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ABSTRACT. Serum transferrin is the major iron transport protein in humans. Its function depends on its
ability to bind iron with very high affinity, yet to release this bound iron at the lower intracellular pH.
Possible explanations for the release of iron from transferrin at low pH include protonation of a histidine
ligand and the existence of a pH-sensitive “trigger” involving a hydrogen-bonded pair of lysines in the
N-lobe of transferrin. We have determined the crystal structure of the His249GIlu mutant of the N-lobe
half-molecule of human transferrin and compared its iron-binding properties with those of the wild-type
protein and other mutants. The crystal structure, determined at 2.4 A resolRtfact¢r 19.8% Ryee
29.4%), shows that Glu 249 is directly bound to iron, in place of the His ligand, and that a local movement
of Lys 296 has broken the dilysine interaction. Despite the loss of this potentially pH-sensitive interaction,
the H249E mutant is only slightly more acid-stable than wild-type and releases iron slightly faster. We
conclude that the loss of the dilysine interaction does make the protein more acid stable but that this is
counterbalanced by the replacement of a neutral ligand (His) by a negatively charged one (Glu), thus
disrupting the electroneutrality of the binding site.

Serum transferrin is an iron-binding protein which, to- transferrins for iron and the molecular events that lead to its
gether with lactoferrin and ovotransferrin, is part of a release.
homologous family of proteins known collectively as the In serum transferrin, as in other transferrins, the amino
transferrins (for reviews, see refsand?2). Because of their  acid sequence contains an internal 2-fold sequence repeat
extremely high affinity for iron, the transferrins play a crucial (4), such that the N-terminal half has ca. 40% sequence
part in regulating the levels of free iron in the body fluids identity with the C-terminal half. Correspondingly, crystal-
of animals. Additionally, serum transferrin has the specific lographic studies of transferrird), lactoferrin 6, 7), and
role of iron transport in the bloodstream. Iron-loaded ovotransferrin 8§ have shown that each protein is folded
transferrin binds to specific cellular receptors, after which a into two globular lobes of extremely similar structure, with
process of receptor-mediated endocytosis allows the iron toeach lobe possessing a single iron-binding site. The iron-
be released inside the cell, and the iron-free transferrin to binding sites, too, are extremely similar, with the same
be returned to circulatiorj. Critical to this process is the ligands bound to iron in every case. Thus, half-molecule
ability of transferrin to bind iron with high affinity, yet to  fragments, obtained by expression of recombinant proteins,
possess mechanisms that permit its release. Our goal is tdhave proved extremely useful as models to analyze the factors
understand both the origin of the very high affinity of governing iron binding and release (e.g., réfsl5).
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oxygen ligands, and the near-perfect match of charge andH249A), together with the parent wild-type half-molecule
size within the binding site. Thed3charge of the ferric ion hTf/2N, were then expressed in baby hamster kidney (BHK)
is matched by the negative charges of the carboxylate andcells, using the pNUT vector2p), and purified from the
two phenolate ligands, and the negative charge of thetissue culture medium, using modifications that have been
carbonate ion is balanced by positive charge on the protein,described in detailQ1).

contributed by an arginine residue (Arg 124 in the N-lobe  Iron Binding and ReleaseFor the analysis of the pH

of human transferrin) and the N-terminus of @thelix (2). dependence of iron release, each protein was first titrated

