHAl = ToH, Al + mH™ (fast) (14)
In the second possibility, metal exchange between the

chelate and the protein occurs after chelate dissociation. Wewheremis the number of protons lost in eq 14, = [TcH3

Ky - S
TcHs + AL 5= TcHAI + L™ (rate-limiting) ~ (13)
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Ficure 3: Plot of {;)~! against ¢ at five fixed pH values and 25
°C with [HCO5™] = 20 mM, g = 4.1uM, andu = 0.2, pH 7.66.
Intercept, (1.14 0.2) x 1072 s7%; slope, 90+ 15 M1 s7L, r =
0.98631; pH= 8.05. Intercept, (2- 7) x 10* s7%; slope, 71+ 7
M~-1 s r = 0.99638; pH= 8.15. Intercept, (3.6t 0.1) x 1073
s 1 intercept, 55+ 10 M~1s7%; r = 0.98868; pH= 8.32. Intercept,
(1.1+£0.1) x 1®* M~1s7 % slope, 55+ 2 s7%; r = 0.99841; pH= 8x10% 4
8.63. Intercept, (8 10) x 104s7%; slope, 45+ 7 M 1sLr =
0.99095.

FiIGURE 4: Plot of kypgy against 1/[H]. Intercept, (3.0+ 0.5) x
1® M—2s7% slope, 47+ 3 M1 s r = 0.99591.

AIILVIT cHJ[AIL], and Kia= [H*]™[TcHs-mAll/[T cHAI].
The reciprocal relaxation time associated with rate-limiting
eq 13 is expressed as eq B).(

4x10" 4

1 ([H"2e,) (M?s7)

7, P =k {4 HK )T HAI +
[L 37][H +] m/Kla} +ki{(c, = c)ly +
+1m
[TcHal} (1 + [HTTVKy) (15) T - T ' e
c,(1+[HVK (H2c,) (M™)

with y = (1 + Ked[HCO5]). _
Under our experimental conditions whepec10 ¢, [L3"] FiGURe 5. Plot of 7,7Y/([H*]2c)) against 6(1 + [H*1/Ky)/

~ : _ n (H*ly2¢) with 1 uM < ¢; < 6 uM; 20 mM < [HCO;57] = 50
~ ciand since [EHsAI] = ci/(1 + Kid[H']™) eq 15 canbe 1y, 72°65" 01 < 8.:80; and 0.1 mMk ¢ < 1.5 mM at 25°C and

expressed as eq 16. u = 0.2. Intercept, (1.5 0.5) x 10! s7%; slope, 45+ 3 M-1sL;

. N r = 0.98839.
i M2~ it btained (Figure S = 45+ 3 M~ s~ firmed
+qm +ym was obtained (Figure S) = ~1stwas confirme
kico(1+ [HTTKI(H Ty 2¢) (16) within the experimental uncertainty, ahd,/Kia = (1.5 +
0.5) 10* s was determined from the slope and intercept
of the best regression line of Figure 5. This allowed the
measurement dk; = ky/k—; = (2.0 + 0.6) x 102

Second Kinetic Procest the second kinetic process of

At fixed pH and [HCQ ], in the absence of any analytical
concentration of citrate and at constant eq 16 can be
expressed as eq 17.

rl’ll[H+]m: K_1(2C/Ky0) + KopCo (17) Figure 1, the first kinetic intermediatecH,Al yields the
second kinetic intermediate (Figure 2). The experimental
in which reciprocal relaxation times associated with this second kinetic
process of Figure 1br{ %) depend only on pH, as observed
Kopd = kll[H+]m + Ky/K o (18) for the first change in conformation following the uptake of

