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Transferrins
Hen ovo-transferrin, interaction with bicarbonate and iron uptake
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Fe(lll) uptake by the iron-delivery and iron-scavenging protein, hen ovotransferrin has been investi-
gatedin vitro between pH 6.5 and 9. In the absence of any ferric chelate, apo-ovotransferrin loses two
protons withK,, = 50+ 1 nM andK,, = 4.0=0.1 nM. These acid-base equilibria are independent of the
interaction of the protein with bicarbonate. The interaction with bicarbonate occurs with two different
affinity constantsKc = 9.95+0.15 mM andKy = 110+ 10 mM. FeNAg exchanges its Fe(lll) with the
C-site of the protein in interaction with bicarbonate, direct rate conskants650+25 M~' s™', reverse
rate constank_, = (6.0x=0.1)X10*M~"' s "' and equilibrium constar, = 0.11+0.01. This iron-protein
intermediate loses then a single protés, = 3.50= 0.35 nM, and undergoes a first change in conforma-
tion followed by a two or three proton loss, first order rate conskant 0.30+0.01 s'. This induces a
new modification in conformation followed by the loss of one or two protons, first order rate constant
ks = (1.50+0.05)x102s™'. These modifications in the monoferric protein conformation are essential
for iron uptake by the N-site of the protein. In the last step, the monoferric and diferric proteins attain
their final state of equilibrium in about5000 s.

The overall mechanism of iron uptake by ovotransferrin is similar but not identical to those of serum
transferrin and lactoferrin. The rates involved are, however, closer to lactoferrin than serum transferrin,
whereas the affinities for Fe(lll) are lower than those of serum transferrin and lactoferrin. Does this imply
that the metabolic function transferrins is more related to kinetics than to thermodynamics?

Keywords :transferrins; iron uptake.

Transferrins are involved in iron regulation and transport iserum transferrin, which transports iron from the blood stream
vertebrates and some invertebrates such as worms or insextd delivers it to the cytosol by receptor-mediated endocytosis
(Aisen, 1989). The transferrin family consists of two importani{Dautry-Varsat et al.1983), lactoferrin, which sequesters Fe(lll)
branches: soluble glycoproteins and membrane melanotransfarbiological media (Montreuil et al.1960; Anderson et al.,
rin (Baker and Lindley1992). The soluble glycoproteins include1989) and ovotransferrin, which is assumed to be responsible for

Correspondence tto J.-M. El Hage Chahine, Institut de TopologiebOth transport and scavenging of Fe(lll) in poultry_ (Kurokawa et
et de Dynamique des Systes, UniversitéParis 7— CNRS, 1 rue Guy ~ al., 1995). The structures of the soluble transferrins were eluci-

de la Brosse, F-75005 Paris, France dated by X-ray diffraction. They all consist of a single chain of
E-mail: chahine@paris7.jussieu.fr about 700 amino acids and 80 kDa arranged in two similar lobes
Fax: + 331 4427684. linked by a small interlobe chain of about ten amino acids. In

Abbreviations.FeNAg, nitrilotriacetatoFe(lll); c,, analytical con- each lobe, iron is co-ordinated to the four lateral chains of two
centration of ovotransferring,, analytical concentration of FeNAcc,, tyrosines, one histidine, one aspartate, and a carbonate or bicar-
analytical concentration of nitrilotriacetatg; ionic strength; OT, apo- pgnate adjacent to an arginine (Bailey et 4088; Anderson et
ovotransferrin in an undefined state of protonation; QT Hrotonated al., 1989: Zuccola,1992: Kurokawa et al.1995: Rawas et al.
form of apo-ovotransferrin; SA, synergistic anion; (SAXBI, the C- 1996; Moore et al.1997). This carbonate constitutes the syner-

site of apo-ovotransferrin in interaction with the synergistic anion in the: ™. - . - - N . -
protonated form; (SADTH,, ,, apo-ovotransferrin in interaction with gistic anion which gives these proteins affinities for iron in the

two synergistic anions in the deprotonated form; FeL, the iron chelaté®”” M ' range (Aisen1989; Bellounis et al.1996; Pakdaman
transferrin C-site Fe(lll) complex in the protonated and deprotonatdtansferrins are very similar and present a high degree of simi-
form, respectively; (SA)OTH ,Fe and (SA)OTH /e, two intermedi- larity in their amino acid sequences (Baldwir§93), some dif-

ates monoferric ovotransferrin iron complexes in two different states férences exist in their structures (Anderson et t889; Kuro-
protonation; (SA)OTHFe and (SA)OTH._.Fe, two other intermediates kawa et al.,1995; Rawas et al1996; Moore et al.1997). These

in different states of protonation; (SA)(H.-.Fe, a diferric ovotransf- - g|ight discrepancies are assumed to be responsible for the speci-

errin intermediate; (SA)O™,._,Fe and (SA)OTH,_,Fe, the monofer- ¢ ; ; ;
ric and the holoprotein in their final equilibrated statesH7, the C-site flc'éyLoiI]éT:yTg;%?OHC function of each of these proteins (Baker

of a protonated apotransferrin in interaction with the synergistic anior"il,n Lactoferrin is K to k its i hen i idi di
TcHsFe and TH.Fe, monoferric intermediates in the protonated and de- actoierrin Is known to Keep Its iron when in acidic meaia,
protonated forms; bTi-T-H,Fe, THFe, TH, .Fe, THs .Fe, TH, .Fe Whereas serum transferrin loses its charge of iron in the acidic