The factors that govern iron release from transferrins are with sufficient 0.01 M ferric nitrilotriacetate solution to fU”y
the subject of much debate. Structurally, it is known that Saturate its iron-binding capacity, as described previously
iron release is accompanied by a major conformational (10). Samples of the Fe(lll)-loaded proteins were then
change, in which the two domains that enclose the binding incubated, in the presence and absence of chloride ([KCI]
site move apart through a hinge motion, one domain rotating = 0.14 M), against a series of buffers, chosen to give
55-65° relative to the other16, 17). What triggers this ~ appropriate buffering over the pH range 7.7 to 4.2. Each of
movement is less clear. The transferrin receptor may play the proteins was at a concentration of approximately V8
an active part in vivo _‘(8), but iron is also released in vitro and in its normal carbonate Complex form. The buffers used
as the pH is lowered and this is believed to help effect iron Were Hepes, Mes, and sodium acetate, each at a concentration
release at the lower intracellular pH. The crystal structure 0f 33 mM, adjusted to the appropriate pH it M NaOH
of the N-lobe half-molecule of human transferrin, in its iron- Or acetic acid. Each solution was maintained &CAfor a
bound state, showed two alternative positions for the period of 1 week at the appropriate pH to achieve equilib-
carbonate ion; these two positions were interpreted in termsium. The percent saturation with iron was then estimated
of a mixture of carbonate and bicarbonate at the crystal pH from the visible absorption spectrum, by comparing the
of ca. 6.0, indicating that protonation of the anion was a absorbance at the visible absorption maximum (472, 430,
likely first step in iron release16). Protonation of the 457, and 442 nm, respectively, for wt hTf/2N, H249A,
histidine ligand as the pH is lowered is also a possible H249E, and H249Q proteins) with that of the fully iron-
contributor (L6, 19). Other factors, involving second-shell loaded protein. All U\*-vis spectra were recorded on a Cary
residues, must also p|ay a part, hOWGVEf, since the pr|mary219 SpeCtrophotometer under the control of the Computer
iron coordination spheres in the N- and C-lobes, and in program Olis-219s (On-line Instrument Systems Inc., Bogart,
different transferrins, appear to be structurally identical, yet GA).
their iron release properties differ. The N-lobe of human  Crystallization of the H249E Mutant=e(lll)-saturated
transferrin, for example, releases iron below pH 6, about one H249E was dialyzed against 20 mM sodium bicarbonate (pH
pH unit higher than the C-lobe and two pH units higher than 8.1) and concentrated to 80 mg/mL using a Centricon 10
either lobe of lactoferrin. One intriguing structural feature Microconcentrator. Orange-colored crystals were obtained
that is proposed to be responsible for these differences is aat 4°C, using the sitting drop method in microbridges. The
hydrogen-bonded pair of lysine residues (Lys 206 and Lys drop contained 1.aL of 50 mM potassium cacodylate buffer
296 in human transferrin) that is present in the N-lobes of (PH 6.1), containing 40% (v/v) ethanol. The reservoir
transferrin 6, 10) and ovotransferring, 20) but not in their ~ contained 40% (v/v) ethanol in 50 mM potassium cacodylate
C-lobes, nor in lactoferrin. The two lysines come from buffer in the pH range 5:96.3
opposing domains and lie immediately behind the iron site, ~Data Collection X-ray diffraction data for H249E were

leading to the suggestion that they form a pH-sensitive collected at room temperature, from a single crystal, using
“dilysine trigger” (20). a Rigaku R-Axis IIC image plate detector on a Rigaku
RU200 rotating anode generator. The crystal was found to

ligand of human transferrin on iron binding and release, belong to the tetragonal system and to be isomorph(_)us 0
through a combination of site-directed mutagenesis, spec-crySt‘f"! form Il of th_e W"d't}’pe hTf/ZN' grown under similar
troscopy, and structural analysis, using the recombinantCconditions ¢5). Unit cell dimensions wera = b = 72.66,
N-lobe of human transferrin as our experimental system. ¢ = 152.49 A, space group4,2;2. Assuming one molecule
Kinetic studies of the H249A, H249Q, and H249E mutants of 37 kDa in the asymmetric unit the solvent content is 55_%.
are presented separatell]; here we report the crystal A data set that was 91.2% complete to 2.4 A resolution

structure of the H249E mutant. This has allowed us to (96.1% complet.e in .the. outer, 2@.4 A, shell was
evaluate the effects of substituting a negatively charged collected. The diffraction images were processed using the

ligand (Glu) for the neutral histidine, thus disrupting the Program DENZO £3) and subsequently scaled and merged
electroneutrality of the site, and at the same time has USing the programs ROTAVATA and AGROVATA from

uncovered an unexpected disruption of the dilysine interac- e CCP4 suite of programs24). Full data collection

tion which has important implications for understanding the statistics are in T_able 1. i
stability of the iron-binding site. Structure Solution and Refinemel®ecause the H249E

crystals were isomorphous with those of crystal form 2 of
MATERIALS AND METHODS the wild-type half-molecule (hTf/2N), the final hTf/2N

structure was placed directly into the H249E cell and used

Mutations of His249 to Glu, GIn, and Ala were introduced as the starting model for refinement. The iron ligands and

into the gene for the N-terminal half-molecule of human second shell residues, together with the iron and carbonate
transferrin (residues-1337 of the native protein) using a ions and all solvent molecules, were omitted from this
polymerase chain reaction (PCR) based procedure, asstarting model. Initial refinement was with X-PLORS),
described 21). The mutant proteins (H249E, H249Q, and with a round of rigid body refinement (first as one body,