iron by ST @7, 29). We, therefore, were tempted to ascribe

Five kops values were determined from the slope of the this second process to rate-limiting eq 19 in whigiHzAl
five regression lines of Figure 3 as followskss = K.,/ unde(goes a maodification in conformation followed by
(2¢[H*]™). A good linear regression of tHews against eq  diffusion-controlled proton losses)
18 was only obtained fam = 1 (Figure 4). From the slope ‘
and intercept of the best line, we determlde;_d= 47 j: 3 T.HA ‘_—‘ZTE;HZN (19)
M~!standKi,= 154 3 nM. This last value is within the k-2
experimental uncertainty equal to that reported for the same , ; :
proton loss during iron exchange with two different iron TeHy Al + 1HT == TeHAAI (20)
chelates, nitrilotriacetate and acetatohydroxam2ie Z9).
K1abeing known, a linear regression of all experimental data where T-H,Al is the second kinetic intermediate witkg,
at different pH, ¢, ¢, and [HCQ™] values against eq 16 = [T-H,_Al][H +]'/[T[:HZAI].
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FIGURE 6: Plot of ;) Y/[H]? againstkoKi/{ (Kia + [HT][H 13
with 1uM < ¢; < 6 uM; 0.1 mM < ¢; < 1.5 mM; and 10 mM=
[HCO;7] = 30 mM at 25°C andu = 0.2. Intercept, (6.05 12)
x 10" M~1 s7%; slope, (4.2+ 0.2) x 1072 s7%; r = 0.99626.

320 ' 31I10 ' 3(I50

A (nm)
Ficure 7: Fluorescence emission spectra of the different metal-
free or metal-loaded ST species after subtraction of the emission
contribution of the solvent. All spectra are reported for an excitation

wavelengthlex = 280 nm for protein species concentrations of 5

. . . . . .., NMin the presence of 1% CHAPS at pH 7.45+= 0.2 M, and 25
The reciprocal relaxation time equation associated with oc.

rate-limiting eq 19 can be expressed 85 (

(r) HT = ko { (Kpa+ [HDIHTY + koK,
(21)

A good linear regression of the data against eq 21 was only
obtained forl = 2 (Figure 6).k, = (4.20+ 0.02) x 1072
s ! was determined from the slope of the best regression
line. Thisk; value is 2 orders of magnitude lower than that
determined for the uptake of iron. The uncertainty on the
intercept was too high to allow any measuremenkof
Koa Ascribing the second kinetic phenomenon to a pure
proton loss or to a proton loss preceding a modification in
the conformation of the first kinetic intermediate was not
supported by the experimental datd9). The second
modification in conformation of the protein is, therefore,
accompanied by two proton losses.

Third Kinetic Processn the third kinetic process of Figure

Fluorescence Intensity (arbitrary units)

1c, the second kinetic intermediate yields the final thermo- U e . : — .

dynamic aluminum-loaded ST species (Figure 2). This final 00 4.0x10° 8.0x10°

process is extremely slow and occurs with reciprocal C, (M)

experimental relaxation timg™* = (6 £ 2) x 10°s 1 It FiGURE 8: Variation with g of fluorescence emission after

