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ABSTRACT. The transferrins (TF) are a family of bilobal glycoproteins that tightly bind ferric iron. Each

of the homologous N- and C-lobes contains a single iron-binding site situated in a deep cleft. Human
serum transferrin (hTF) serves as the iron transport protein in the blood; circulating transferrin binds to
receptors on the cell surface, and the complex is internalized by endocytosis. Within the cell, a reduction
in pH leads to iron release from hTF in a receptor-dependent process resulting in a large conformational
change in each lobe. In the hTF N-lobe, two critical lysines facilitate this pH-dependent conformational
change allowing entry of a chelator to capture the iron. In the C-lobe, the lysine pair is replaced by a triad
of residues: Lys534, Arg632, and Asp634. Previous studies show that mutation of any of these triad
residues to alanine results in significant retardation of iron release at both pH 7.4 and pH 5.6. In the
present work, the role of the three residues is probed further by conversion to the residues observed at the
equivalent positions in ovotransferrin (Q-K-L) and human lactoferrin (K-N-N) as well as a triad with an
interchanged lysine and arginine (K534R/R632K). As expected, all of the constructs bind iron and associate
with the receptor with nearly the sarkg as the wild-type monoferric hTF control. However, interesting
differences in the effect of the substitutions on the iron release rate in the presence and absence of the
receptor at pH 5.6 are observed. Additionally, titration with KCI indicates that position 632 must have a
positively charged residue to elicit a robust rate acceleration as a function of increasing salt. On the basis
of these observations, a model for iron release from the hTF C-lobe is proposed. These studies provide
insight into the importance of charge and geometry of the amino acids at these positions as a partial
explanation for differences in behavior of individual TF family members, human serum transferrin,
ovotransferrin, and lactoferrin. The studies collectively highlight important features common to both the
N- and C-lobes of TF and the critical role of the receptor in iron release.

The transferrins (TE)comprise a family of iron-binding  pathway 2, 3). Ovotransferrin, synthesized in the oviduct

protei

ns that include serum transferrin, ovotransferrin (0TF), and comprising~12% of avian egg whites, serves as an anti-

and lactoferrin (LTF) {). The primary function of serum  microbial agent by chelating any available 3Fe thus,
transferrin synthesized by the liver and secreted into the blooddepriving invading bacteria of this metal which is essential
plasma is iron transport. Human TF (hTF) binds$'Fand to their proliferation 4). Interestingly, the identical protein
delivers it to cells via a receptor-mediated endocytotic (differing only in the composition of the single carbohydrate)
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also transports iron in avian plasmd),(thereby fulfilling 516 1. Alignments of Critical Residues in the N- and C-Lobes of
two roles in a tissue specific manner. LTF, found in milk, various TF&

tears, saliva, and other mammalian secretions, functions as human TE rabbit TE

. : - . pig TF LTF oTF

a powerful antimicrobial agent in these secretiodis ( Nobe

Almost all transferrins are composed of two homologous 53 Glus3 Glus2 Gluso Gluso
lobes designated the amino-terminal lobe (N-lobe) and the  Tyrg5 Tyr85 Tyrs4 Tyrs2 Tyrs2
carboxyl-terminal lobe (C-lobe). The lobes shard0% Tyros Tyros Tyro4 Tyro2 Tyr92
sequence identity and appear to have arisen from at least R/;lz%% [{/;128086 Ta’;égfo I\Br/glz% B/;lz%é
one gene'dupllcatlon and fusion everit (The |ron-l|gar'1d|ng' His249 His249 His253 His253 His250
residues in each lobe of oTF, LTF, and hTF are identical | ys296 Lys296 Lys300 Lys301 Lys301
and are composed of an aspartic acid, two tyrosines, and a C-lobe
histidine. The two other ligands that make up the distorted  Gju410 Glu410 Glud14 Glu413 Glu413
octahedral geometry are provided by a synergistic carbonate Tyr412 Tyr412 Tyr416 Tyr415 Ty415
anion, which is bound in a concomitant manner with iron %ﬁgig %E‘ii %{égé %ggg %:ggi
(2). Theiron is held in a cleft comprised of two subdomains Lys534 Lys531 Lys543 lys546  GIn541
(termed NI and NIlI, and CI and CllI). Each lobe has the  njssgs His582 His594 His597 His592
ability to bind Fé* reversibly in a pH-dependent manner Arg632 Arg629 Arg64l  Asn644 Lys638
such that iron release is accelerated at acidic pH and slowed Asp634 Asp631 Asp643  Asn646 Leu640

at basic pH; factors influencing the mechanism of iron release 2 The residues in bold designate the NIl and Cll subdomains in each
within the cell include receptor-binding, temperature, and lobe.
an as yet unidentified chelato8-10).

