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ABSTRACT. A defining feature of all transferrins is the absolute dependence of iron binding on the
concomitant binding of a synergistic anion, normally but not necessarily carbonate. Acting as a bridging
ligand between iron and protein, it completes the coordination requirements of iron to lock the essential
metal in its binding site. To investigate the role of the synergistic anion in the iron-binding and iron-

donating properties of human transferrin, a bilobal

protein with an iron binding site in each lobe, we have

selectively mutated the anion-binding threonine and arginine ligands that form an essential part of the
electrostatic and hydrogen-bonding network holding the synergistic anion to the protein. Preservation of
either ligand is sufficient to maintain anion binding, and therefore iron binding, in the mutated lobe.

Arginine is a stronger ligand than threonine, and its loss weakens carbonate and therefore iron binding,

but maintains the ability of nitrilotriacetate to serve

as a carbonate surrogate. Replacement of both ligands

abolishes anion binding and consequently iron binding in the affected lobe. Loss of anion binding in
either lobe results in a monoferric protein binding iron in normal fashion only in the opposite lobe. Both
monoferric proteins are capable of transferrin receptor-dependent binding and iron donation to K562 cells,
but with diminished receptor occupancy by the protein bearing iron only in the N-lobe.

Transferrins comprise a class of iron-binding molecules replacement for carbonate. In vertebrate transferrins, carbon-
functioning in the transport of iron in the circulation and ate acts as a bidentate ligand for iron and is anchored to the
delivery of iron for cellular needs. Vertebrate transferrins protein by a network of hydrogen bonds, most importantly
are bilobal molecules, products of a gene duplication and with the terminal NH groups of an arginine residue, the OH
fusion events) that likely occurred more than 500 million  group of a threonine, and the peptide nitrogen of a helix
years ago, with about 45% sequence identity in the two lobesprotruding into the binding cleft of each lob8)( Binding
and virtually identical iron-binding sites, one in each lobe. of NTA does not involve the arginine, but the structure of
A traditional classification of vertebrate transferrins distin- NTA permits stabilizing interactions with peptide nitrogens
guishes three types: serum transferrin, or serotransferrin;of a serine-alanine-glycine sequence in the N-lobe of hen

ovotransferrin or egg white transferrin (formerly known as
conalbumin); and lactoferrin, originally isolated from milk
but also found in a wide variety of extracellular fluids and
secretions. All of these bear nearly identical iron-binding sites

than 100 cycles of iron binding and release during its 10-
day lifetime in the circulatiorf), so that understanding the
mechanisms of iron binding and release is crucial to
understanding the biological activities of transferrin.

A defining feature of all transferrins is the absolute
dependence of iron binding on concomitant binding of a
synergistic anion, normally but not necessarily carbonate.
Other anions may fulfill the anion requirement when (bi)-
carbonate is absent in solution; NT/A one example of a
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ovotransferrin4), corresponding to residues 12527 of the
human N-lobe and residues 45459 of the human C-lobe
where threonine replaces serine.

The initial step in the interaction of iron-bearing transferrin
with most iron-requiring cells is the binding of the protein

o specific transferrin receptors. The complex of transferrin

and receptor is then internalized to an endosome in which
lowering of pH, among other still poorly understood factors,
induces release of iron for export to the cytoplasm via the
iron-transporter DMT1X). A critical step during the iron-
donating interaction of transferrin with cells appears to be
protonation and freeing of the synergistic anion, thereby
disrupting the iror-protein complex®). In an in vitro model

of iron release to cells, lowering of pH in the presence of

1 Abbreviations: NTA, nitrilotriacetate; SDSPAGE, sodium do-
decylsulfate polyacrylamide gel electrophoresis; EPR, electron para-
magnetic resonance; cpm, counts per minute; Con A, concanavalin A,;
BHK, baby hamster kidney; Tf, full-length human transferrin; FBS,
fetal bovine serum; mT, milliTesla; rTf, recombinant full-length
transferrin; TfR, transferrin receptor; PPi, pyrophosphate; H-Fe
monoferric native transferrin loaded in the C-lobe; rNlobe, recombinant
N-lobe (residues +337) of transferrin.
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iron chelators leads to discharge of iron from the protein glycosylated full-length or N-lobe transferrin coding se-

because of freeing of the synergistic carbonae ( guences, gifts from Drs. Anne Mason and Ross MacGillivray,
Understanding the binding of the synergistic anion is was carried out using the Stratagene QuikChange Kkit.