does not seem to depend on any of the experimentalsubtraction of the emission contribution of the buffer ©) TFe,,
parameters (pH,;cand @). It occurs in about 20 h whether (@) TFfezhin 1E|he presence of TFR, ana) that of th? theoretical
the protein reacts with 1 or 2 aluminum equiv. It does not thjflnemoztgg? %%ii?%nnchiw;?%gnw‘;c\’/gtlgﬁgg&ni %S%ﬁner?q Iviﬁ
occur when the C-site of the protein is already metal-loaded ¢, =4 g nM, 0< ¢, < 10 nM in the presence of 1% CHAPS at
(iron or aluminum) in its thermodynamic state of equilibrium. pH 7.46,u = 0.2, and 25+ 0.5°C.
It, therefore, rate-controls the uptake of a second aluminum
by the ST. Furthermore, the fact that the measusetiare of 1% CHAPS, TFR becomes monomolecul22)( The
independent of the concentrations of the species present irdifferences in the emission spectra of the transferrin species
the medium indicates that within the experimental uncertain- and that of TFR will allow us to determine the dissociation
ties, this final kinetic process is associated with a monomo- constants involved in the interaction of the metal-loaded
lecular reaction such as a change in conformatish 25). transferrin species with receptor 1 (Figure 7). The presence
Therefore, we shall associate the slow kinetic process of of the CHAPS detergent manifests by a bathochromic shift
Figure 1c with a final change in the conformation of ST of the emission maximum of the protein spectra that, thus,
during which the metal-loaded protein attains its final state differs from those already reported for transferrins in
of equilibrium. Proton losses can accompany this process.detergent-free aqueous medgy,(35).
Nonetheless, they cannot be detected at this stage. Iron-Loaded ST and TFRAdding ST to TFR in the
Interaction of Metal-Loaded ST with TERFR possesses presence or absence of 1% CHAPS leads to a shift in the
an intrinsic fluorescence spectrum for an excitation wave- emission maximum wavelength that is accompanied by a
length ofiex = 280 nm. In aqueous media with= 0.2 and modification in the fluorescence emission (Figure 8). We
pH = 7.40, TFR is in an aggregate fori®d). In the presence  associate this fluorescence variation with the molecular
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Ficure 9: Plot for TFe of (f; — 2f, — f;)/(AF — f,c;) against [¢
— 2(AF — fcp)l(fs — 2f, — f1)] 2 with ¢, = 4.8 nM, 2 nM< ¢; <
10 nM, CHAPS 1%, and [HC®] = 20 mM at pH 7.46 = 0.2,
and 25+ 0.5°C. Intercept, (+ 1) x 10® M~1; slope, (1.0+ 0.1)
x 1078 M2, r = 0.99241.
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interaction of the receptor with iron-loaded ST. Similar
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Table 1: Average Stability Constants of the Interaction of
Iron-Loaded ST with TFR in the Absence and Presence of 1%
CHAPS at pH 7.47 angg = 0.2 at 25+ 0.5°C or 37+ 0.5°C

Kavin the absence

Kavin the presence

state of iron load of CHAPS (nM) of 1% CHAPS (nM)
iron-saturated 6.8 0.6 7.0+ 0.7
C-site iron-loaded F1 5+1

Fluorescence Intensity (arbitrary unit)

spectral modifications are also observed with a ST only the

C-site of which is iron-loaded, and no spectral change is

observed with apo-ST. This variation in the fluorescence

emission (Figure 8) implies, as expected, the existence of

an interaction between the receptor and the iron-loaded ST. T —
The TFR homodimer possesses two interaction sites each 5010

of which binds an iron-loaded transferrin (TH€36, 37). &M

T
1.0x10°

TFR+ 2TFe, = TFR—(TFe), (22)

with TFe, as the iron-saturated ST in neutral media in an
unknown state of protonation and charge, HFHe, the
holo-ST TFR adduct, and = [TFR][TF&,]¥[TFR—(TFe&)2).
The variations in TFR(TFe), concentrations and in
fluorescence emission intensity obey eq 23 (Appendix)

1/c, + K{c,lc, — 2(AF — fc)/(f; — 2f, — fl)]z} (23)
in which f;, f,, andf; are the experimental proportionality

factors linking the fluorescence emission to [TFR], [EFe
and [TFR-(TFe&),]; ¢4 is the TFR concentratiori, is the

fluorescence intensity of TFR in the absence of transferrin;

andF isthe fluorescence intensity withF = F — Fq. Figure

Ficure 10: Variation of the fluorescence intensity after subtraction
of that of the buffer with ¢ at le;m = 337 nm for an excitation
wavelengthlex = 280 nm of O) TAl,, (O) TAl, in the presence of
TFR, and @) that of the sum of the fluorescence emission
contributions of TA} and TFR with ¢ =4.8 nM, 0< ¢; < 15 nM

in the presence of 1% CHAPS at pH 7.46= 0.2, and 25+ 0.5

°C.