and TH, .Fe, THs .Fe, other monoferric and diferric intermediates;endosomes (Montreuil et all960; Dautry-Varsat et al1983;
T"Hs_.Fe, and T'Hs_.Fe, the holo and the monoferric transferrins inEl Hage Chahine and Pakdamarg95). In a recent series of
their final equilibrated states. articles, we proposed a general mechanism for iron uptake by
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serum transferrin and lactoferrin from nitrilotriacetatoFe(lll) 190
(FeNAG). The first step of this mechanism is the interaction o
the C-site of the protein with bicarbonate which is followed by ¢,
proton loss in the case of lactoferrin. In the second step F@NA’@
exchanges Fe(lll) very rapidly with the C-site of protein in in-2
teraction with the synergistic anion. This step is followed by i
series of proton losses and changes in conformation lasting fcm:j
a few seconds to hundreds of seconds, and allows the N-site §
capture Fe(lll). If Fe(lll) is not available in the medium, the §
monoferric transferrin undergoes a last modification in confor2
mation which occurs in about 4000 s for serum transferrin ar$
10000 s for lactoferrin. This last step is also observed with thg
diferric transferrins. Iron uptake by serum transferrin is fastex
than that by lactoferrin. It, however, involves affinities for iron _ . . . _
of the same order of magnitude (Pakdaman and El Hage Cf 0 200 320 340 360 380 400
hine, 1996, Pakdaman et al1998). Does this imply that the Wavelength (nm)

function of a transferrin, as iron-sequestering or iron trans-

porting agent, is a matter of kinetics with lactotransferrin Capgjg. 1. Fluorescence emission spectra of ovotransferrin at different
ble of holding iron longer than serum transferrin? What woulgH values.Measured with an excitation wavelength.(= 280 nm) at
then be the behaviour towards iron uptake of an iron-scaveng@r: 0-10°C 7-23< pH < 8.96,u = 0.2 forc, = 1.25M.

and an iron-deliverer such as ovotransferrin ?

icall?;gia?igﬁl((E’E%yelrjlsg;%ﬂlgeemg;rgg?;ngéfgggé%ﬁfg%gheTOm_inescerjce spectrometer equipped with thermostated cell
’ ' __carrier. Emission spectra were measured in the 300 to 420 nm

we report the mechanism of the interaction of ovotransferrin Excitati lenath t to 280 Under th
with bicarbonate and that of iron uptake by this protein in neg&Nd¢: EXciation wavelengins were set 1o nm. Under the
tral aqueous media. normal experimental conditions applleW%O.Z, Hepes =

50 mM and 0.5uM <¢,<2 uM) and at a given pH value, the
intensity of the fluorescence emission at 333 nm was propor-
MATERIALS AND METHODS tional toc,.

KCl (Merck Suprapur), NaOH, and HCl (Merck Titrisol), Stopped flow measurementsFast kinetic measurements

EDTA (Merck Titriplex), FeCl, sodium carbonate (Normapur)Were performed with an SF 3L Hi-Tech stopped-flow spectro-

L o P : : photometer equipped with a temperature regulated bath
and acetic ac_:|d1(00 %, Merck), mtnlo_tnacgtlc a.C'd (NAct) and . .25+ 0.5°C by mixing a FeNAg solution with apo-ovotransfer-
Hepes (Aldrich), glycerol and boric acid (Sigma), acrylamidé . . A .

n or with the monoferric C-site iron loaded ovotransferrin, as

and APS (Ultra Pur, BRL), urea (GERBU), bromophenol blug . - -
; ; N ~described previously (El Hage Chahine and FaB4).
(BioRad), Coomassie blue (Serva) ahtN,N' N -tetramethy| Mathematical formalism and signal analysis.The experi-

ethylenediamine (Promega) were used without further purifica- tal conditions were set so as to permit the use of chemical

tion. Water and glassware were prepared as described previo . ; . : .
(El Hage Chahine and Faif993). refaxation formalism (Brouillard]1980). All experimental sig-

nals were analysed as described elsewhere (EI Hage Chahine
ﬁgd Fain,1993). They all were pure mono- or multi-exponentials

id were dealt with as relaxation modes (Bernasco@ve;

igen and DeMayen 973).

Protein purification. Ovotransferrin (Sigma) was purified
and its purity and iron load were checked by spectrophotomet
analysis and by urea-polyacrylamide gel electrophoresis, as p,
viously described (Makey and Sedl976; Pakdaman and El
Hage Chahine1997). All our experiments were performed with
the purified apo-ovotransferrin.

Stock solutions. All stock solutions were used fresh. Apo-RESUI‘TS
ovotransferrin concentrations,J were checked spectrophoto-  For reasons of simplicity and lack of knowledge of the state
metrically by using a molecular extinction coefficient ofof the charge in the binding sites of ovotransferrin near neutral-
91200 M~ cm™' at 280 nm (Hirose et al1995). Their concen- ity, the charges of the ovotransferrin species involved are not
trations ranged from 0.pM to 120 uM for the protein, from given.

5 mM to 400 mM for NaHCQ and from 20 mM to 50 mM for

Hepes; ionic strengthg:) were adjusted with KCI. The final pH Proton dissociation and interaction with bicarbonate.
values were adjusted to between 6.5 and 8.9 by adding miciiGansferrins present typical absorption and fluorescence emis-
guantities of concentrated HCI and NaOH. Only the data asion spectra with fluorescence emission maximg)(in the
quired atu = 0.2 were taken into account for the kinetic and30—335 nm range when the proteins are excited with excitation
thermodynamic analysis. maxima (.x) in the 278-280 nm range (Lehren969; Pakda-

pH measurementspH values were measured at2®.5°C man et al.,1998). In the 6.5 to 9.5 pH range, the intensity of the
with a Jenco pH-meter equipped with an Ingold calomel/glagkiorescence emission of ovotransferrin depends on the acidity
combined microelectrode. Buffers used for pH standardisatiaf the medium (Fig1). It decreases with increasing pH from a
were pH 7.00 and0.01 (Sigma). plateau in the 6 to 6.5 range to another plateau in the 9 to 9.5