therefore central to understanding iron release from trans-Mutagenic primers were as follows:

ferrin in cells and in vitroTo investigate further the relative

contributions of the anion-binding ligands to the strength of T120A GTCCTGCCACGCGGGTCTAG

iron-binding and to the specificity of the ligands for the R124S GGTCTAGGCAGTTCCGCTGGGTGG

physiological carbonate anion and its NTA surrogate, we T452A GTCCTGCCATGCTGCAGTTGG
R456S GCAGTTGGCAGTACCGCTGG

have made a series of mutations in the carbonate-binding
threonine and arginine residues of the N-terminal and ] )
C-terminal lobes of full-length transferrin and in the N-lobe @nd their complements. Double mutations were produced
by itself (residues 4337). Spectroscopic, kinetic, anion- Séquentially using appropriate pairs of the above primers.
binding, and physiological properties of the mutants were Changed bases are underlined; mutations were verified by
substantially altered, providing further insights into the Seéguencing of the entire coding sequence for the isolated

synergistic anion-binding functions of transferrins.

MATERIALS AND METHODS

Reagents and Protein§tandard laboratory reagents, of
the highest quality available, were obtained from Sigma-
Aldrich and Fisher Scientific. Millipore-Q water was used
for all experiments and preparations. Lyophilized iron-
saturated human transferrin was purchased from Boehringer
Mannheim and stored at20 °C. The protein gave a single
band on SDSPAGE electrophoresis under reducing condi-

N-lobe or the full-length protein.

Expression of recombinant transferrins was accomplished
with BHK 21 cells in DMEM-F12 medium containing 0-5
1% Ultoser G 11, 12). All media were enriched with 10
uM Fe(NTA), before isolation and purification of recombi-
nant proteins. Isolation of the secreted recombinant proteins
was carried out by anion exchange chromatography using
_an Amersham-Pharmacis#a Explorer 10 system and Poros
50HQ media (PerSeptive Biosystems) with elution by a
gradient of 6-200 mM NaCl in 20 mM Tris, pH 7.0. Final

tions and exhibited the expected absorbances at 280 and 4e8urification was achieved with ConA chromatography to

nm. Native and recombinant transferrins were freed of iron
and reloaded by established metho®. (A polyclonal
antibody to bovine transferrin (Calbiochem) was raised in
hens and used for western blotting as purified IgY (Wash-
ington Biotechnology).

Spectroscopic StudieQptical spectra were recorded on
an Aviv-Cary Model 14-DS spectrophotometer. A Bruker

separate residual glycosylated bovine transferrin from re-
combinant nonglycosylated full-length transferrin. Size-
exclusion chromatography on a Pharmacia Hi-Load 16/60
Superdex 75 column separated recombinant N-lobes from
other proteins in the culture media. Final proteins exhibited
expected mobilities and were homogeneous by SBAGE
electrophoresis and free of bovine transferrin by western

200D X-band EPR spectrometer with ESP 300 upgrade andblotting with a polyclonal anti-bovine transferrin chicken
Gunn diode microwave source was used for obtaining EPR antibody.

spectra. Standard conditions were as follows: microwave
power, 10 mW; microwave frequency, 9.514 GHz; modula-

tion amplitude, 1 mT. Sample temperatures were set at 100
K using a Bruker ER 4111 variable temperature apparatus.
Receiver gains varied with sample concentrations but were

generally near 2.5« 1(P. Except as noted, spectra were
recorded with samples in 0.05 M HEPES, 100 mM NacCl,
and pH 7.4.

Iron Release KineticsRates of iron release from trans-
ferrins were measured at 2% by a spectrofluorometric
method Q) using a Photon Technology International Model
QM-200-4SE instrument. Entrance slits were set to 2 nm
and exit slits to 4 nm.

Electrophoresis StudieSDS-PAGE studies for estab-
lishing the purity of recombinants were performed under

Cell Studies K562 cells were grown in RPMI 1640
medium containing 10% FBS and harvested when cell
densities were near 1@nl. To free them of adventitious
transferrin, we incubated cells twice for 15 m at 37 in
RPMI 1640 without serum and washed them each time.
Transferrin binding and iron uptake studies followed methods
previously describedl@). In each experiment, comparative
studies of each mutant protein and native transferrin as
control were carried out with the same harvesting of cells,
but different harvestings were used for different experiments.
Receptor occupancies and receptor-protein binding energies
were calculated from the expressions

reducing conditions with a Pharmacia PhastSystem using

12.5% homogeneous polyacrylamide gels.

Radiolabeling Proteins were labeled with?3 by the
BioRad Enzymobead method or by the iodine monochloride
procedure 10). After chromatography on BioRad PD10
columns, more than 95% of the radioactivity in labeled
proteins was precipitable in 20% trichloracetic acid/4%
phosphotungstic acid. Labeling witfiFe used®®Fe—NTA
in 1:2 proportion. Gamma counting was carried outina TM
Analytic GammaTrac 1193 counter to a statistical accuracy
better thant-3.2% (1000 cpm above background).