Interaction of Aluminum-Loaded ST with TRRhen Al-
(lln-saturated transferrin (AST) and the mixed C-site iron-
loaded/N-site aluminum-loaded ST (FeTAl) are incubated
with TFR, the observed emission spectra are always the exact
sum of the contributions of the free AT or FeTAl and
TFR (Figure 10). The same spectra are still observed after
several hours of incubation at 25 or 3C. To achieve a
better understanding of this undetected interaction, size-
exclusion chromatography was performed with columns of
Sephadex G100 Super Fine. This matrix possesses a frac-

9 shows a linear least-squares regression of the data againgionation range of 56100 kDa. It was, therefore, expected
eq 23 for the iron-saturated ST in the presence of 1% CHAPSto retain the metal-loaded transferrin@0 kDa) and exclude
at 25°C. Other linear regressions were obtained at 25 and TFR (~190 kDa) or TFR in interaction with E8T or Al-

37°C for the iron-saturated ST and for the only C-site iron-

ST (~270 kDa). Five chromatography experiments were

loaded ST in the presence and absence of CHAPS. Fromperformed with TRF, F&ST, ALST, and two mixtures of

the slopes of the best regression lines, elgiMalues were

determined. From thes& values average dissociation
constantK2 = K,, were also determined (Figure 9). The
limits of uncertainty did not allow us to make a distinction

TFR and F&ST or ALST at identical concentrations. The

results are summarized in Table 2 where the highest
absorption detected at 280 nm is normalized as 1 when TFR
is involved and as 0.5 with metal-loaded transferrins in the

between the values of the dissociation constants measure@bsence of the receptor. This is because at 280 nm, the

at 25°C and those measured at 3C (Table 1). TheKyy
related to the interaction of TFR with Tfare about 25-
fold higher than those reported by other techniques with
labeled proteins 36, 37). As for those related to the
interaction with FeT, they were not known before this work.
No interaction was observed with apo-ST and TFR, confirm-
ing the latter lack of affinity for TFR 36, 37).

molecular extinction coefficient we measured for the receptor
(215 000 Mt cm™Y) is about 2-fold that of the metal-loaded
transferrins (95 000 M cm™?). Metal-loaded transferrins
were both eluted as a single species in the eighth to ninth
fraction just after the full elution volume (Table 2). TFR
and the mixture of TFR and F8T were eluted as a single
species in the third fraction just after the void volume (Table
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Table 2: Relative Absorption of Fractions of 400 Eluted on Sephadex G100 Super Fine 2 mL Columns with Deposited Volumes @fl100
of 1 uM Fe,ST, ALST, TFR, and an Equimolar Mixture of F&T or ALST with TFR

Anorma Anorm Anorm Anorm Anorm Anorm Anorm Anorm Anorm Anorm
protein 400uL  800uL  1200uL 1600yl  2000uL 2400yl  2800uL  3200uL  3600uL  4000uL
FeSTorALST  0.01 0.05 0.03 0.02 0.02 0.03 0.02 0.1 0.5  0.03
TFR 0.02 0.02 q 0.05 0.05 0 0.03 0.02 0.02 0.02
FeST/TFR 0.01 0 1 0.1 0.06 0.04 0.02 0.03 0.01 0.01
AlLST/TFR 0.04 0.02 1 0.1 0.1 0.05 0.05 0.4 0.2 0.04

2 Anorm is the relative absorption at 280 nm of each elution fraction when the highest absorption is normalizédoasiietal-loaded transferrins
in the absence of the receptor and &$ot metal-loaded transferrins in the presence of the receptor.

2). As for the presumed TFRAILST adduct, it was eluted  step is always that of a metal exchange between a chelate
in two main fractions with the first part in the third, the and the C-site of ST in interaction with bicarbonate (Table
second in the eighth, and a smaller part in the ninth fraction 3; egs 1, 3, and 25). These two processes are followed by a
(Table 2). The first fraction contained essentially TFR, and single proton loss occurring with the saméyfor both iron