Spectrophotometric measurements. Spectrophotometric range. Above pH 9.5, part of the protein seems to be irreversibly
measurements were performed on a Perkin Elmer lambdad@natured. This is shown by the fact that the fluorescence inten-
spectrophotometer equipped with a magnetic stirring device asitly does not return to the expected value when the pH is de-
a thermostated cell carrier with the temperature held in the sanreased from above 9.5 to neutral. Therefore, as for serum
ple cell at 25+0.1°C. transferrin and lactoferrin, all our experiments were performed

Fluorimetric measurements. Fluorimetric measurements at pH values of less than 9.3, and the results reported deal with
were performed at 250.5°C on an Aminco-Bowman series 2reversible phenomena. Fluorescence intensity also decreases
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Fig. 2. Fluorescence emission spectra of ovotransferrin in the pres- (HTM)
ence of 0 <[HCQJ] < 400 mM. Measured with an excitation wavelengthFig. 3. Non-linear least-squares regression of against ¢[H*]2 +
(dex = 280 NM) at 25-0.10°C, pH 8.04 angke = 0.5 forc, = 0.92uM.  fK, [H*] + f.K. Ko /([H']? + Ko [H] + KKy at 2520.10°C and

u = 0.2.Reported between pH 6.65 and 8.94 att25°C andu = 0.2

for ¢, = 1.25pM and unknowntf,, K, andK,..
with increasing bicarbonate concentration at constant pH
(Fig. 2). This intensity still varies with bicarbonate for HCO
concentrations greater thatB0 mM which with 20 mM of a slope independent of pH. This implies that the interaction with
Hepes is the maximum concentration possible in order to kefrarbonate is independent of the state of protonation of the ovo-
an ionic strength of 0.2. However, at higher ionic strengthgansferrin as reported for serum transferrin (Bellounis et al.,
(u=0.5), the fluorescence intensity ceases to vary for EHCO1996). We may also assume to a first approximation, as in the
concentrations greater than 400 mM. The experiments dealiggse of serum transferrin and lactoferrin, that the interaction with
with bicarbonate were performed at pH values greater than barbonate occurs with both sites, with however, one of the
in tightly stoppered cells to avoid any significant HE@oncen- sites (presumably the C-site) presenting a much greater affinity

tration modification (Pakdaman et al998). for the synergistic anion (Bellounis et al996; Pakdaman and
El Hage Chahine1997). We can therefore write for the C-site:

Proton-dissociation of apo-ovotransferrin.In the absence or

in the presence of bicargonate, the decrease of the fluorescence OTH, + HCO; = (SA)OTH,, (4)

intensity of ovotransferrin with pH can be approximated by two OTH,,_, + HCO; = (SA)OTH,. , (5)

equations. If it is assumed that each of these equations describes

a proton transfer (Eqns and 2), the fluorescence intensity can OTH,,, + HCO; = (SA)OTH,_.. (6)

be expressed as in Eqn (3) (El Hage Chahine etl8B9) . .
Several series of experiments were performed. Two were
OTHy-y + H" = OTH,, (1)  with [HCOs] varying from 0 to 40 mM at fixed pH 7.3 and
. pH 9.0 where the major species present in the medium are,OTH
OTHm-2 + H" = OTHn- (2) in acidic and OTH,_, in basic media. Experimental data obeyed
F = (f,[H]2+ K, JH*] + LK Ko /([H 2+ K [H* ] +K,.K)  for each pH value Eqn (7) (Pakdaman and El Hage Chahine,
(3) 1997).

wherec, is the analytical concentration of ovotransferrin, QTH ATAF = /e, + KJ(e,[HCO]) (7)
OTH., and OTH, are the apo-ovotransferrin prototropic spein which, 4F = F—F,, with F, being the fluorescence intensity
cies present in the mediumm is an unknown number of protons measured in the absence of bicarbonate Bride fluorescence
likely to be lost, K,, = [H'][OTH, J[OTH,.], K. = intensity;4f =f, — f, in the vicinity of pH 7, orfs — f, in the
[HTI[OTH . 2J/[OTH, ], F is the fluorescence intensitf;, f.  vicinity of pH 9, with f, andf, the experimental factors which
andf, are experimental factors which relate the fluorescence irelate the fluorescence intensity to the concentrations of species
tensity to the concentrations of OTHOTH,, , and OTH, ,, (SA)OTH, and (SA)OTH,_ ., respectivelyf, was measured at
respectivelyf, is unknown,f, andf; were measured in the ab-pH 6.5 with an initial analytical concentration of HGCOof
sence of carbonate at pH 6.3 and pH 9.3, respectively. 50 mM under a CQ saturated atmosphere (Pakdaman and El

A multiple non-linear regression of the data against Eqn ($)age Chahine1997). fs was approximated from the fluores-
gave, in the absence and in the presence of [HICO© 50 MM, cence emission spectrum of apo-ovotransferrin at pH 9.3 and
the sameK,, = 50+1nM and K,, = 4.0£0.1nM (Fig.3). HCO; concentration of 50 mM.
Therefore, in neutral and mildly basic media, ovotransferrin can From both linear regressions, identita = 9.95+0.15 mM
exist as at least three prototropic species involving the two acigrere determined, implying that, contrary to lactoferrin and simi-
base Eqgnsl() and (2). lar to serum transferrin (Bellounis et al.996; Pakdaman and

El Hage Chahine]997), the interaction of the ovotransferrin

Interaction of apo-ovotransferrin with bicarbonate. At con- site with the highest affinity for HCO does not involve any
stant pH, the fluorescence intensity of ovotransferrin decreasssd-base reaction (Fig. 4). If we assume that the second site of
with HCO; concentration to attain a plateau for HE©@oncen- ovotransferrin also interacts with bicarbonate at high H@6n-
tration of =400 mM (Fig. 2). To a first approximation, this fluo- centration and that this interaction is much weaker than that with
rescence decrease can be fitted by two lines, each of which Hilas other site and independent of oncentration, we can write
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Fig.5. Non-linear least-squares regression oF against KK, +
f,K[HCO3 + fHCOJ]Ic /(KK + K HCO3] + [HCO3]?. Reported

B
®) at 25+ 0.1°C, ¢ = 0.2 and pH= 9.05 withK, andf, unknown.