Mutagenesis, Expression, and Purification of Recombinant
Transferrins Mutagenesis in the pNUT vector bearing non-

K [protein]
receptor occupancy Wprotein] Q)
al
and
binding energy= —RTIn K, (2)

whereK, is the association constant for binding of transferrin
to receptor,R is the gas constant, anfl is the absolute
temperature.

RESULTS

Visible Spectroscopyll of the anion-binding site mutants
showed the salmon-pink color of native transferrin, with
absorption peaks in the range 465672 nm (Table 1). Its
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Table 1: Visible Absorbance Maxima of Transferrin Mutants

absorbance

mutant maximum (nm) Aes/Azso
rNlobe(T120A) 465 0.043
rNlobe(R124S)NTA?2 467
ITf(R456S)-CO 465 0.041
rTf(R456S)-NTA? 472
ITf(T120A—R124S) 465 0.027
rTf(T452A—R456S) 465 0.024

a Synergistic anion.

ratio of absorbances at 465 to 280 nm provides a good
indication of the iron occupancy of a transferrin. The ratio
expected of diferric transferrin is near 0.042, that of
apotransferrin near zero, and that of monoferric transferrin
intermediate between the twb4). Ass5A 250 ratios of 0.041
and 0.043 were found in rTf(R456S) and rNIobe(T120A),
respectively, both comparable to that given by native diferric
transferrin and therefore indicating that little disruption of
protein tyrosinate ligands to iron had occurred as a result of
the mutations. Mutations of threonine and arginine ligands
in a lobe result in monoferric proteins incapable of binding

iron in the mutated lobe, as indicated by their absorbance 3°

ratios. The double mutants, then, can provide tools for
studying the chemical and physiological properties of a lobe
in full-length transferrin without complexities introduced by
scrambling of iron between lobes.

EPR Spectroscopy of N-Lobe MutarRsesentation of one
Fe**(NTA), per molecule of rNlobe(R124S) yields a prepa-
ration with an EPR spectrum showing only the features
expected when NTA occupies the synergistic anion site
(Figure 1A). The NTA-type spectrum persists unchanged
despite incubation in 10 mM bicarbonate for 96 h. When
loaded with iron as P& and allowed to autoxidize in the

Zak et al.
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Ficure 1: EPR spectra of N-lobe mutants. A, rNlobe(R124S)
loaded with F&(NTA),. The spectrum is not changed by the
addition of 0.1 mM bicarbonate; B, rNlobe(R124S) loaded with
Fet in the presence of 0.1 M bicarbonate and allowed to stand 96
h in air; C, rNlobe(T120A) loaded with E&NTA), in 20 mM
Tris, pH 8.0, with ambient bicarbonate.

NTA serves as the synergistic anion (Figure 2A%B)(
Addition of 10 mM bicarbonate to the sample results after 3
hin a spectrum that is a composite of the NTA and carbonate
spectra (Figure 2B); the relative intensity of the carbonate

presence of 10 mM bicarbonate, the resulting spectrum showscomponent increases over the next 2 days (Figure 2C),

theg'= 4.3 splitting characteristic of the carbonate complex
(Figure 1B), although the spectrum is not quite identical to
that of wild-type N-lobe with carbonate as synergistic anion.
Mutation of the threonine anion-binding ligand, T120A,

while preserving the arginine ligand and loading with Fe-

remaining constant thereafter while the NTA component
persists. The indication, then, is that carbonate, which easily
and quickly displaces NTA from both specific sites of native
transferrin (5), is unable to compete with NTA for the
synergistic binding site of the mutated C-lobe in rTf(R456S).

(NTA), in the presence of ambient bicarbonate, leads to a When iron is added to the mutant protein ag"fand allowed

complex with a splitting in its F& EPR spectrum that

to autoxidize, the resulting spectrum (Figure 2D) ap-

suggests occupancy of the anion-binding site by carbonateproximates that of monoferric native transferrin loaded in
(Figure 1C). EPR spectroscopy therefore indicates that eitherthe C-lobe (Figure 2E) with a characteristic splitting of the

the arginine or threonine ligand is sufficient for carbonate
to serve as the synergistic anion. Since loss of arginine

g = 4.3 line, suggesting the presence of carbonate as the
synergistic anion in both sites of the mutant protein in the

disables replacement of NTA by carbonate, arginine appearsabsence of competing NTA. EPR spectra of Figure 2E and

as the stronger ligand for the physiological anion.