Although the identical amino acids serve as ligands to the conserved (see Table 1), leading to the hypothesis that some
iron, there are significant differences in the iron-binding and of the altered iron release properties displayed by the C-lobes
release properties of the N- and C-lobes of any given TF of these proteins might be due to these differences. The only
and also between TF family member$, (11-13). For studies in which iron release from these three family
example, our recent studies document that at pH 5.6, undermembers has been directly compared are chemical relaxation
identical conditions, the rate of release from the C-lobe is at studies by El Hage Chahine et aR2(-25). In this work,
least 200-fold slower than the release rate from the N-lobe acid-induced iron release was measured and showed that hTF
(14). The observed functional dissimilarity between lobes and oTF have proton-assisted carbonate loss from the N-lobe
has been attributed to differences in the hydrogen bondingas the first step. Release of iron from the C-lobe seems to
network within the cleft and the “second shell” residues follow a pathway that is more complex than found for the
(defined as amino acids that share hydrogen bonds with theN-lobe. Although specific differences were noted in the
iron-binding ligands) 11, 15, 16). release rates, in the precise number of protons taken up, and

Analysis of the crystal structure of the hen oTF N-lobe in the rate-limiting steps from the C-lobes of oTF and hTF,
led Dewan et al.X2) to propose that a pH-sensitive dilysine according to these studies, they are mechanistically similar
pair, made up of a lysine residue from domain NI and one (22, 24). In contrast, these chemical relaxation studies showed
from domain NII, might play a role in eliciting the confor- that the steps leading to iron release from LTF differ
mational change. In the iron-containing hTF N-lobe, Lys206 mechanistically from hTF and oTR3).
is 3.04 A from Lys296, bu9 A apart in the apo-structure Binding of hTF to the specific transferrin receptor 1 (TFR)
(17, 18). In fact, this dilysine pair has been shown to play a has a substantial effect on the rate of iron release, although
key role in the mechanism leading to cleft opening and iron the precise steps leading to receptor-mediated iron release
release 19, 20). A structural feature of the two lysine from hTF are not completely clea2€). A number of studies
residues is the presence of a “hydrophobic box” (composedhave identified putative residues in both TFR and TF
of the two liganding tyrosines, Tyr95 and Tyrl88, as well involved in their interaction27—29). This work shows that
as Tyr85 and the histidine ligand, His249), which almost specific residues within the Cl domain of the C-lobe are
completely surrounds them. As shown in Table 1, these critical to high affinity binding of hTF to the TFR. Addition-
residues are highly conserved. This hydrophobic environmentally, our recent collaborative work clearly indicates that
apparently changes th&pof one or both the lysine residues mutation of His349 in the Cl domain to alanine or to a lysine
such that they are able to share a single proton at neutral pHresidue (as found in oTF) totally eliminates the acceleration
(19). Mathematical and modeling studies of the N-lobe by of iron release by the soluble TFR in vitr8@). These results
Rinaldo and FieldZ1) emphasize the importance of the two demonstrate that the interaction of His349 with the TFR is
lysines in iron release but suggest that the mechanismessential to receptor-mediated release of the @0 A
involves transfer of a proton from Lys296 to the nearby distant from this histidine and further imply an induced
Tyrl88 ligand which weakens the hold on iron and results conformational change which leads to a stabilization of the
in cleft opening. apo-conformation.

The C-lobe of hTF has a triad of residues (Lys534, In the current study, conversion of the K534-R632-D634
Arg632, and Asp634) predicted by Dewan et 4R)(to be residues in hTF to the residues found at the same positions
important in the mechanism of iron release. Our studies havein oTF (Q-K-L) and human LTF (K-N-N) has been under-
demonstrated that mutation of any of the triad residues to taken to help determine how the composition of the three
alanine completely inhibited iron release at pH 7.4 and residues influences the rate of iron release from the various
slowed the rate of release substantially at pH 518).( C-lobes in the presence and absence of the TFR. Addition-
Interestingly, in oTF and LTF, these three residues are notally, a K534R/R632K switch mutant was designed to alter
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the geometry, without changing the charge of the two AAG GAC CTT CTG TTC AAT GAT AAT ACA GTA
residues. In each of the full-length constructs, the two TGT TTG GCC 3.

tyrosine ligands (Y95 and Y188) were mutated to phenyl-  Production of the single point mutants in which each
alanine to eliminate iron binding in the N-lob81). The member of the triad has been converted to alanine has been
ability of each recombinant monoferric hTF to bind iron, described in detail previoushi8). Native ovotransferrin was
associate with the soluble TFR, and undergo pH-mediatedpurified from chicken egg white3g).

iron release in both the presence and absence of the TFR is Production and Purification of Recombinant Proteins
reported. Additionally, the effect of salt on iron release has Expression and purification of the recombinant hTFs was
been examined to determine whether any of the three residuegarried out as previously describegil). Briefly, the recom-
might serve as an anion-binding si&2( 33). Evaluation of binant TFs were secreted from BHK cells into the surround-
the properties of each mutant contributes to a better ing tissue culture medium. The recombinant hTF was isolated
understanding of the intrinsic differences between the threefrom the media using Qiagen Ni-NTA and Sephacryl

family members from which they are derived. S200HR columns to yield a single band on Coomassie blue
stained SDSPAGE gels. The hTF was recovered from the
MATERIALS AND METHODS S200HR column in 100 mM NRHCO;, concentrated to 15

mg/mL, and stored at-20 °C until use. The amount of
recombinant hTF in the tissue culture media and column
eluates prior to the final step was determined by a competi-
tive immunoassay3y). Following the gel filtration column,
the concentration was determined by spectral analysis using
extinction coefficients as previously reporte@1). The
recombinant His-tagged sTFR from the baculovirus insect
cell system was expressed and purified by a similar protocol,
as described in detail previousIg8).

Remaeal of the Hexa-His TagRemoval of the His tag

Materials. Dulbecco’s modified Eagle’s medium-Ham
F-12 nutrient mixture (DMEM-F12), and antibiotic-antimy-
cotic solution (106&) were from Gibco-BRL-Life Technolo-
gies. Fetal bovine serum (FBS) was obtained from Atlanta
Biologicals (Norcross, GA). Ultroser G (UG) is a serum
replacement from BioSepra (Cergy, France). Bovine factor
Xa was purchased from Haematologic Tecnologies, Inc.
(Essex Junction, VT). The Quik-change mutagenesis kit was
obtained from Strategene. Ni-NTA resin came from Qiagen.