3x10°
lactoferrin (Pakdaman and El Hage Chahin@96; Pakdaman
" . et al.,1998). The first process detected by the stopped flow tech-
2 21077 nigues occurs in the 2 to 5 s range as an exponential increase of
< ° absorbance. Its amplitude never reaches that expected for the
° C-site iron loaded ovotransferrin (Fig. 6A). Both the rate and
1x10° amplitude of this fast process depend@nc, (nitrilotriacetato-

Fe(lll) concentration), ¢; (nitrilotriacetate concentration),
HCO; concentration and pH. The second phenomenon is also
an exponential increase of the absorbance or decrease of the
fluorescence emission intensity. It occurs in the 50-s range and
o its rate depends only on pH (Fig. 6B and C). These two pro-
1/[HCO,IM cesses are detected in the 400 to 500 nm absorption region and
. . ~ . _ in the 300 to 400 nm emission range for an excitatiopn =
Fig. 4. Plot of 4f/4F against 1/G.[HCOs]) athiO.l €, p=0.2Re- 280 nm. This implies that the iron load by the C-site does not
ported for (A) at pHB8.98 for c 1.9uM, intercept, L L
(3.50+0.50)x10°M~!; slope, (5.2:0.2)X10%; r = 0.99115 and (B) at reach its final S_tate of equlllbrlum at the end of the t\(VO-faSt
pH = 7.35 forc, = 1.9 uM, intercept, (3.00:0.40)x10° M '; slope, Processes of Fig. 6. Wheey > c,, the fluorescence emission
(4.85+0.15)x10% r = 0.99646. spectra measured under the same conditions at the end of the
second fast process of Fig. 6A and B are not those of the holo-
protein or those of the C-site iron loaded transferrin (Fig. 7). The
at pH=9 where apo-ovotransferrin has the (SA)QIkIstruc- third kinetic process occurs in the 36600-s range (Fig. 6 C). It
ture: is detected by fluorescence emission in the 300 to 400 nm range
(SA)OTH,, , + HCO; = (SA),OTH.. . (8) with an excitation wavelength., = 280 nm and by absorption
In this case the fluorescence intensity will be expressed as @@ectro_s copy in the 400 to 500 nm range. The fourth process
Hage Chahine et al1989): y p curs in the15000 s range and its rate seems to pe independent
: of pH, c,, ¢, and HCQ concentration within the limits of uncer-
F = (f KKy + f,K([HCO;] + f[HCO5]3)c,/ tainty.

— —12
(KeKyy + K[HCO;] + [HCO, ) ©) The first kinetic step. As for serum transferrin or lactoferrin,

with Ky = [(SA)OTH,, .J[HCO;V/[(SA).OTH,,_.] andf;, the ex- when an FeNAgsolution is mixed with apo-ovotransferrin, the
perimental factor which relates fluorescence intensity trst kinetic process of Fig. 6A can describe a rate-limiting iron
[(SA).OTH,,5]; fs was measured at= 0.5 for HCQ' concen- exchange between the protein and the chelate (Bjfollowed
tration = 400 mM. by Egn (11) (Pakdaman and El Hage Chahin®96 ; Pakdaman

A multiple non-linear regression with least-squares adjusét al.,1998). The latter is probably a diffusion-controlled proton-
ment of the data against Eqn (9) in whikh andf, are known |oss which should occur in the microsecond range (Eigen and
gaveky = 110=10 mM (Fig. 5). Besided;, all the data used DeMayer,1973: Bernasconi]976).
for this fit were acquired gt = 0.2 for HCO, concentration of

T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700

Ky
less thant50 mM at pH 9.05. (SA)OTH,, + Fel = (SA)OTH.Fe + L (rate-limiting) (10)
Iron uptake by ovotransferrin. When a neutral solution of apo- (SAYOTcHn (Fe + | H = (SA)OTcH.Fe (very fast) (1)
Cliim—1| clhim

ovotransferrin is rapidly mixed with a neutral solution of

FeNAgc; in the presence of bicarbonate, four kinetic process@gth m, an unknown number of protons susceptible to be lost
are detected (Fig. 6). AlthougtD to 30 fold slower, these pro- andl, the number of protons lost during the first step of Fig. 6 A
cesses resemble those already reported for serum transferrin and B.
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Fig. 6. Increase of absorbance and decrease of fluorescence subsequent to a rapid [FelffAenp on an ovotransferrin solution at 25+0.5°C

and u = 0.2. (A) Exponential increase of absorbancelat 465 nm recorded in 0.5 s when an apo-ovotransferrin solutips (43.5uM) is mixed

with FeNAg (c, = 0.35 mM) in the presence of NA¢c, = 0uM) and bicarbonate (([HCS] = 20 mM) at pH= 8.17 £0.02. (B) A multiexponential

increase of absorbance recorded in 50 seconds under the same experimental conditions as A. (C) A multiexponential decrease of fluorescence at
emission wavelengthi{.,, = 330 nm) for an excitation wavelengthi.{ = 280 nm) recorded i15000 s when an apo-ovotransferrin soluti@n €

0.7 uM) is mixed with FeNAg (c. = 5.6 uM) at pH = 8.07+0.02.

Table 1. The ¢, - c.)/a(2¢c, + c), the corresponding .)~*/(2c, + ¢;) and the deducedk,,s values.Reported at 25 0.5°C, andu = 0.2 at three
fixed pH and [HCQ] values. The linear regressions af (— ¢,)/a(2c, + cs) against ¢,)"'/(2c, + cs;) gave; (A) intercept, (5.9€ 0.50)x10*M !
s'; slope, 520020 M~ ' s'; r =0.99975; (B) intercept, (6880.5)X10°M ' s'; slope, 5630 M~ ' s'; r =0.99932; (C) intercept,
(6.0 0.5)X10°M's'; slope, 63 15M ' s '; r = 0.9999 ; (D) intercept, (6.6-0.7)}X10°M ' s !; slope, 1535 M 's'; r = 0.9990; (E)
intercept, (6.5-0.5)x10°M~" s'; slope, 790-30 M ' s '; r = 0.99954.