the last two fractions contained essentially receptor-free and aluminum ST complexes (Table 3, eqs 4 and 26).
transferrin. Therefore, the A&8T—TFR adduct behaves as a However, this does not imply that the two mechanisms of
mixture of the two protein species or dissociates on the Table 3 are similar. In the case of iron, the metal chelates
chromatography column. All protein concentrations were ere nitrilotriacetate and acetylhydroxamate, whereas with
spectrophotometrically checked and corresponded after elu-ajuminum we used the monocitrate chelate. Both acetylhy-
tion to the expected values. Since no measurable molecularyyoxamato-iron(lll) and nitrilitriacetato-iron(lll) dissociate
interaction between TFR and AT or FeTAl is detected  yery rapidly and do not rate-control the metal uptake by the

either by fluorescence spectroscopy or by size-exclusion yqtein 7). Iron uptake from the ferric citrate is extremely
chromatography, the affinity of the aIummum—sgturated ST sjow and was not reported in Table&). Indeed, with this
for TFR must be much lower than that of the iron-loaded cpeate, iron uptake is under the kinetic control of the very

SPecies. slow dissociations of ferric citrate and its polyme&i(40).
In contrast, aluminum citrate dissociates more rapidly than
the first step of the metal uptake by S#1( 42). Aluminum
Aluminum uptake by ST was once assumed to first occur citrate dissociation does not, therefore, rate-control aluminum
by the N-site 88). Nonetheless, the affinity of the C-site for exchange with ST. Moreover, the choice of aluminum
aluminum is higher than that of the N-site; the order of lobe monocitrate as a metal-donating chelate was dictated by the
loading by aluminum is identical to that of iron, which first fact that citrate is considered along with transferrin as a
occurs with the C-site. ST was isolated with its C-site loaded potential aluminum transport agent in biological fluidSy
with aluminum and its N-site aluminum-free, and to the best  The same ligands (2 Tyr, 1 His, and 1 Asp) are engaged
of our knowledge, was never isolated the other way around i complex formation between ST and iron or alumini (
(7, 11, 34, 39). In addition, aluminum uptake by the N-site 4 33 34 39). This, however, does not imply that the two
of a C-site iron-loaded transferrin in its final state of fina) metal-loaded species have identical structures or
equilibrium is identical to that of a second aluminum uptake qnformations. Unfortunately, very little structural informa-

by a ST having reacted for 24 h with 1 equiv of AlL. In jon ahout the aluminumST complex is available7( 33,
both cases, the final process of Figure 1 is not observed. )

This implies that the second iron and aluminum uptakes ) ] ) )
occur on the same site, which in the case of monoferric Aluminum uptake first occurs by the C-site and is then

transferrin is the N-site. Furthermore, the exchange of followed by that at the N-site. The final slow step of Figure

aluminum between the chelate and the ST depends on thelC occurs whether the protein reacts with one or more than
interaction of [HCQ"] with the C-site (egs 1 and 13). This ©ne metal equivalent. With more than one metal equivalent,
implies a prior interaction of the site with bicarbonate (Table this slow process rate-controls the uptake of the metal by
2, eq 1). Under our experimental conditions, only the C-site the N-site (Table 3, eqs 22 and 23). With one metal

of ST interacts with bicarbonat8%). We, therefore, assumed ~€quivalent, the slow process allows the protein to attain a
that aluminum uptake starts with this C-site in interaction state of equilibrium in which only the C-site becomes metal-

with bicarbonate. However, even if aluminum uptake started loaded, and the N-site becomes capable of reacting with
with the N-site, the general mechanism of aluminum another metal in a fashion identical to that of the C-site. This
exchange between AIL and ST, added to the conclusionswas also established for iron uptake (Table 3, eq 33). This
drawn in this work, would apply as well. implies, as in the case of iron, the existence of cooperativity

In Table 3, we summarize the mechanism of aluminum between the sites toward aluminum uptake, which signifies
uptake by ST and compare it to that of iron. Fe(lll) uptake that the N-site of the protein cannot acquire any metal unless
by ST occurs by four identified kinetic step®7( 29). With the C-site is already metal-loaded. Moreover, this cooper-
aluminum, we only observe three kinetic processes. This doesativity can explain why the N-site of a C-site iron-loaded or
not imply that aluminum uptake by ST proceeds only by aluminum-loaded protein in its thermodynamic state of
the three steps of Figure 1. Other steps undetected by ourequilibrium becomes capable of acquiring another aluminum
spectrophotometric techniques may be involved. In both by paths similar to those observed for the C-site of an
mechanisms of aluminum and iron uptake, the first detected apoprotein (Table 3, eqs 22 and 23).