Corning expanded surface roller b°“'93 and Dyn_atech was required for hTF samples used for the surface plasmon
Immunolon 4 Removawells hwerel obtained from Fisher \oqqnance-hased binding assay in a Biacore instrument (see
Scientific. Hi-Prep 26/60 Sephacry S'ZOOHR and S300HR below) because His-tagged samples, while tightly binding
columns were from Amersham Pharmacia. Methotrexate v, o1ER - exhibited nonconcentration-dependent response
from Bedford Laboratories was purchaseo_l ata Ioc_al_ hospital levels that could not be directly interpreted. His tag removal
pharmacy and used for selection of plasmld—conta|r)|ng 9e”3'followed the protocol described in detail previoushy,
Centricon 30 microconcentrators, YM-30 ultrafiltration Spectral DataTo assess iron binding for each hTF, BV
membra}nes, and a spiral c.artridge concentrator (CTHZPRS)vis spectra were recorded on a Varian Cary 100 spectro-
f'tte.d with an S1Y10 cartrldgg were all from 'V“”'Pore/ photometer (606250 nm). Difference spectra were gener-
Amicon. Bovine serum alburlmtr: l(_BSA) wasf from Slghma. ated by subtracting the spectrum of HEPES buffer (50 mM,
R_al|3b|t. al?n-mous.e immunoglobulin G was rom.Sput e(rjn pH 7.4) from the sample spectra. The reported results are
.B'O ogica Assqqates. Imm_unopure. NHS-LC-Biotin and he average values derived from at least three such scans.
immunopure avidin-horseradish peroxidase were from Pierce, Affinity Measurements Using Surface Plasmon Resonance.
as was the India His probe-HRP. The TMB Mlprowell BIACORE 2000 biosensor system (Amersham Bio-
peroxidase substrate system was obtained from Kirkegaar sciences) was used to assay the interaction between sTFR
arr]nd Perlry Lgboratorles (Galtr}ersbrrg, IMD)'d Allother and TF as described previousB9 39). Binding of injected
¢ em|ca.s an rea@!e“ts were of analytica gr"’.l e hTF to sTFR immobilized on the sensor chip results in
Plasmid Generation of hTF Mutant3he Quik-change  changes in surface plasmon resonance that are read out in
protocol from Stratagene was used to introduce mutationsrea| time as resonance units (RU)0( 41). Purified sTFR
into the hTF cDNA in the pNUT vector as described was coupled to the flow cells of a CM5 sensor chip
previously 81, 34). All of the hTF constructs contained an  (Amersham Biosciences) using random amine coupling as
N-terminal hexa-His tag and lacked N-linked glycosylation previously described3g). Wild-type or mutant hTF was
sites due to the presence of the two mutations, N413D andinjected over the flow-cells at 78L/min at 25 °C in 50
N611D @1, 34, 35). Additionally, each mutated triad was mm PIPES buffer, pH 7.5, 150 mM NaCl, and 0.005% P20
introduced into full-length hTF containing the YO5F/Y188F  syrfactant. Raw sensorgram data was preprocessed using the
double mutant that lacks the ability to bind iron in the N-lobe - scrubber software package (Biologic Software Pty.; http:/
(31). The complete DNA sequence of all clones was www.biologic.com.au) and globally fit to 2:1 or 1:1 models
determined on both strands prior to transfection of the jn Clamp 99. Results from 2:1 models were statistically

plasmid into BHK cells. As shown below, complementary corrected for better comparison with the results of the 1:1
mutagenic oligonucleotide primers containing the following model as previously describedQ[ 42).

mutations were used to introduce the desired mutations. The production of hTF/STER Comple&. molar excess of the
mutagenic nucleotides are shown in bold, underlined type: control N-His Y95E/Y188F hTE NG (or hTF mutants) in
K534Q, 8 GAT GTG GCC TTT GTGCAA CAC CAG 100 mM NHHCO; was incubated with STFR for 30 min at
ACT GTC CC 3; K534R, 8 GGA GAT GTG GCC TTT room temperature. Following passage through a 13 mm
GTGAGA CAC CAG ACT GTC 3; R632K/D634L, 5GAA Millex-GV syringe filter (0.2um), each sample was loaded
ACC AAG GAC CTT CTG TTC AAA GAT CTC ACA onto a HiPrep 26/60 Sephacryl S300HR gel filtration column
GTATGT TTG GCC 3; and R632N/D634N, "'&AA ACC (Amersham Biosciences) to separate the hTF/sTFR complex
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from the free hTF. The column was equilibrated and run in 7 .o Spectral Scans of Recombinant hTF Proteins
100 mM NHHCO; at a flow rate of 1.5 mL/min using a

BioCad Sprint chromatography system, and baseline separa- protein Amax (NM) _ Azed/Anax note
tion was achieved between the complex and the hTF. The N-His hTF-NG 464 275 diferric
identity of the hTF/TFR complex and the free hTF was M:i %gE/Ele]ggl-:NrﬁF-NG igf 4212:2 gggt;\'lc
verified by SDS-PAGE analysis on 10% gels. N-His YO5F/Y188FR632N/ 467 422  LTF triad
Kinetics of Iron Releasés described previously in detail ~ D634NhTF-NG _