(A) pH = 8.03
[HCO;] = 20 mM
¢, = 9.76x10°5 M

(B) pH= 8.17
[HCO;] = 20 mM
¢, = 8.71X10°° M

(C) pH= 8,30
[HCO;] = 20 mM
¢, = 1.16X10° M

(D) pH= 8,42
[HCO;] = 20 mM
¢, = 8.5810° M

(E) pH= 8,50
[HCO;] = 20 mM
¢, = 6.7310°5 M

(@' e-cle, (@' ce-cl2e (@) c-cl2e (@' c-c/2e (@) G-l
2c, 2c, 2c, 2c, 2c,

6147 0.52 8725 3.49 6465.5 0.79 126 3.497 728 0.98

6660 1.55 9070 5 6983 1.65 9522 3.998 8024 1.73

7787 3.6 9759 5.24 7845 2.94 9907 4.5 8470 2.47

8310 4.62 10103 5.98 8362 3.8 10198 5 9064 3.2

9580 718 10448 6.5 974 5.96 10606 5.49 10847 5.44
11022 7.48 10886 5.99 12035 6.93
11481 8.45 11305 6.493

Kobs = 518.996 Kobs = 563.882 Kops = 634.988 Kobs = 713.555 Kops = 789.714




Bou Abdallah and El Hage ChahinEyr. J. Biochem. 258 1027

8000 .
1.2x10"
2
@
C
°
€ 6000
[0 — 4 _|
e 3 1.0x10
8 &
[&]
$ 4000 [
S -
3 —
° £ 8.0x10°
>
£ 2000
©
v
oLt I ! 1 ! | 6.0x10°

300 320 340 360 380 400
Wavelength (nm)

. o : Kaps(C2C1) [ [o20,+C,)]
Fig. 7. Emission fluorescence spectra of apo- and iron loaded ovo-
transferrin species at 25:0.5°C, pH 8.07 andx = 0.2 forc, = 0.7uM.  Fig. 8. Plot of (z,)™¥/(2c, + ¢;) against #(c, — ¢,)/[a(2c, + c;)]. Reported
Measured for (A) apo-ovotransferrin, (B) 50 s after fast mixing, wittat 25+ 0.5°C, x = 0.2, 30uM < ¢, < 60uM, 50 uyM =< ¢, < 0.65 mM
C. = ¢, (C) 15000 s later, (D) 50 s after mixing, witty = 10c, and (E) and 7.40< pH < 8.90. Intercept, (6.80.1)X10*M"' s'; slope,
15000 s later. 650+25M ' s ! r = 0.9805.

The reciprocal relaxation time equation associated with rate- . I .
limiting Eqn (10) can be expressed as (Pakdaman and EI Hajjere (SA)OTH, Fe is the product of a rate-limiting modifica-

Chahine,1996): on in the conformation affecting both sites of (SA)@T,_Fe
(Eqn15) which is followed byq+ 1 proton-losses (Eqmh6).
(z)"'(2c, + c3) = k., + koG, — c)[a(2c, +c3)] (12) The reciprocal relaxation time equation associated with
. Eqgn (15) can be expressed as (Pakdaman and El Hage Chahine,
with 1996):
Kobs = k1ﬂ (13)

in which, & = (1 + KJ[HCO;]) and § = (1 + KaJ[H']). ()" = ke Kod (Ko + [HTD} + ke H 7K (17)

Eqgn (13) can also be written as Eqi¥):
Kobs = ki + KiKso/[H*]' (14)

whereKs, = [(SA)OTcH . Fe][HT/[(SA)OTcH..Fe]

Five series of experiments were performed at five fixed pMith K,, = [(SA)OTH,,_,Fe][H"]*'/[(SA)OTH,., Fe].
values. Five very good linear least-squares regressions of the Good linear least-squares regressions of the data against
data related to each fixed pH against Edmh)(were obtained Eqn (18) were obtained fogq + 1 = 2 or 3 and gaveg, =
(Table 1). These led to five differenK,, values and gave the 0.30=0.01 s' (Fig. 9). Therefore, as for serum transferrin and
samek , = (6.0+0.1)X10°M~" s7' (Table 1). The best linear lactoferrin, the modification in the protein conformation de-
least-squares regression of g, against1/[H+*]' was only ob- scribed by the second kinetic step (Fig. 6A) is accompanied by
tained for | =1 from the slope and the intercept, = the loss of two or three protons.
65025 M ' s' and K, = 3.50+0.35nM. This gaveK, =
k/k_, = [(SA)OTH, FellLV/[(SA)OTH,]J[FeL] = 0.11£0.01. ) o o
This first step in the uptake of iron was further checked by ar-he third and fourth kinetic processes. The third kinetic pro-
other series of experiments performed at different gHg, and  cess of Fig. 6B and C is also similar with that detected for serum
¢, values. A good linear least-squares regression of the datansferrin (Pakdaman and El Hage Chahih@96; Pakdaman

against Eqn12) was obtained and gave the sameandk_, etal.,1998). Itis, however, slower and occurs in the 500 s range.
values (Fig. 8). As for serum transferrin and lactoferrin, it can be ascribed to a