The EPR spectrum of the T126AR124S mutant (not
shown), which carries iron only in the C-lobe, is nearly
identical to that of the proteolytically derived C-lob&3},
exhibiting a splitting of 3.7 mT in they = 4.3 signal
compared to the splitting of 3.9 mT in the isolated C-lobe
and 2.7 mT in the recombinant N-lobe. EPR spectroscopy
verifies that the double mutation destroys synergistic anion
binding and therefore iron binding but leaves iron binding
intact in the unaltered lobe.

EPR Spectroscopy of C-Lobe MutarE®R spectra of the
arginine mutant in full-length transferrin, rTf-R456S, are
shown in Figure 2. When the apoprotein is loaded with Fe
(NTA)2 under nitrogen (to exclude G@nd hence bicarbon-

diferric native transferrin are virtually identical except for
the difference in splitting of thg' = 4.3 signal, too small
to be apparent in the Figure. TheR S mutation therefore
exerts comparable effects in both lobes.

A splitting of 2.8 mT is present in thg = 4.3 EPR line
of the rTf(T452A-R456S) C-lobe mutant of full-length
transferrin (not shown), as expected of iron occupancy in
the N-lobe alone. In the C-lobe as well as the N-lobe, the
double mutation abolishes iron binding without disturbing
iron binding in the unchanged lobe.

Kinetics of Iron Release from N-Lobe MutanRates of
iron release to pyrophosphate from wild-type and mutant
N-lobes mutants were measured at pH 7.4 (Table 2);
pyrophosphate (or another iron acceptor) is required for

ate), the EPR spectrum is characteristic of that obtained whernrelease to occur. In all cases release is measurably slower in
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Bound Protein (molecules/cell)
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i
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[Free Protein] (nM)
120 140 160 180 200 FiGURE 3: Binding of native diferric Tf and diferric rTf(R456S) to
Magnetic Field (mT) K562 cells at 4°C. @, native diferric Tf; M, diferric rTf(R456S);

. ) . A, diferric rTf(R456S) in the presence of 100-fold molar excess of
Ficure 2: EPR spectra of ITf(R456S). A, immediately after the njapeled diferric Tf:++++, fitted binding isotherms after correction
addition of 2 F&"/Tf under nitrogen; B3 h after the addition of for nonspecific binding:—, regression line.
0.1 mM bicarbonate to sample A; C, 70 h after the addition of 0.1 v

mM bicarbonate to sample A; D, rTf(R456S) loaded with Z'Fe . . .
in the presence of 0.1 mM bicarbonate and allowed to stand 19 hthose obtained with wild-type N-lobes, the pyrophosphate

in air; E, native monoferric Tf loaded in the C-lobe (for compari- concentration must be reduced from 100 to 20 mM for
son). Protein concentrations varied from sample to sample, so allrNlobe (T120A), but release is three times faster from
spectra normalized to provide similar peak-to-peak amplitudes. A rNjobe(R124S) to 1 mM pyrophosphate than from the wild-
Ié)w-fleld step-function artifact has been excluded from spectrum type lobe N-lobe to 100 mM pyrophosphate. Since iron
' release and anion lability are linked, the arginine ligand again
appears as the principal anchor for the synergistic anion.
Binding of C-Lobe Mutants and Uptake of Their Iron by

Table 2: Kinetics of Iron Release from Recombinant N-Lébes

protein [PP](MM) [CIT(MM) kons(s™ x 107" K562 Cells.A comparison of the binding of diferric Tf and
ITf(T452A—R456S) 100 100 9.1 diferric Tf(R456S) by K562 cells at 4C is shown in Figure
rNlobe, wild type 110(?0 61080 87'_74 3. The curve-fitted binding constant for the mutant, &.0
’ 100 600 70 10" M1, is about 60% of that found for the native protein,
rNlobe(T120A) 20 100 7.5 1.0 x 1 M4, so that the binding energy for the mutant is
20 600 3.0 >95% of the binding energy for the native protein. Each
rNIobe(R124S) l1 6%80 2? protein is recognized by the same number of binding sites,