(10), the kinetics of iron removal from hTF at pH 5.6 were géHs'stYﬁTSE_/ ;(1388':'(534'?/ 453 445 swich
measured in 100 mM MES buffer using 4 mM EDTA as  N_His Y95F/Y 188FK534Q)/ 463 42.8 oTF triad
the chelating agent. The buffechelator mixture was al- R632K/D634LhTF-NG

lowed to equilibrate prior to addition of the hTF samples, ™ aRreported previouslyl@). ® Reported previouslya().
and release of iron was monitored directly by following the
decrease in absorbance at 293 nm on a dual-beam Cary 10(‘fable 3: Comparison of Binding Affinities of the Triad Mutants for
spectrophotometer equipped with a thermOStable Pelt'er_bIOCksTFR at pH 7.4 As Determined by Surface Plasmon Resonance
accessory. The hTF was present at a final concentration of

~6 uM, and all experiments were conducted at°Z5 To sample Kou(MM)  Koz(nM)
ensure complete iron removal, data was collected until at Q'g';;:’\/l&l%': HTEANG 21é854 31.8
least three half-lives had elapsed. YO5F/Y188F 0TF" triad hTF-NG 242

In assays involving TF/sTFR complexes, lower concentra-  Y95F/Y188F ‘LTF” triad hTF-NG 39.4
tions (~500 nM) of protein ensured receptor solubility at  Y95F/Y188F ‘Switch” hTF-NG 25.2

the acidic pH of 5.6. A QuantaMaster Spectrofluorometer

(Photon Technology International, South Brunswick NJ) was that, since the triad residues are part of the hydrogen-binding
used to measure fluorescence output. This instrument ispetwork holding the two subdomains of the C-lobe together,
equipped with a 75-W Xenon arc lamp as an excitation they clearly could have an effect on the visible spectrum.

source and excitation/emission monochromators. Fluores- g\, face Plasmon Resonandesurface plasmon resonance
cence emission spectra were measured by exciting the samplespry_hased binding assay was used to evaluate the binding
at 280 nm and collecting the emission at 330 nm. EXperi- aeinity of each triad mutant to the soluble portion of the
ments were carried out at 2& with an entry slit of 0.25 =, o TER. Two controls were performed, one with native
nm and an exit slit of 1.0 nm. Data were recorded at 1 S h7g ang one with the Y95F/Y188F hTF NG (monoferic
intervals |n_1med|ately foIIqu_mg the.addmon of either the C-lobe). On the basis of thé, values, obtained for fitting
complex with the STFR (yielding a final hTF concentration e sensorgram data, the monoferric C-lobe species exhibits
of 500 nM) or hTF (also 500 nM) alone to a magnetically , q\yer affinity for STFR (Table 3), clearly confirming the
stirred cuvette containing 1.8 mL at a final concentration of preference of sTFR for diferric hTF. Interestingly, a 1:1
100 mM MES, pH 5.6, and 4 mM EDTA. As described in  inging model, which yields a singt, value, was sufficient
the Results, the KCI concentration varied from 150 t0 500 1, mqdel the monoferric C-lobe data, whereas a 2:1 bivalent
mM. It is noteworthy that attempts to measure iron release ligand model, which yields twip values, is hecessary to
from the hTF/STFR complex in the absence of added salt i the oyrves for diferric hTF control (as previously reported)
were unsuccessful, presumably due to the tendency of the(zg, 30). At pH 7.4, the monoferric control has a 15-fold
sTFR to precipitate from solution at pH 5.6 in the absence [,q,ced binding affinity compared t6p: of diferric hTF
of salt. (but bound with an affinity which is similar t&o2). The
RESULTS three triad mutants range from a 0.8- to 1.4-fold change in
Kp relative to the monoferric C-lobe control, demonstrating
Spectral AnalysisTo reduce the complexity and allow that the composition of the residues at positions-5382—
comparison of the properties of recombinant hTFs with _634 doe_s not Sl_JbstantlaIIy alter the strength of the hTF/STFR
mutations in the C-lobe triad, all of the constructs contain 'Ntéraction in vitro.
mutated tyrosine ligands that have been shown previously Kinetics of Iron Release as a Function of Salt Concentra-
to eliminate iron binding in the N-lobe3(). This strategy tion. Iron-release rates from salt titrations of the hTF proteins
simplifies the interpretation of the results, since in the absencecontaining the human, oTF, LTF, and K534R/R632K triads
of iron binding in the N-lobe any observed iron-binding and at pH 5.6 and 25C are presented in Figure 1. The mutant
iron-release properties can be completely attributed to thecontaining the three residues found in oTF releases iron
C-lobe. Spectral scans of each of the recombinant proteinsmarginally faster than does the control N-His Y95F/Y188F
were taken, since intrinsic spectral parametéfs.@andAsso) hTF-NG and also demonstrates the same increase in the rate
clearly indicate whether the recombinant proteins are able constant as a function of increasing KCI. As shown in the
to bind iron and whether the mutations result in a change in inset of Figure 1, when the three residues found in LTF are
the visible maximum. As shown in Table 2, all of the present,iron release is dramatically slowed and the salt effect
recombinant proteins had a visible absorbance maximumis also significantly muted. Additionally, iron release is
consistent with specific binding of iron in the C-lobe. The slowed by the presence of the K534R/R632K switch,
slight upfield shift of Amay in the oTF and LTF triads and  although the salt effect is retained.
downfield shift for the K534R/R632K switch reflect subtle Kinetic assays were performed on each triad mutant free
changes in the geometry of the iron-binding site, in particular or bound to sSTFR at pH 5.6 in the presence of 300 mM
the relationship of iron to the two tyrosine ligands. We note KCI. This pH was chosen because it is the putative
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Ficure 1: Iron-release kinetics for hTF species titrated with KCI. Iron-release rates from the monoferric C-lobe control (N-His Y95F/
Y188F hTF-NG) and each of the triad mutants in 200 mM MES, pH 5.6, with 4 mM EDTA as the chelatot@t Pbree salt concentrations
were used0 M (blue), 0.3 M (red), and 0.5 M (green) KCI. The inset expandsrthagis to more clearly show the effect of salt on the iron
release rate of LTF and the switch.