We have chosen to investigate the influence of the histidine
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Table 1: H249E Data Collection, Refinement, and Model Statistics
data collection

resolution range (A) 40:62.4

unique reflections 15 387

redundancy 4.7 (2.8)

completeness (%) 91.8 (96.1)

mergingR-factor 0.079 (0.239)

meanl/o 11.6 (5.6)
refinement

resolution range (A) 15:02.4

R-factor (no. of reflections) 0.198 (13 706)

Rfree (no. of reflections) 0.294 (1028)

rms deviation bond lengths (A) 0.009

rms deviation bond angles (degrees) 1.68
model

no. of protein atoms 2563

ions 1Fé", 1CO2

no. of solvent molecules 67

then as the two domains) followed by simulated annealing
and positional refinement with restrained isotropitactors.
The stereochemical parameters of Engh and Hi@nere
used throughout. The omitted residues and ferric and
carbonate ions were rebuilt into the model frofp2 — Fearc
andFops — Fcaic Maps using O47) and late in the refinement
solvent molecules were added conservatively, i.e., only if
they appeared as discrete spherical peaks in bBths 2

Fcac and Fops — Feac maps, at levels above iGand 3.0, =
respectively, and their positions made chemical and geo-Ficure 1: Ribbon diagram showing the overall folding of the
metrical sense. All data in the resolution range-2%4 A H249E mutant and the location of the iron-binding site. In this
were used in the refinement, except that 7% of reflections, orientation, the N2 domain is at the top of the picture and the N1

. domain at the bottom. The mutated Glu 249 side chain is shown
randomly chosen, were excluded for use inRye: calcula- with thick lines and bound to the iron atom, and the nearby Lys

tion. The finalR-factor was 19.8%Re. 29.4%) foramodel 206 and Lys 296 side chains are indicated with the letter K; Lys
in which the rms deviation from standard bond lengths was 206 belongs to the N2 domain and Lys 296 to the N1 domain.
0.009 A. Full refinement statistics are in Table 1. This and other diagrams drawn with MOLSCRIPB6), and

Final Model for H249E The final model comprises 2563 ~ rendered with RASTER3DS().
protein atoms, one Feand one C@ ion, and 67 solvent
molecules, all treated as water. The protein model comprises At the mutation site, there are two particularly important
331 residues out of the expected 337, as no interpretablechanges. First, the mutated side chain, Glu 249, is directly
density was found for residues-B or 335-337. The rest  bound to the iron atom (Figure 2), its carboxylate oxygen
of the model conforms well with standard geometry with Oe2 being coordinated with an F€ bond distance of 2.09
87% of residues in most favored regions of the Ramachan-A. This compares with the wild-type protein, in which
dran plot, as defined in the program PROCHEGS)( His249 is coordinated throughe® with an Fe-N distance

of 2.04 A. The coordination of the mutated glutamate residue

RESULTS AND DISCUSSION in H249E is accommodated with minimal disturbance to the

Structure of the H249E MutanThe overall structure of ~ Structure. Superposition of H249E on to wild-type hTf/2N
the H249E mutant has the same two-domain fold as in othershows that Glu 249 €2 is within 0.5 A of the position
transferrin half-molecules1@—15, 20, 29), with the iron- ~ Previously occupied by His24948, and that the main-chain
binding site and the mutated residue 249 located deep in thetorsion angles for residue 249 remain essentially the same
interdomain cleft, close to the two extended polypeptide [changed from {68°,15T°) to (~80°,150°)]. The bond
strands that run between the domains (Figure 1). Theselengths (Table 2) suggest that the two-#&(Tyr) bonds are
strands contain the hinge that mediates domain opening andblightly shorter in H249E, compared with wild-type, although
closure. Superposition of the whole p0|ypept|de chain of at 2.4 A resolution the Significance of this is uncertain. The
H249E (331 @ atoms, from residues 4 to 334) on to that bond distances of the other ligands are not changed signifi-
of the wild-type hTf/2N gives an overall rms difference of ~cantly (Table 2), and the conformations of the carbonate ion
0.24 A. When the individual domains are compared, super- and Arg 124 correspond to the normal high-pH configuration
imposing domain 1 of H249E on to domain 1 of hTf/2N of the wild-type protein 15); there is no evidence of partial
and domain 2 on to domain 2, the figures are almost the anion dissociation.
same as for the whole molecule, 0.22 and 0.23 A respec- Coordination of Glu 249 is not in itself a surprise, since
tively. We conclude that neither the overall fold nor the way carboxylate ligands are common for Fe(lll) in other non-
in which the two domains close over the iron-binding site, heme iron proteins30) and hard O ligands should be
are affected by the mutation or its local consequences. Thisfavorable for coordination to the Feion. The effect,
is a significant finding in view of the fact that some of the however, is that although the iron atom remains 6-coordinate,
interdomain contacts are changed (see below). as in the wild-type protein, the introduction of a negatively
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of hydrogen bonding to Lys 296 is now hydrogen bonded
only to Ser 298 @ from the opposing domain.