_ _ — 350 000, verifying that receptor interactions of the two
_“All proteins with carbonate as the synergistic anibMeasured 1, 5tains are similar. Rates of iron uptake at°&7from the
in duplicate, with variations< 5% of mean ¢ Full-length monoferric . . . . N
transferrin loaded in the N-lobe. proteins under |dent|c§1I conditions are similar: 230 000
atoms/cell/m for diferric Tf and 210 000 atoms/cell/m,
) i ) ) measured at 90 m (Figure 4). At the concentration of proteins
600 mM NaCl than in 200 mM NacCl, in accord with previous used, 2.7x 1077 M, receptors would be at least 94%
studies showing a retarding effect of ionic strength on release44,rated by either protein so that the rates of iron uptake
kinetics in the N-lobe16, 17), in contrast to the accelerating  \ormalized to receptor occupancy are also similar for the
effect observed in the C-lob®,(18). The negative effectis proteins.
consistent with competition between chloride and pyrophos-  \jutation of both anion-binding ligands of the C-lobe
phate for a binding site in the N-lobe sufficiently close to yields a protein, rTf(T452AR456S), incapable of holding
the metal-binding site for ligand exchange from protein 0 4 i that lobe but able to accept iron in the unchanged
iron acceptor to occur. Since the effect is preserved in the \_gpe. Binding of the resulting monoferric protein loaded
synergistic anion ligand mutations, this putative binding site , the N-lobe to K562 cells at 4C is shown in Figure 5.
must be distinct from the synergistic anion site. The binding isotherm indicates saturable binding inhibitable
Release is slightly faster from the N-lobe of full-length by native diferric Tf and is therefore presumed to be specific
transferrin than from the isolated N-lobe, again showing for transferrin receptors. We have found that the isolated
interlobe interactions1@, 20) even if the C-lobe is unable  C-lobe, free of N-lobe sequences, is capable of specifically
to accept iron. binding to transferrin receptor2, 22), and there is general
A striking difference is present in release rates from the agreement that the isolated N-lobe cannot complex with the
threonine and arginine mutants, with the latter much more receptor. It appears likely, therefore, that the mutated iron-
facile in giving up its iron. To achieve rates comparable to free C-lobe of full-length transferrin with the iron-occupied
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Ficure 4: Iron uptake by K562 cells from native diferricTf and
diferric rTf(R456S) at 37C and identical concentrations of proteins
(2.5 x 107 M). Rates of uptake are within 10% of each other
throughout the course of the experime®@t.native diferric Tf;H,
diferric rTf(R456S).
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Ficure 5: Binding by K562 cells at 4C of native diferric Tf and
full-length monoferric rTf(T452A-R456S) bearing iron in the
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FIGURE 6: Iron uptake by K562 cells at 3T from native diferric

Tf and full-length monoferric rTf(T452AR456S), bearing iron
only in the N-lobe, at identical concentrations of proteins (2.5
1077 M). @, native diferric Tf;m, rTf(T452A—R456S). The rate
of uptake from the double mutant is about 40% of that from the
native protein throughout the course of the experiment.

incubation), is about 40% of that from diferric transferrin,
230 000 atoms/cell/m (Figure 6), consistent with the mutant’s
reduced binding to cells and its inability to accept iron in
the C-lobe. In these experiments, receptor saturation is
calculated as 87% for the mutant and 91% for the native
protein so that a difference in receptor occupancy does not
account for the difference in iron uptake.

Binding of Mutant rTf(TL120AR124S) and Uptake of Its
Iron by K562 CellsIn contrast, the N-lobe mutant of full-
length transferrin, rTf(T120AR124S), bears iron only in
its C-lobe, displaying an EPR spectrum (not shown) with a
3.7 mT splitting of theg' = 4.3 signal characteristic of the
C-lobe (L4). The mutant is recognized by nearly the same
number of sites as native diferric transferrin, 288 000 for
the former and 29000 for the latter (Figure 7), in keeping
with a primary receptor-recognition function of the iron-
occupied C-lobeq1). The apparent binding constant for the
mutant, 2.1x 10 M1, however, is only about 30% of that
of the native protein, 7.x 10" M~%, consistent with the

N-lobe. The double mutation abolishes anion binding, and therefore contribution of the iron-loaded N-lobe to the strength of

iron binding, in the C-lobe of transferrin. Nevertheless, the mutant
loaded in the unchanged N-lobe binds to K562 cells in saturable
manner inhibitable by 100-fold molar excess of unlabeled diferric
Tf, consistent with retention of receptor-binding conformation in
the altered C-lobe®, native diferric Tf;l, rTf(TA52A—R456S);

A, ITf(T452A—R456S) in the presence of 100-fold molar excess
of unlabeled diferric Tf; <.+ , fitted binding isotherms after
correction for nonspecific binding:-, regression line.

wild-type N-lobe retains the receptor-recognition conforma-
tion. The binding constant for the monoferric mutant, 2.8
10’ M1, is about 60% of that of the native diferric protein,
49 x 10" M™%, so that the binding energies are also
comparable{40 and—41 kJ, respectively), but only about

receptor binding Z1, 22). The rate of iron uptake from
transferrin with the doubly mutated N-lobe is about 55% of
the rate from native transferrin, as expected from a mono-
ferric compared to a diferric protein (Figure 8). The
concentration of proteins, 380 nM, is sufficient for 90%
saturation of receptors by the mutant, an@5% saturation

by the native protein, so that a difference in receptor
occupancy is not likely to be a significant factor in the
difference in rates of iron uptake.