Table 4: Kinetics of Iron Release from TFs with and without sTFR reported {3), in _eaCh case, this conversion results in a much
slower rate of iron release. In fact, under the stated con-

fold ditions, we were unable to measure any release from the
Kobs == SDF difference . .
proteir? (s*x 103 n TFRMoTFR D634A mutant either in the presence or absence of the TFR,
“hTF” triad (K-R-D) 56102 2 and although we were able to obtain a release rate for the
+TFR 273.0+45 4 105 other two alanine mutants (K534A and R634A) in the
“oTF” triad (Q-K-L) 33401 3 presence of the TFR, the release of iron from the R632A
_ +TFR 91.3+4.7 3 27 mutant was too slow to measure in its absence.
authentic oTF C-lobe 150002 2 We have found, as previously reportedd), that the
“LTF” triad (K-N-N) 0.087+0.017 5 release rates measured for selected samples on the PTI and
_ _ +TFR 255509 8 195 the Cary 100 yield very similar iron release rates regardless
switch” triad (R-K-D) 0.136+ 0.006 4 of whether they were fluorescence- or absorbance-based (data
+TFR 16.5+0.1 3 124 ; .
not shown). From an experimental standpoint, an absorbance-
K534A L TER g.glisgg.om g 364 based approach is more convenient over an extended period
R632A 100 slow of time (for example, the LTF and switch triad mutants in
+TFR 2.3+0.1 4 the absence of sTFR), because multiple samples can be run
D634A too slow

simultaneously. Alternatively, the fluorescence-based ap-
proach requires a lower concentration of protein, critical for
the measurement of the hTF/STFR complex where solubilit
EDTA, and 300 mM KCI) in the absence or presence of the soluble is limitin P y
TFR at 25°C. The single point alanine scanning mutants are included S i g. . L .
for comparisons as is the kinetic rate from the C-lobe of native oTF, ~ Since the recombinant hTF containing the three residues
all determined under identical conditior’sThe control is N-HisY95F/  found in LTF released iron so slowly, a salt titration was
Y188F hTF-NG. All constructs are in this background. Note that the performed with the Comp'ex to determine the release rates

triad in hTF is K534/R632/D634.Measurements were carried out as - . -
described in Materials and Methods on either a PTI (Photon Technology in a more experimentally tractable time frame. As shown in

International QuantaMaster) spectrofluorometer or a Varian Cary 100 Table 5, a marginal salt effect iS_ observed ih bOth_ the
dual beam spectrophotomet&Previously reported3Q). presence and absence of STFR. In either case (with or without

the sTFR), the differences in the observed release rates at
physiological pH at which receptor-mediated iron release is the various KCl Concentr'atlons are very small c_ompared to
believed to occurd, 43). The results (Table 4) show that in the increases observed in the other mutants (Figure 1).

.a|| cases binding of .the mutants to sTFR dra}matlca_lly DISCUSSION

increases the rate of iron release, as observed in previous

studies 26, 30). Of the mutants, the oTF “triad” was least A compelling goal of transferrin research is to provide a
affected by the presence of receptor2(/-fold increase in  structural explanation for the well-known differences between
release rate relative to oTF “triad” alone), while the rate of family members and between the two lobes of each family
release from wild-type triad, the LTF “triad”, and the K534R/ member with respect to their thermodynamic and kinetic
R632K switch was accelerated 100-fold or more when TFR properties. Over a period of years, detailed studies of iron
was present. Additionally, for comparison, the release ratesuptake and iron release from hTF, oTF, and LTF have been
from the three mutants in which each triad residue is undertaken by El Hage Chahine and his colleagues with the
converted to an alanine are included in Table 4. As previously aim of elucidating the mechanistic differences between each

+ TFR too slow
a[ron release from 500 nM hTF at pH 5.6 (100 mM MES, 4 mM
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Table 5: Salt Titration of LTF-Triad Containing hTF with and C” Cl
without sTFR

[KCl] Kobs = SD
protein (mM) (st x 103

n
R632N/D634N “LTF” 0 0.06G+ 0.002 5
150 0.113+ 0.006 3

5

5

300 0.087+ 0.019

- \
f 632
U s34 - : hTF
500  0.097+ 0.027 ¢
R632N/D634N “LTF*+ TFR 0  couldnotdo -

150 19.3+0.6 3 634
Y
¥

mM MES, pH 5.6, and 4 mM EDTA, at 28C as a function of salt
concentration.

|
300 25,5+ 0.9 3 S
500 31.6+1.6 3 ) - _,
N %
2 Rate of iron release from the N-His Y95F/Y188F LTF triad in 100 . \ » 641 .
4 pig
543 é