We emphasize, however, that the structural changes that
result from the mutation are local ones that are not visibly
propagated elsewhere in the molecule. The glutamate side
chain almost exactly fills the position of the histidine in the
wild-type protein, with @2 replacing N2 and Q1 replacing
No1 (Figure 3). Likewise, the network of hydrogen bonds
is unchanged by the substitution and by the movement of
Lys 296 since the sites occupied by Lys 296 iN the two
proteins are alternatively occupied by water molecules.
Instead, it is thenatureof the bonded and hydrogen-bonded
interactions that changes.

Iron-Binding PropertiesSeveral kinds of data have been
obtained on the iron-binding properties of the His 249
mutants 21). First, the wavelengthima, Of the charge-
transfer band in the visible region gives an indication of any
changes to the bonding of the two tyrosine ligands. For the
carbonate complexes of the H249Q and H249A mutants,
is reduced from 472 nm (wild-type) to 440 and 430 nm
respectively, implying a relatively stronger interaction with
FiIGURE 2: Electron density for the side chains of Glu 249 and Lys the tyrosine ligands, perhaps as a result of the loss of the
296 showing that Glu 249 binds to the iron atom through one histidine ligand 21). For H249E, the reduction is less (to

carboxylate oxygen and is hydrogen bonded (broken line) to the ;
amino group of Lys 296, which has moved away from the position 457 nm). The crystal structure does suggest a slight shorten-

LN

it occupies in the wild-type protein (adjacent to Lys 208)N ing of the Fe-O(Tyr) bonds, as noted above and in Table
2, but its significance is marginal at 2.4 A resolution. Second,
Table 2: Bond Distances at the Iron-Binding Site (A) iron release kinetics, using either Tiron or EDTA as chelators
H249E hTf/2N to effect iron removal, indicate dramatic differences in the
tes of iron release from the mutantl), Although the
Fe~ 001 (Asp 63) 211 203 dif is small for the H249E mutant (about three ti
Fe-Oy (Tyr 95) 1.60 197 ifference is small for the mutant (about three times
Fe—On (Tyr 188) 1.65 1.88 faster than wild-type), it is very large for the H249Q and
Fe—0e2 (Glu 249) 2.09 2.04 (His 24942) H249A mutants for which the rate of iron release is some
Fe—01 (carbonate) 1.99 2.08 i inati
Fo-02 (carbonate) Lo7 519 10* times faster. These kinetic data reflect aspects of the

mechanism of iron release that are affected by the mutations,
however, and do not necessarily correlate with thermody-
namic or acid stability. They may depend on the presence

charge. This is likely to affect the stability of iron binding. g;:::dllggaz't\?vselrc;rst?fe %fl/(z?;ﬁr;tzng/;gi”ct)ther anions, for
The second change resulting from the mutation was not pie, i o Y .
anticipated. The side chain of Lys 296, which in hTf/2N and ~ The measurements of iron binding as a function of pH,
other transferrin N-lobe structures is part of the hydrogen- Shown in Figure 4, offer on the other hand a measure of the
bonded dilysine pair formed with Lys 206, has moved to pH stability of iron binding without relating to other aspects
form a hydrogen bond (2.97 A) to the noncoordinated Of the mechanisms of release. These measurements offer an