DISCUSSION

A feature of all vertebrate transferrins, and the bacterial

half as many sites are occupied by the mutant, 390 000, astransferrins of Neisseria and Hemophilus (23), is the

by the native protein, 760 000. The rate of iron uptake from
the mutant, 93 000 atoms/cell/m (calculated after 150 m of

interdependence of iron binding and anion binding: neither
metal nor anion is tightly bound at either specific site of the
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3.5e+5 The crystal structure of human lactoferrgy first revealed
the ligands of iron and its synergistic carbonate anion, and
3.0045 -] subsequent studies verified similarities with ovotransferrin

(26) and human transferrin2{). The carbonate binds in

— ™ bidentate fashion to the iron and is anchored to the protein

25645 e - by hydrogen bonding and electrostatic interactions predomi-
e P nantly involving Arg 124 in the N-lobe (456 in the C-lobe),

20e+5 4 o Thr 120 (452) and the positively charged N-terminus of a

. helix (designated helix 5) protruding into the binding cletft,
¢ - residues 124137 (456-470). Because of its dual role in
hydrogen and electrostatic bonding and its strong positive

charge, the Arg ligand has been thought to provide the
P strongest link from anion to protein. In exploring the role of
im the anion-binding site in the iron-binding and iron-donating
~ functions of transferrin, we have selectively mutagenized the
Arg and Thr ligands of the N- and C-lobes of human
transferrin, examining the effects of the mutations on the
spectroscopic, kinetic, and iron-donating properties of the
proteins.

Optical Absorbance Studieg/hen devoid of iron, trans-

1.5e+5

Bound Protein (molecules/cell)

1.0e+5 - |

0.0 T T T T T T
0 50 100 150 200 250 300
[Free Protein] (nM)

Ficure 7: Binding by K562 cells at 4C of native diferric Tf and ; Qi ;
full-length monoferric rTf(T120A-R124S), bearing iron only in ferrins are colorless, but when bearing iron, they display a

the C-lobe. The double mutation abolishes anion binding, and characteristic salmon-pink color that has bee_n ascribed to a
therefore iron binding, in the N-lobe of transferrin. The mutant tyrosine phenolate-to-Fecharge-transfer transition near 465
loaded in the unaltered C-lobe binds to K562 cells in saturable nm (28). Loss of the Tyr95 ligand is accompanied by loss
manner inhibitable by 100-fold molar excess of unlabeled diferric of about half the intensity of the 465 nm peaR9),
o e e I suggestingthat both tyrosin ligands partcipate i he charge
with retention of receptor-binding conformation, although the Lransfer transition. The synergistic anion has no direct role
apparent binding affinity is only about 30% of that found in the in the visible absorbance, as changes in the anion produce
native protein (2.1x 10’ M~! compared to 7.1x 10" M~1). @, relatively little effects on the absorption band5( 24).
native diferric Tf;l, rTf(T120A—R124S);a, rTf(T120A—R1245) Mutations of a single anion-binding residue, either arginine
in thefpresen_ce of 100-fold molar excess of unlabeled diferric Tf, e onine, and whether in N- or C-lobes, preserve the iron-
----- , fitted binding isotherms after correction for nonspecific . . . . : . .
binding; —, regression line. binding function of transferrin and its associated absorption
peak in the range 464472 nm (Table 1). The single
mutations therefore do not perturb the tyrsosinate coordina-
tion to Fe™.
EPR Spectroscopy of N-Lobe Mutaniée effects of the
R — S mutation on the EPR spectrum are best seen in the
recombinant N-lobe where they are not merged with the
unperturbed features of the C-lobe spectrum (Figure 1).

3.0e+7

2.5e+7 H

o 2.0e+7 -

é z0ert Although the general features of the wild-type spectrum are
g present (similar to Figure 2E), the splitting of the= 4.3

o 1.5e+7 signal is increased from 2.8 to 3.4 mT, indicating some
fg distortion of the ligand geometry at the iron-binding site.

2 Mutating the hydrogen-bonding N-lobe threonine to an
8 10e+7 7 alanine, rNlobe(T120A), maintains carbonate binding (Figure

1C), and therefore iron binding, but with some minor changes
in the EPR spectrum. Splitting of thg = 4.3 signal is
decreased from 2.8 to 2.0 mT, and the lines are distinctly
narrowed. Nevertheless, the general features suggest that the
ligand structure about the iron is little changed.