47

family member 22, 23, 25, 45, 46). As mentioned in the 643 .
Introduction, many interesting insights were obtained from
this work. The challenge is now to relate the mechanistic

details to specific residues within each lobe of each family ) _ X 24

member. A triad of residues in the C-lobe of hTF has clearly R e

been shown to be important in the mechanism of iron release o 531 3 rab
(12, 13). The key contribution of each member of the triad "iq o

in iron release is confirmed and extended by the kinetic data “\ J;d

for the triad alanine mutants shown in Table 4. Under the 631 ° '

stated conditions, the rate of release in the absence of thericure 2: Triad residues in TF family members. The diferric
TER was too slow to measure for the R632A and D634A Structures were obt.ained from the PDB .(1H76 for pig serum TF
mutants and 144-fold slower than the control for the K534A Sggiti]é)Jn’\SlFa:grir:(?i?:glttez.erum TF). Potential H-bonds and residue
mutant. The current studies were carried out to specifically
evaluate the effect of substitution of these three residues with  As briefly mentioned in the Introduction, at least two
residues found at the equivalent positions in family members, different (but related) pathways have been suggested to
OTF and LTF. describe iron release from the N-lob&2( 21). Given the
Information on the iron-containing human C-lobe is considerable sequence similarity between lobes, certain
currently limited to an unrefined 3.3 A resolution structure aspects of these pathways also undoubtedly apply to the
(47). Fortunately, structures of the closely related pig TF C-lobe. The decrease in pH within the acidic endosome
(2.15 A) and rabbit TF (2.6 A) are availabkg), providing results in an influx of protons which would be predicted to
a snapshot of the orientation of the three residues in the iron-disrupt the hydrogen bonds between the aspartic acid and
containing C-lobe. As shown in Table 1, there is a complete the arginine and lysine residues of the hTF triad. The
conservation of the triad residues in human, pig, and rabbit positively charged lysine and arginine residues on opposite
TF. As depicted in Figure 2, residues Arg632 and Asp634 sides of the cleft might then repel each other to initiate the
are in the Cl domain, with Lys534 opposite them in the CIl opening of the cleft, as suggested for the two lysines in the
domain. For clarity, in the following discussion, human N-lobe (12). Alternatively, Rinaldo and Field2(l) have
numbering will be used (although the residue numbers for proposed a concerted proton transfer such that Arg632 could
each species are provided in Table 1). The pig structureacquire a proton from either Lys534 (or from a water
reveals that there are two potential hydrogen bonds betweermolecule that is within hydrogen-bonding distance of Lys534
the aspartic acid and the arginine (both in the CI domain) in the pig structure) and subsequently transfer a proton to
and a single hydrogen bond between the aspartic acid andhe nearby tyrosine ligand (Tyr517) disrupting its hold on
the lysine in the Cll domain. In the pig structure, the NZ the iron. According to the model offered by Rinaldo and
group of the lysine is 4.09 A from the NE group of the Field, this transfer is an early step in a concerted release
arginine. The lower resolution rabbit structure shows a very mechanism leading to the break up the hydrogen-bond
similar pattern, although in this case, the lysine NZ group network within the cleft and allowing entry of a chelator. In
and arginine NE groups are closer (3.3 A). Additionally, the both the N- and C-lobe of hTF, this mechanism also appears
triad residues reside in a hydrophobic box composed of theto involve the histidine ligand which is held in position by
three iron-ligands (Tyr426, Tyr517, and His585) as well as interaction with a highly conserved glutamate residue (Glu83
the highly conserved Tyr at position 412. As a result, inthe N-lobe and Glu410 in the C-lobe, see Table 1). Since
cationst interactions responsible for the unusull palues Arg632 in the C-lobe has & that is two units higher than
noted in the dilysine pair in the N-lobe probably occur here the corresponding lysine (Lys296) in the N-lobe, protonation
also. In the N-lobe, the ability of the two lysines, Lys206 of the tyrosine ligand would presumably require a lower pH
and Lys296, to share a hydrogen bond is directly attributed than needed for the N-lobe with its dilysine pair. Similarly,
to the abnormal K, values created by the hydrophobic if a water molecule is involved in the process of proton
environment. Likewise, the Ky values of the residues transfer, a more extreme pH would also be requir2d. (
comprising the triad very likely differ considerably from Although experimental evidence strongly supports the lower
“normal” values (9, 21). pH requirement for iron removal from the C-lob22(-24,
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49), distinguishing experimentally between these two mech- magnitude as the rates measured for the C-lobe of the hTF
anisms is difficult. The 4.09 A distance between the lysine and the oTF “triad” (0.383x 103 st and 0.933x 103

and arginine residues in the C-lobe of the pig structure might s™2, respectively, in the absence of salt).

appear to favor the second pathway, although reorientation In contrast to the amino acid substitutions made to simulate
of the Lys—Arg pair in response to anion binding, the change the residues in oTF, the substitutions made to reproduce the
in pH, and/or binding to TFR also may be possible, especially LTF triad (K-N-N) dramatically altered the iron-release

considering the well-known flexibility within the clefég). kinetics, resulting in a 30-fold slower rate of iron release
In either case, the result is cleft loosening or opening and compared to hTF (Table 4 and Figure 1). As shown in Table
access of the chelator to the iron within the cleft. 1, the residues in the LTF triad vary at the middle and last