Therefore, the first step in iron-uptake by the C-site of ovomodification in the conformation of the iron loaded C-site of the
transferrin occurs by similar paths than those of serum transf@otein accompanied by an acid-base reaction, also affecting the

rin and lactoferrin, with however, lower rate constants and lowé¥-lobe and allowing it to capture Fe(lll) if available in the me-
affinities for Fe(lll). dium (Eqns19—21). There is, however, a major difference be-

tween the prototropic behaviour of serum transferrin or lactofer-

The second kinetic stepThe second kinetic step in iron uptakerin ar_1d_ Qvotransferrir_\ (Eqn 20). The Iat_ter loses two protons in
e vicinity of neutrality instead of the single proton lost by the

by ovotransferrin (Fig. 6B) is much slower than that reporte : .
for serum transferrin and lactoferrin. It occurs in the 50 s rangé other transferrins (Pakdaman and El Hage ChahiSe6;
@kdaman et al1998).

and, as for serum transferrin and lactoferrin, it was ascribed
a change of conformation of the protein followed typroton ks
losses (Eqnd5 and16; Pakdaman and El Hage Chahin@96). (SA)OTHFe<= (SA)OTHFe (rate-limiting) (9)

Eqgn (17) can also be written as Eqhg).
(72) MHTT = ke Ko (Koo + [HT) [HT]7} + ko/Kaa - (18)

ko .
(SA)OTCH,. Fes= (SA)OTH,,_Fe (rate-limiting) (5) (SA)OTH, ,Fe+ vH* = (SA)OTH,Fe (very fast) (20)

(SA)OTH,, Fe + (q + 1)H* = (SA)OTH,_Fe  (fast) (6) (SA)OTH, ,Fe+ FeL=(SA)OTH, ,Fe + L (fast) (21)
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3, intercept, (6=3)x10* M~®s™', slope, 0.3¢:0.01 s™', r = 0.99927.
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(6x8)x10*M ' s'; slope, (.50+0.05)x102s'; r = 0.99564; (B)
v = 2 with K}, = K, K,,; intercept, (3.26 1.40)x10°*M~2 s°!; slope,
(1.45+0.05)x107*s™ ', r = 0.99827.

where (SA)OTH,Fe an intermediate produced by rate-limiting
change of conformation allowing the monoferric ovotransferrin

to capture a second Fe(lll) if available, with= m—q and o,
the number of protons lost by the intermediate.

The reciprocal relaxation time equation associated Eqns (23)
and (24) is expressed as Egn (25) (Pakdaman and El Hage Cha-

The reciprocal relaxation time equation associated wifine 1996):

Eqgn (19) if rate-limiting can be expressed as Eqn (22) (Pakda-

man and El Hage Chahin¢996):
(ta) [HT]" = kKY([H]* + KJYIH]" + ko/K,  (22)
with K, = K,,K,, wheny = 2 andK} = K,, or K,,for v = 1.

(t) "=k + K+ Ko+ K. (25)

This equation clearly indicates that the experimentgl (
should be constant as observed. This probably implies another
modification in the conformation of the protein when its C-site
is charged with iron. Whether this modification is followed by

A linear least-squares regression of the experimental data is ophpton loss cannot be established at this stage. All that can be
obtained forK, = K,, wheno = 1 as it was also obtained for said is that (SA)OH, ,Fe or (SA)OTH, ,Fe. does not reach

v = 2. From the slope of the regression lines, the s&ne
(1.50+0.05)x1072s " is determined (Fig10).

the final state of equilibrium as an, only C-site iron loaded
transferrin, or as a holoprotein before the end of this slow pro-

As for serum transferrin and lactoferrin, the rate of the fourtbess, as shown by the fluorescence emission spectra (Fig. 7).
kinetic process is always constant and does not vary with the

concentration of any of the species present in the mediufole of the ionic strength.All the reported experimental results
Eqns (23) and (24), therefore, describe a true first-order kineticere obtained at a constant temperature-P%°C and a con-

processes (Eigen and DeMay#9,73; Bernasconi] 976).

Kq
(SA)OTH,_ Fe, == (SA)OT'H,_Fe, (23)

Ky
(SA)OTH, ,Fe= (SA)OT'H,_.Fe . (24)

stant ionic strengthy{ = 0.2). However, the interaction of
transferrin with iron seems to depend on the ionic strength and
on CI~ concentration (Williams et al1982). One series of ex-
periments was, therefore, performed wijtlvarying from 01 to

0.5 and KCI concentration varying from 50 to 450 mM (data not
shown). These results were identical with those reported in this
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article. Therefore, under our experimental conditigms=( 0.2,
20mM < [Hepes] = 100mM and 100mM < [KCI] =
180 mM), the kinetic runs are not affected by Gloncentration.

ovotran

ferrin
50 nM
4 nM

011
3.5 nM

DISCUSSION

As shown for serum transferrin and lactoferrin, at 18,
the presence of two nitrilitriacetatoFe(lll) species in the me-
dium [more than 70% FeNA@OH) and less than 30% of the
FeNAc;(OH),] does not affect our kinetic analysis (El Hage
Chahine and Fain,993; Pakdaman and El Hage Chahit@96;
Pakdaman et al.1998). Contrary to what was observed with
lactoferrin, and in agreement with what was observed for serum
transferrin, the interaction of apo-ovotransferrin with bicarbon-
ate is independent of the state of protonation of the protein and
does not involve any proton transfer (Bellounis et 8996 ; Pak-
daman and El Hage Chahin&97). The affinity of both sites
of ovotransferrin for bicarbonate are about threefold lower than
those of serum transferrin (Bellounis et al996). Our results
indicate that in natural physiological conditions (pH 7.4, HCO
concentratior=20 mM), only 10% of presumably the C-site of
apo-ovotransferrin interacts with bicarbonate, whereas 30% of
the same site of serum transferrin and about the same percentaget
for lactoferrin interact with the synergistic anion (Bellounis et
al.,, 1996; Pakdaman and El Hage Chahin@97). Since the
interaction with bicarbonate is a prerequisite for iron uptake
(Aisen, 1989; Pakdaman and El Hage Chahin@96; Pakdaman
et al.,1998), the affinity of the C-site of ovotransferrin for iron
may be lower than that of serum transferrin and lactoferrin. This
is actually confirmed by the fact that the affinity of ovotransfer-
rin for iron after the metal exchange between FeNAnd the
C-site (Fig.6A) is lower than those we reported for serum
transferrin and lactoferrin (Table 2).