In contrast, mutation of the arginine and threonine anion
ligands in the N-lobe destroys its anion-binding function,
and therefore its iron-binding activity, again verifying the
and full-length monoferric rTf(T120AR124S) at identical con-  interdependence of anion- and iron-binding. Iron-binding in
centrations of proteins (2.5¢ 1077 M). @, diferric Tf; W, the C-lobe, as evidenced by a wild-type EPR spectrum, is
ITf(T120A—R124S). The rate of uptake from the double mutantis unaffected by the double mutation in the N-lobe (not shown).
about 55-60% of that from the native protein throughout the course  The general conclusion is that either the arginine or threonine
of the experiment. ligands is sufficient to maintain carbonate binding, but loss
protein unless both are present. This dependence of metabf both entails loss of anion binding and therefore of metal
binding on concomitant binding of a suitable anion has led binding.
to the designation of the anion as “synergisti24), a usage EPR Spectroscopy of C-Lobe Mutantdutation of Arg
which has gained currency for the incisive insight it provides. 456 to Ser does not affect the ability of the protein to accept

5.0e+6 -

0.0 i T T T T T T T
0 20 40 60 80 100 120 140

Time (min)

Ficure 8: Iron uptake at 37C by K562 cells from native diferricTf
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NTA as the synergistic ligand for binding iron (Figure 2A), Diferric rTf(R456S) binds in saturable fashion to the same
consistent with crystallographic studies showing no interac- number of sites on K562 cells as native diferric transferrin
tion of NTA with the corresponding Arg in the iron-occupied and with about 60% of the affinity of diferric Tf (Figure 3).
N-lobe of ovotransferring). Instead, the NTA is stabilized  The ability of the mutant protein to provide iron to the cells
by hydrogen bonding to peptide nitrogens of Ser122, Alal23, is close to that of the native protein (Figure 4). The
and Gly124 of the ovotransferrin N-lobe (corresponding to indication, therefore, is that rTf(R456S) is recognized by
residues 125127 in human N-lobe) and the OH group of transferrin receptors, TfR1 or TfR2 or both. This is not
Thr117 (Thr 120). None of these should be affected by the surprising, since mutation of the anion-binding arginine in
R456S mutation. However, the binding of carbonate is the N-lobe of human lactoferrin leaves the overall conforma-
substantially weakened so that the ability of the physiological tion of the protein substantially unchange80) and so
anion to displace NTA, as in native transferritb), is lost presumably preserves the binding conformation in the C-lobe
(Figure 2B,C). When iron is presented agF® full-length of transferrin while leaving the N-lobe undisturbed.
rTf(R456S) and allowed to autoxidize to¥en the presence Molecular mechanisms in the interaction of transferrin with
of ambient CQ (Figure 2D), the anion-binding function can transferrin receptors are still poorly understood. Transferrin
still be satisfied by carbonate. Thus, the threonine ligand of experiences conformational changes upon binding and release
the anion and the positively charged N-terminus of helix 5 of iron: binding of iron to a lobe is accompanied by a
are sufficient to hold the physiological anion in place in each transformation from an open conformation to a closed state
lobe. as the two domains of the lobe, enclosing the iron-binding
Kinetics of Iron Release from Isolated N-LobAs cleft, rotate as rigid bodies about the hinging strands joining
indicated in earlier studiesL, 30), loss of the carbonate- h€ domains 5, 36). Conformational changes associated
binding arginine residue destabilizes iron binding in the with |ron.b|nd'|ng are thou'ght to be critical to mteract!ons'of
N-lobes of human transferrin and lactoferrin, in accord with transferrin with transferrin receptors. Apotransferrin with
the present results (Table 2). To achieve comparable ironPOth lobes in the open conformation is not recognized by
release rates from wild-type and mutant N-lobes to pyro- cell—surfgce transfernn_reqeptors at extracellular pH, 3% (
phosphate at pH 7.4, we had to reduce the concentration of36) Put s capable of binding to receptors at endosomal pH,

pyrophosphate from 100 to 1 mM. Loss of threonine 120, 5.4 39). Monoferric human transjerrins are irqn donors Fo
another participant in the hydrogen-bonding network that human cells (although less effective than diferric transferrin)

anchors carbonate to its protein host, also facilitates iron (12 40). Both rabbit monoferric transferrins bind in specific

release, but much less strikingly than loss of arginine 124. fashion and donate iron to rabbit reticulocyted)( In the