Surprisingly, substitution of the residues found in oTF for positions, with two asparagine residues in place of arginine
the hTF triad only marginally altered the iron-release rate and aspartic acid, respectively. Significantly, this K-N-N
from the C-lobe (Table 4 and Figure 1), despite the lack of motif is conserved in the C-lobe of the seven LTF sequences
conservation of any residues at the equivalent positions published to date5d). Examination of the 2.2 A diferric
(Table 1). The crystal structure of diferric oTF (PDB 10OVT) human LTF structure (PDB 1FCK) reveals that the carbonyl
shows that the OE1 group of the glutamine (equivalent to oxygen of the lysine residue shares a hydrogen bond with a
Lys534) is 2.96 A from the NZ group of the lysine threonine residue (equivalent to Thr537 in hTBEp,(56).
(equivalent to Arg632), thereby possibly participating in a The ND2 group of the asparagine residue at the position
hydrogen bond linking the CI and CIlI subdomains (Table equivalentto Arg632 in hTF is in potential hydrogen-bonding
1). For native oTF, the slower rate of iron release from the distance of the OE1 group of the highly conserved Glu410
C-lobe of oTF compared to the N-lobe has been attributed and the ND1 of the His585 ligand. The asparagine at the
to the difference between the Gihys and Lys-Lys pairs position equivalent to Asp634 in hTF does not appear to be
in each lobe, respectivelyp(, 51). As described above, for in contact with any other residue. Since in the native LTF
the mammalian TFs, these residues in each lobe of oTF existstructure none of the members of the “triad” are in hydrogen-
in a hydrophobic environment comprised of the liganding bonding distance with each other, they, like the oTF triad,
residues and the highly conserved tyrosine residue (Tyr85do not actually comprise a “triad” per se. As mentioned
in the N-lobe and Tyr412 in the C-lobe, Table B2). In previously, in the N-lobe of hTF, Glu83 (which occupies
the present study, determination of the rate of iron releasethe equivalent position to Glu410) interacts with the histidine
for the C-lobe of native oTF under our stated conditions ligand and appears to be involved in the concerted mecha-
yielded a rate that is approximately half of that measured nism of iron releasel, 21), a relationship which may be
for the oTF triad in the hTF background (Table 4). Obvi- retained in hTF containing the LTF substitutions. However,
ously, it is not clear whether placement of the glutamine and the apparent absence of interactions between the three
lysine residues within the human scaffolding would allow residues might be predicted to retard iron release from the
them to interact, since glutamine is shorter than arginine. LTF “triad” mutant as is observed; there appears to be no
The absence of the hydrogen bond might explain the fasterpossibility of any kind of “triggering” event either by transfer
rate in the oTF “triad” mutant compared to native oTF. of a proton or repulsion of residues on opposite sides of the

As discussed above, proton transfer from a lysine residuecleft.
to tyrosine is probably more facile than transfer from the  The K534R/R632K switch also significantly slows iron
arginine residue found in hTF and might at least partially release from the C-lobe (Figure 2 and Table 4). It is
account for the slightly faster iron release from the oTF noteworthy that interchanging the identities of two residues
“triad” compared to hTF. In the native oTF structure, the that are both positively charged results in altered iron-release
leucine residue at the position equivalent to Asp634 has noproperties as well as a 10 nm shift in the absorbance
contact with the lysine or the glutamine residues, thereby maximum (Table 2). Evidently, the geometry of these
invalidating the triad designation. The absence of the residues is just as important as the charge in the mechanism
negatively charged aspartic acid residue interacting with both of iron release, reminiscent of work describing the R210K
the lysine and arginine residues in hTF implies that the pH mutation in LTF N-lobe $7, 58) as well as the K206Q and
dependence of iron release from the C-lobe of 0oTF should K296Q N-lobe hTF mutants discussed above. It is reasonable
be different, although the chemical relaxation experiments that the K534R/R632K switch leads to similar subtle shifts
do not seem to support this contentid8) in the neighboring side chains, resulting in the altered