Serum apotransferrin and apolactoferrin are both engaged in
one acid-base reaction independent of HC&ncentration. In
the presence of bicarbonate, another proton loss from the apolac-
toferrin interacting with the synergistic anion is detected (Bel-
lounis et al.,1996; Pakdaman and El Hage Chahih@97). With
ovotransferrin, we detect two bicarbonate-independent acid-base
reactions leading to the loss of two protons in mildly basic me-
dia (pH=8). Whether both these two proton losses occur from
one lobe of ovotransferrin or whether they concern both lobes
of the protein cannot be determined at this stage.

Ovotransferrin is believed to be an iron-scavenging and iron-
transport system in poultry (Kurokawa et al995; Mason et
al., 1996). Itis, therefore, assumed to play the role of both serum
transferrin and lactoferrin in mammals. From the mechanistic
standpoint, there are great similarities between ovotransferrin,
lactoferrin and serum transferrin in their kinetic behaviour
towards iron uptake. However, the rates of the reactions in-
volved in iron uptake by ovotransferrin are from 3 to 50 times
lower than for serum transferrin and from 2 t0 times lower
than for lactoferrin (Table 2). In the three proteins, the first step
in iron uptake from FeNAgis the exchange of iron between the
chelate and the C-site of the protein in interaction with bicarbon-
ate (Table 2). This process is followed by two other modifica-
tions in the protein conformation, accompanied by three to five
proton losses and allowing the N-site to capture another Fe(lll)
from FeNAg if it is available. Finally, a last step lasting about
four hours for ovotransferrin allows the monoferric species or
the diferric species to attain their final state of equilibrium.

The rates involved in iron uptake by ovotransferrin are closer
to those of lactoferrin than those of serum transferrin (Pakdaman
and El Hage Chahinel996; Pakdaman et al1,998), whereas
the affinities involved in this iron uptake are the lowest when

lactoferrin

Equilibrium constant
0.25
17 nM
7.94 nM

transferrin
16 nM
6.8 nM

ovotransferrin  serum
1

6.05x10°

age Chahine, 1996 ; Pakdaman et al., 1998) and hen ovotransferrin.
lactoferrin

1.80x10°

serum

E
Reverse rate constant
transferrin

M-ts!
7.50x10*

bovine lactoferrin (Pakdaman and

ovotransferrin

6.50x10*° M~' 57!
1.50x102s™!

03s!

lactoferrin
49x10° M1 s!
8.75x103s!

1.00 s

Direct rate constant
serum transferrin

8.0x10* M~ 5!
6.30x10° 25!

2.80 s!