DISCUSSION
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Table 3: General Mechanisms of Aluminum and Ir@7)(Uptake by ST

average direct average reverse equilibrium
reaction rate constant rate constant constant
TeH, + HCOs™ = TcHs (1) 4.35mM
Aluminum uptake
TcHs + AIL == TcHsAl + L (3) (44+£3)M1s? (2.3+£0.6)x 1M 1s1 (2.0 0.6) x 1072
Te HaAl = TcHoAl + H* (4) (15.04 3) nM
HTNTcHoAl = TH; A2 (19) (4.20+ 0.02)x 10251
THAI + 2HT = THAI (20)
THAI = T'H;Al (21)
T'HAI + AL =L +T'HAl, (22)
T'HjAlz = T”HjAlz (23)
TcHs + AlST = TcHAAI (24)° ~35nM
Iron uptake
TcHs + Fell = TcHiFe+ L' (25) 8.0x 10*Mtst 75x 10*M1s?t 1.00
TcHsFe= TcHFe+ HT (26) 16 nM
HsTnTcHoFe= THsFe (27) 2.80 s
THsFe==THE hFe+ IHP (28)
T’H(5_|)Fe= TH(5_|)Fe (29) 6.2x 1025t
T'H(47|)Fe+ Ht= T’H(5,|)Fe (30) 6.8 nM
T’H(4_|)Fe= T”H(4_|)Fe (31)
T’H(47|)Fe2‘——‘ T”H(zH)Fez (32)
T'H(4_|)Fe+ =L +T’H(4_|)Fe2 (33)
TcHs + F&* = TcHsFe (34y ~1x10716M

aj is unknown.”| = 2 or 3 7). ¢ Reactions 24 and 34 are written to introduce equilibrium constants independent of the ligand nature.