Although either the arginine or threonine ligand by itself is last citation,. howevgr, the surprising finding is that rabbit
sufficient for maintaining attachment of the synergistic apotransferrin also binds to rabbit cells, but with about 1/25th

carbonate, and therefore the iron, mutation of the arginine the affinity of diferric transferrin. Whether this discordance

residue has the greatest effect on iron release. Arginine OnCGpetween rabbit and human transferrin-cell interactions is due

again emerges as the more important ligand of synergisticto species or _methodologlcal differences is not clear.
carbonate. Energy barriers between open and closed forms of the full-

. . ) length apoproteins may be small so that both forms are
Cell StudiesThe predominant pathway of iron uptake from i, aqilibrium in solution, with packing forces determining
transferrin by iron-dependent cells is by high-affinity,

- , the predominant crystal form. A conformation intermediate
saturable, receptor-mediated endocyto8i¥);(a receptor- between open and closed states has been postugeand
independent, but low-affinity pathway has been described

. L . ; perhaps observed in crystal structures of the N-ldbg.
in cells of hepatic lineage3@). The mechanism of iron uptake  rther indication of conformational flexibility in transferrin

via the former pathway is well understood: the complex of |5ja5 is provided by the latter studies of N-lobe in two
iron-bearing transferrin bound to cell-surface receptors is jifrerent crystal forms, orthorhombic and tetragonal, each
internalized to a proton-pumping endosome where the of \yhich is found in two conformer<2Q). In one of these
lowered pH and other factors promote iron release and (ihe “B” conformer of the orthorhombic form), the arginine
reduction of iron from transferrin. The ferrous iron is then ,5yes sufficiently far away from the carbonate anion so that
transported across the endosomal membrane by a specifiGng gistances between arginine amino nitrogens and carbonate
transporter, DMT1 33), for cellular needs or storage. The oxygen exceed 4 A, and both hydrogen bonds are therefore
originally described TfR1 has recently been joined by a |ost. Movement of the arginine in the corresponding con-
second receptor, TfR234), but the relative importance of  former of the tetragonal form is less, and one hydrogen bond
the two receptors in various cell types is not yet fully persists. A similar conformational flexibility may account
understood. for the finding that the C-lobe of crystallized apolactoferrin
A variety of cell lines has been used in investigating is closed in a crystal structur8%), but open in the solution
transferrin binding and iron uptake. The K562 cell, of human structure 44) and in crystallized duck ovotransferrid2).
hematopoietic origin, can be induced to express hemoglobin, Both monoferric transferrins created by double mutations
and has often been taken as a model of the transferrin-at the synergistic anion site of a lobe are capable of binding
dependent iron-requiring cell. It offers the advantage of a to transferrin receptors and donating iron to K562 cells.
high receptor number, in the range of 350,86a0000,000, Binding and release of iron to K562 cells by the N-lobe
relatively little nonspecific binding of transferrin, and mutant, T120A-R124S loaded with iron in the C-lobe
exclusive or near-exclusive receptor-dependent uptake of(Figures 7 and 8), are not unexpected since we have reported
transferrin iron. We have therefore chosen this cell for our that the proteolytic or recombinant iron-bearing C-lobe of
studies of receptor binding and iron uptake. human transferrin, by itself, is necessary and sufficient for



Synergistic Anion-Binding Sites of Transferrin

receptor recognition and iron donatio®l( 22). Receptor- 17.

binding and iron-donating activity by the T452AR456S
C-lobe mutant is somewhat surprising, however. The isolated
N-lobe by itself, whether iron-free or iron-loaded, is inca- 1q
pable of binding to transferrin receptor in an iron-donating

interaction with cells 21, 45), and neither full-length 20.

apotransferrin nor the iron-free isolated C-lobe is recognized
by transferrin receptors2p, 37, 38). The presumption,
therefore, is that the closed conformation of C-lobe is 55
required for receptor recognition. The postulated ease of 23
transitions between open and closed forms may explain the
finding that full-length rTf(T452A-R456S) with an empty
C-lobe but occupied N-lobe binds to K562 cells in a saturable
manner inhibitable by native diferric transferrin and is 25
therefore likely to involve specific transferrin receptors.

N

Equilibrium between conformations capable of receptor- 26.

binding and conformations not recognized by receptor may
then account for the diminished binding of this monoferric
mutant to K562 cells. The iron-loaded N-lobe of the mutant,
although incapable of binding by itself, may contribute to

N

receptor binding of the C-lobe mutant by easing transition 28

of the C-lobe between open and closed states as well as by2
direct interactions with receptor. Such an effect may also
explain the near-normal binding to K562 cells of the C-lobe

mutant, G394R, in which low-angle X-ray scattering reveals 30.

that lobe to be predominantly in the open conformation in
solution @6). These remain speculations that must await
structural analysis of the receptor-transferrin complex. 32
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