THsFe
L + T'Hs .Fe,

TeHsFe + L

= THFe
T"Hs_Fe
T"H, ,Fe

H.Fe + H* = TtHFe

Hs + Fel
H,Ty-ToH,Fe

1
C
d

C

Table 2. The mechanism of iron exchange between FeNA&iuman serumtransferrin

T'Hs .Fe+ H* = T'H, .Fe

T'Hs_nFe

TH, . Fe+ H* = TH, Fe
TH,_.Fe

Reaction

T

T

mH* + THs_.Fe
THs_Fe= T'Hs_.Fe
T'Hs_.Fe + FeL
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compared to serum transferrin or lactoferrin. In this case, thH 4 (unpublished experiments and El Hage Chahine and Pak-
affinity of the protein for iron would not be the factor that deterdaman,1995). This alone cannot, however, explain the discrep-
mines the iron sequestration and or transport role of the proteamcies in the affinities of the transferrins for Fe(lll), because in
The capacity of the protein to keep its iron longer in neutrall these transferrins complex formation occurs with the same
media can partly control this metabolic function. Iron loss fronprotein ligands, the same synergistic anion, with the same over-
transferrins in favour of a competing ligand will be controlled byll geometry and in quite similar environments.
the slowest step of the mechanism of Table 2. This step occurs in We recently attributed iron release in serum transferrin to the
about 5000 s for serum transferrit) 000 s for lactoferrin and proton-assisted loss of the synergistic anion, which is followed
more than15000 s for ovotransferrin. Therefore, in neutral meby the sequential protonations of the side-chains of the amino-
dia serum transferrin would lose its iron more rapidly to acid ligands of the metal (El Hage Chahine and F&8984; El
siderophore, for example, than lactoferrin or ovotransferrin. IHage Chahine and Pakdama®995). When one of the ligands
this case its efficiency as an iron-scavenging agent will be lowprotonates, it loses its affinity for iron, permitting a possible
than that of the other two transferrins. In contrast, in acidic meartial opening of the binding cleft. We reported for serum
dia, serum holotransferrin and holo-ovotransferrin easily logensferrin a final slow proton transfer, controlling iron release
their iron load (El Hage Chahine and Pakdam&®95 and un- from the C-site and occurring withp~=4. We ascribed this K,
published data), whereas lactoferrin is known to keep its irdo the aspartate ligand acid-base equilibrium and we assumed
load even at pH=2 (Montreuil et al.,1960). Therefore, the be- that the observed slow proton transfer controls the access of
haviour of ovotransferrin towards iron release in acidic media igater to the ligand in acidic media and, therefore, the transition
comparable to that of the iron-deliverer serum transferrin araf the C-site binding cleft from the final closed iron-containing
not to that of the iron-scavenger lactoferrin. structure to the opened apo-form (El Hage Chahine and Fain,
The structures of transferrins are different depending o994 ; El Hage Chahine and Pakdamd®95). In contrast, in
whether the proteins are in the apo- or holo-form (Baker aratder to form the metal coordination sphere, the two domains of
Lindley, 1992; Mecklenburg et al.]1997). In the apo-form of each lobe of the proteins should adopt a position approaching
transferrins, the two lobes are mostly in an open conformatidhe ligands from the metal and thereby help the two domains
(Baker and Lindley,1992). In the holo-form, the lobes are in aof the binding cleft to envelop iron, as also observed for some
closed conformation in which the two domains of each site astderophores (Caudle et a1995). The bonds involved in Fe(lll)
as pairs of jaws enveloping one Fe(lll) and one bicarbonate complex formation with phenolate are much stronger than any
carbonate (Anderson et all989; Zuccola,1992; Kurokawa et H-bond (Hancock and Martell,989). They would, therefore, be
al., 1995). In most soluble transferrins, such as bovine and hrtesponsible for the closure of the binding cleft upon complex
man lactoferrins, rabbit and human serum transferrins and himmation and this even if the interdomain H-bonds play a con-
and duck ovotransferrins, the metal environment and the bindifrmation stabilising role. We thus assume that, in the presence
ligands are identical (Bailey et all988; Anderson et al1989; of bicarbonate, which neutralises the positive charges in the
Zuccola, 1992; Kurokawa et al.,1995; Rawas et al.1996; neighbourhood of the co-ordination sphere (Baker and Lindley,
Moore et al.,1997). In the open apo-form, the lobes of transfert992), complex formation lowers theKp of one of the phenols
rins are accessible to the outside agueous medium (Baker afidhe two tyrosine ligands (El Hage Chahine and F4®03).
Lindley, 1992). This suggests that th&pvalues of the lateral This can initiate the closure of the binding cleft to surround iron,
chains of the aminoacid residues in each binding site of the a@od can account for the first proton loss detected in the fast step
protein open conformation should be close to those in watéfig. 6A). The beginning of the cleft closure and the chelating
(Russel et al.1987). Therefore, in the apo-form, the side-chainsffect can trigger the other tyrosine side chain deprotonation by
of aspartate and glutamate are probably deprotonated becadoseering the other phenolliy (Wilkins, 1976; Caudle et al.,
their proton dissociationkp, values in water are close to 4. As1995, El Hage Chahine and Faifh993). This would increase
for the lysines, they would be protonated and thereby positivellge affinity of the ligand for iron, thereby enhancing complex
charged because their proton dissociatith, palues are close formation which cannot occur unless the conformation of the
to 10. In the C-site of ovotransferrin, there are six interdomaihinding cleft changes from open to closed conformation. This
H-bonds (two Asp-Thr, GIn-Lys, Asn-Asn, Asp-Ser and Glucan also trigger complex formation in the other lobe of the pro-
Ser), whereas four are found for the C-site of bovine lactoferriein as shown by rate-limiting step 2 (Fig. 6 B). This step is fol-
(Ser-Asn, two Asp-Thr and Thr-Thr) and an Asp-Arg-Lys tripletowed by other conformational changes involving interdomain
in that of serum transferrin (Zuccol&992; Dewan et al.]993; interactions which increase the affinity of the protein for the
Kurokawa et al.,1995; Moore et al.,1997). If we assume that metal (Fig. 6C and D). This can also account for the discrepan-
protonations of the side-chains involved in these interdomagies in proton losses which occur during the uptake of iron by
interactions weaken these H-bonds (Zund8l76), the stability the different transferrins (Pakdaman and EI Hage Chahine,
of the closed conformation of the C-lobe of hololactoferrin996; Pakdaman et al998).
would be less sensitive to pH than that of ovotransferrin or se-
rum transferrin. Indeed, in the open form of lactoferrin, wher€onclusion. Iron uptake by the C-site of soluble transferrins
water is accessible, the protonation of Thr, Ser and Asn of tlggers a series of changes in the conformation which allow the
Ser-Asn and Thr-Thr H-bonds should occur in very acidic medjarotein to achieve two interdependent goals. In the first, the N-
and in the vicinity of pH 4 for the Asp engaged in the Asp-Thsite captures a second iron, if available in the medium, and then
couple. In contrast, in ovotransferrin, the protonation of the Asgery slowly attains its final state of equilibrium. Otherwise, in
and Glu engaged in the two Asp-Thr, the Asp-Ser and the Glthe absence of any available iron, the monoferric protein also
Ser H-bonds would occur in the pH 4 range and in seruattains its thermodynamic equilibrated state by a pathway similar
transferrin the protonation of the Asp of the Asp-Arg-Lys tripleto that of the diferric species.
will also occur, as proposed by Dewan et al.1B93, at rather Although the overall mechanisms of iron uptake by soluble
high pH values. This is supported by the fact that lactoferrirtsansferrins are very similar, the dynamic and thermodynamic
are known to hold their charge of iron at very low pH valuesehaviour of these proteins seem to be related to their metabolic
(Montreuil et al.,1960), whereas holo-ovotransferrin and serurfunction. In the iron-scavengers lactoferrin and ovotransferrin,
holotransferrin completely lose their iron charge in seconds tite uptake of Fe(lll) is two to three times slower than that in



Bou Abdallah and El Hage ChahinEyr. J. Biochem. 258 1031

the iron-deliverer, serum transferrin. In contrast, the affinity fol Hage Chahine, J. M.1990) Kinetics and thermodynamics of the
Fe(lll) of the iron-deliverer, serum transferrin, is higher than that Structural transformations of thiamine in aqueous media. Paft 5
of the iron-scavenger and deliverer, ovotransferrin. Does this im- 'nteraction of thiamine with SDS micelles, Chem. Soc. Perkin

- . - Trans. 2 1045-1050.
ply that iron-transport or sequestration are more related to km?{éncock, ZR. D. & Martell, A. E. {989) Ligand design for selective

ics than thermodynamics? complexation of metal ions in aqueous solutio@)em. Rev. 89
1875-1914.
Hirose, J., Fujiwara, H., Magarifuchi, T., Iguti, Y., Ivamoto, H., Komi-
nami, S. & Hiromi, K. (1996) Copper binding selectivity of N- and
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