The affinity of the C-site of ST for aluminum at the end to be in the 1& (N-site) to 163 M1 (C-site) range¥). This
of the first metal exchang@g; = [TcHAI/[T cH3J[Al 3] is 4 orders of magnitude higher th@ac: and implies that
(Table 3, eq 24) can be determined fr@a: = [AIL])/[Al 31]- at final equilibrium the distribution of aluminum between
[L3] =1 x 10° M1 (23) andK; asf1 = Saci/Ki = (2.2 + citrate and ST is largely in favor of ST. However, if
1.0) x 10° M~ By is lower thanBa. It is, moreover, lower aluminum transport in a living species occurs more rapidly
by about 10 orders of magnitude than that determined for than the second and third steps of Figures 2 and 4, the
iron (~1 x 10 M~1) at the same stage (Table 3). Aluminum affinities involved in the uptake of aluminum would then
exchange is accompanied by a proton ldsg & 15 nM; be those prevailing at the end of partial equilibria 3 and 9
Table 3, eq 4). Complex formation occurs between Al(lll) (8 andg;). These are 4 or 5 orders of magnitude lower than
and the carboxylate of the aspartate, the imidazole of those reported at thermodynamic equilibrius). (
histidine, and the phenolates of the two tyrosing4).(In The dissociation constants associated with the interactions
the classical open-conformation model of the apoprotein, of the only C-site iron-loaded and the iron-saturated ST with
these protein ligands are in direct contact with the outside TFR (Table 1) constitute, to the best of our knowledge, the
medium B, 4). In this case, the ligandK}s is assumed to first direct data obtained with the native unlabeled proteins.
be close to those in water,Kh ~ 10 for the tyrosine  These constants are of about2-fold higher than those
phenolate ¢, 30). When a metallic complex forms, the reported in the literature in vitro with the labeled proteins
apparent [, of the ligand can decrease ypK. The (Table 1) 86, 37). They, moreover, show that the affinity
higher thisApKj is, the higher the affinity of the ligand for  of TFR for the only C-site iron-loaded ST is a little higher
the metal becomestB). Therefore, in the case of the ST, than that for the iron-saturated protein.
the affinity of the site for aluminum at the end of eq 3 (Table  The most unexpected result is that we do not observe in
3) after the proton loss would k&= g,K, /K, ~ 1 x 10° the concentration range used in this work any interaction
M~ (43). With iron, the first proton loss after metal uptake between TFR and aluminum-saturated or C-site iron-loaded/
occurs with the samelfa = 7.80 (Table 3, egs 4 and 26), N-site aluminum-loaded transferrin. In some cell lines and
and the affinity value at the end of this proton dissociation in cell extracts, reports estimated that the affinity of the
is about 18 M~1. Consequently, no competition can be aluminum-loaded ST for TFR is of the same order of
possible between aluminum and iron toward metal uptake magnitude as that of the iron-loaded proteih3,(44).
by ST. Aluminum can, therefore, only react with the available However, ST interacts with two specific receptors, TFR and
apo- or monoferric transferrins. Moreovét,is very close receptor 245), and our experiments were performed in vitro
to the affinity of the citrate anion for aluminum in neutral with receptor 1. Although improbable at least for the mixed
media @3). Subsequently, at the end of eq 3 and before the iron and aluminum protein complex, the interaction of TFR
slow modification in conformation of Figure 2, aluminum with the aluminum-loaded ST may not be accompanied by
is distributed between transferrin and citrate. At the end of the emission spectra variations observed with iron-loaded
this first kinetic step, the C-site aluminum-loaded protein ST. In this case, it would have been eluted from the size
undergoes a new change in conformation accompanied byexclusion chromatography column as a single protein as with
the loss of two protons (Table 3, eqs 19 and 20). As with the FeST—TFR adduct and not as the protein mixture of
iron, the conformation of the protein is believed to transit Table 2. If we assume that one of the steps in the interaction
from the open apo-form to the closed metal-loaded protein of the transferrin with its receptor is based on a structural
(34). The overall affinity of ST for aluminum was reported recognition 46), such as for example a docking process, we
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will have to consider that the presence of aluminum modifies When TFR and TReare mixed together, the emission
the conformation of the protein in such a way that this intensityF can be expressed as eq 42.

structural identification becomes less efficient. This modi-

fication can be slight but sufficient to inhibit the interaction F=f[TFR] + f)[TFe,] + fj[TFR—(TFe),] (42)
between the two proteins. All this is, of course, speculative,

and more data are required about the mechanism of interacFrom eq 42, the conservation of mass (eqs 43 and 44), and
tion of ST with TFR and about the structure of the adduct K, eq 23 is determined.

formed.

Aluminum is believed to use the transferrin receptor- ¢, = [TFR] + [TFR—(TFey),] (43)
mediated pathway to be transported from the biological fluids _
to the brain or other organd@, 12, 13, 19, 44). Part of the ¢, =2[TFR—(TFey,] + [TFe)] (44)

toxicity of aluminum may, thus, be explained by the fact , )

that its transport competes with that of iron, which disturbs f1 @ndf. were measured for each series of experiments at
its metabolism in the celll2, 13). This explanation is very ~ Séveral TFR and ST concentratiofiswas measured at the
attractive, although it cannot answer the question of whether Nighest concentrations of where it was assumed that TFR
aluminum transport occurs by the iron-acquisition pathway. Was saturated with ST. The experiments related to the
Our data indicate that the affinity of the transferrin receptor Inteéraction of TFR with ST were repeated at least five times
1 for the aluminum-transferrin complex is much too weak ~©2ch, and the uncertainties givaK are based on the highest
to be detectedThey, however, cannot be directly transposed difference detected between the dissociation constants.

in vivo and do not imply that aluminum transport in a living

species cannot occur by TFR mediated endocytosis. WeACKNOWLEDGMENT
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