To further evaluate the effect of substitution of lysine by functional behavior. Obviously, a structure is needed to
glutamine, the iron release rates for the K206Q and K296Q determine whether the aspartic acid still interacts with the
mutants in the N-lobe were examined. The crystal structure lysine and arginine residues in their reversed positions,
(1.8 A) of the K206Q mutant53) shows that the GIn206  although the slowness in the release rate argues against this.
OE1 side chain is 2.9 A from the NZ of Lys296. Signifi- Complexes with the soluble human TFR and each of the
cantly, the rates of iron release from these two mutants are“triad” mutants were prepared, and the rate of iron release
not equivalent (450-fold slower for K206Q versus 130-fold was determined. As a first step, it was necessary to show
slower for K296Q, compared to the wild-type N-lobe), whether introduction of other residues for those comprising
demonstrating the importance of geometry and orientation the hTF triad had any effect on the ability of the resulting
of the two residues. The rate of release from the N-lobe (in mutants to bind to the TFR. As expected, no significant
the absence of salt) is 83:010 st at pH 5.6 versus 0.183  differences in binding of any of the “triad” mutants to the
x 1072 s for the K206Q mutant and 0.633 102 s for soluble human TFR were found in our SPR experiments
the K296Q mutantg). The release rates for these two N-lobe (Table 3). Consistent with previous reports, the monoferric
mutants appear to fall into a range with the same order of C-lobe control (Y95F/Y188F hTF-NG) exhibited a lower
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affinity (15-fold weaker binding) to sTFR than the diferric iron (33). In the C-lobe, mutation of the lysine at position
control (native hTF-NG)%9—61). Additionally, the mutants 569 to glutamine produced a 15-fold decrease in the iron-
with the oTF, LTF, and K534R/R632K conversions bound release rate compared to the contG#l)( indicating that this
to STFR withKp values similar to theKp of the control residue might be a kinetically significant anion binding site
monoferric parent protein. The results are completely con- (or KISAB site). However, it was also suggested that Lys569
sistent with previous studies of the hTF/STFR interaction in is probably not the only such site in the C-lobe. This
which none of the residues comprising the triad have beenconclusion appears to be supported by the fact that in pig
implicated in TFR binding47, 28). Nevertheless, given the  TF the lysine at position 569 is replaced by a glutamic acid
dynamic nature of the interaction of hTF with the sTFR, we residue. The lack of conservation in this closely related
felt that this needed to be verified experimentally. family member implies that this residue is not essential to
In agreement with previous work, the presence of the sSTFR iron release (although it clearly has an effect). In the N-lobe,
significantly accelerates the rate of iron release from the hTFwe have shown that the second shell residue network,
C-lobe at pH 5.626, 30); thus, the rate of iron release from specifically, the Lys296 and the synergistic anion anchoring
the native human C-lobe of hTF increases at least 100-fold Argl24, serve as anion-binding site8, (10, 20). The
due to the presence of the sTFR. This TFR-induced accelerahomologous residues in the C-lobe could similarly play such
tion is attributed to stabilization of the apo or open/partially a role. Kinetic rates from the C-lobes containing the human,
open form of hTF which is induced by interaction of His349 0TF, and the K534R/R632K switch “triads” all displayed a
with a hydrophobic patch on the TFR3Q). This work significant salt effect in which-69.5-fold increases between
strongly supports earlier suggestions of long-range-induced0 and 500 mM KCI were observed (Figure 1). In all three
conformational changes with impact on the iron site. constructs, the middle position has a positively charged
Interestingly, the effect of the TFR on the rate of iron release residue (either a lysine or arginine). Interestingly, the mutant
is considerably less for the oTF triad. The rate of release with the LTF substitutions at the triad positions displayed
induced by binding of the oTF “triad” mutant to the sSTFR almost no dependence on KCI. To determine whether this
is ~4-fold lower than the increase observed for the hTF mutant had a diminished salt effect or whether the slow iron-
C-lobe in the sSTFR complex. This is a significant difference release kinetics was masking salt dependence, a salt titration
and implies that this “triad” mutant does not achieve the full was performed with the mutant/TFR complex (Table 4).
conformational change required for maximal stimulation of Although, in the presence of the TFR, iron release is much
iron release from the C-lobe. It is tempting to attribute some more rapid, the effect of increasing the KCI concentration
of the difference to the missing aspartic acid residue. from 150 to 500 mM resulted in less than a 2-fold increase
Perhaps most interesting is the LTF mutant (K-N-N) which in the rate of iron release. Taken as a whole, the results
seems to lack any kind of mechanism to open the cleft and suggest that the residue in the middle position might well
is also missing a robust salt effect (see below), resulting in be an anion site, since conversion of this residue to the
a 30- fold decrease in the rate of iron release in the absencenonbasic amino acid asparagine (in the LTF mutant) curtails
of the TFR (in comparison to hTF). In the presence of the the acceleration of the rate of release by salt. Somewnhat
TFR, the rate of release from the hTF with the LTF triad is surprisingly, we were unable to find any studies examining
increased 230-fold compared to thd 00-fold enhancement  the effect of salt on iron release from LTF. The absence of
of the rate of release from the C-lobe in the hTF/STFR a significant salt effect in the LTF highlights yet another
complex. Nevertheless, the actual rate is stil0-fold slower fundamental difference to provide an explanation for the
(0.026 vs 0.273 §) (Table 4). Likewise, the rate of iron  slower rate of iron release from native LTF in comparison
release from the switch mutant is 120-fold faster when bound to hTF. LTF seems ideally suited for its function of
to the TFR, although, again, the actual rate is the slowest of sequestering iron and withholding it from invading patho-
any of the triad mutants in complex with the TFR (0.0165 gens.
s 1), some 17-fold-slower than the control. Thus, the  With the exception of the D634A mutant, none of the
composition of the triad residues has a very significant effect substitutions to the hTF triad completely eliminated the effect
on the TFR-induced iron release from the C-lobe, reinforcing of the TFR in accelerating iron release, as might be predicted
the idea that the residues in the cleft immediately surrounding by the fact that all of the mutants retain His349 shown to be
the iron site communicate locally but also have a more global critical in this acceleration at acidic pt3@). Although neither
response. The extremely slow rate of release observed fomative oTF nor native LTF bind to the human TFB3),
the single alanine mutants even in the presence of the TFRsubstitution of the three residues which comprise the triad
(Table 4) confirms the roles of both charge and geometry in in hTF did not have a significant effect on binding (as was
the process of iron release. The importance of the asparticexpected). Clearly, in the absence of crystal structures, we
acid residue is highlighted by the fact that no iron release is do not know the exact relationship of the triad residues when
observed either with or without the TFR in an experimentally placed in the human scaffolding. Nevertheless, the behaviors
feasible time frame. of the oTF and LTF mutants are instructive with regard to
A further goal of the triad substitutions was the possibility the importance of the identity of each member of the triad
of identifying an anion-binding site in the C-lobe. It has long and of the geometry of the site. We note that the K-R-D
been known that anionic salts influence chelator-mediatedtriad combination in human TF seems particularly well-
iron removal from hTF &, 10). Several types of anion adapted to acceleration of iron release at pH 5.6 in the
interactions have been described, including kinetically presence of the TFR, yielding by far the fastest rate. The
significant anions, which are thought to bind at a site or sites aspartic acid residue provides a pH-sensitive element. As
near the metal-binding center and change the conformationmentioned repeatedly, the key to understanding how the
allowing an incoming chelator to more readily remove the dilysine pair in the N-lobe and the triad in the C-lobe exist
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is recognizing the hydrophobic environment in which these
residues reside. This environment gives rise to unuskial p

values, which allow anomalous behaviors, increasing or

decreasing susceptibility to the protonation events which
drive iron release.
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