carboxylate oxygen, €1, of Glu 249 (Figure 2). In doing  Intriguing contrast. They show consistently, both in the
so, it replaces a water molecule that is bound to His 249 Presence and absence of chloride, that the H249E mutant is
No1 in wild-type hTf/2N. The new position appears to be a marginally more stable under acidic COﬂdItIOﬂS.thE'ir.] wild-
highly favorable one, as it also allows Lys 296 to make a fype hTf/2N, whereas H249Q and H249A are significantly
hydrogen-bonded salt bridge (3.13 A) with Glu 83 and less stabl_e (by about 1 pH umt)._There__ls no inherent
another hydrogen bond with a well-ordered internal water contradiction between the greater acid stability of the H249E
molecule. This movement has the effect of breaking the mutant apd its slightly faster release than wild-type because
dilysine interaction, as the two amino groups are now 7.8 A Of the different nature of the two measurements, but
apart, and a water molecule fills the position vacated by Lys interpretation is still dlfflcult because of the fact that a
296 NZ (Figure 3). The movement of Lys 296 has two other Number of factors are likely to be operating.

consequences that may be of significance. First, a common Considering the H249E mutant, we can advance several
feature in proteins of the transferrin family is that in almost hypotheses. If protonation of the His ligand is a factor in
all cases a positively charged group, Lys 296 in transferrins the pH-dependent release of iron, as suggedi&d. @), then

and Arg 210 in human lactoferrin, sits behind the two iron binding by H249E should be more acid stable (as
tyrosine ligands, usually hydrogen bonded to Tyr 188 or its observed). Likewise, if protonation of the dilysine pair in
equivalent, so as to help maintain them in their deprotonated,the N-lobe of transferrin is responsible for the dramatically
phenolate, state. In H249E, this is no longer the case as theaeduced acid stability of the N-lobe-binding site compared
position is occupied by a water molecule. Second, the with the C-lobe binding site, and with lactoferrin, as
interdomain interactions are changed, as Lys 206, insteadsuggested20), then one would expect the H249E mutant to

charged ligand in place of the neutral His does change the
electroneutrality of the site, with it now having a net negative
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Ficure 3: Superposition of the H249E mutant structure (blue polypeptide, red iron and carbonate) on to the wild-type hTf/2N structure
(green polypeptide, magenta iron and carbonate) showing the change in conformation of the Lys 296 side chain that breaks the hydrogen-
bonded interaction between Lys 296 and Lys 206 present in hTf/2N. Lys 296 NZ in H249E replaces a water molecule (green) in hTf/2N.
Likewise the position vacated by Lys 296 NZ is filled by a water molecule (blue) hydrogen bonded to Lys 206 NZ. Hydrogen bonds are
shown with broken lines.

The fact that the iron binding in the H249E mutant is only

100 ————0 marginally more acid stable than wild-type suggests that
| ANeka /:/' either the effect of the dilysine interaction is much smaller
804 / / than previously believed or that its effect is in some way

counterbalanced by the presence of a different ligand (Glu
in place of His). In this respect, it is intriguing to note that
the acid stability of the H249E mutant is very similar to that
of the equivalent mutant of human lactoferrin, H2538)(
——— W7 which loses iron over the pH range 6-8.0. Although no
/’/o —a— H249A crystal structure is available for H253E, it is tempting to
20- 7 - Dy speculate that in both cases the Glu is bound to iron as a
4 ligand, that in neither case is a dilysine interaction present,
and that their iron binding properties are correspondingly
s s 6 7 s similar. Taking this argument one step further, we note that
pH the mutation H253Ereduced the acid stability of the
lactoferrin site by 1.6-1.5 pH units {4), and this probably
reflects the change in iron ligation from His to Glu. Thus,
/o we suggest that these two effects operate in the H249E
B [KC=0.14M /0/ mutant of transferrirrthe loss of the dilysine interaction

80+ increases acid stability but the change of ligand from His to
; Glu decreases it, so that the effects almost cancel.

% Fe bound
o2}
o
L

b
o
!

100

60 Structural explanations for the data for the other mutants
are more difficult to advance, since we do not yet have crystal
et structures for H249A or H249Q. In the case of H249A, the
Ao H243A iron site must be 5-coordinate or have a water molecule as
/- —o— H249€E sixth ligand, since no side-chain ligand is available. This
o Heaa should account for its radically more rapid iron relea®® (
and reduced acid stability. Five-coordinate mutants of
lactoferrin have been shown to be markedly less stable than
wild-type (14). The case of H249Q is extremely interesting.
There seems to be no structural reason a GlIn side chain

Ficure 4: Plots of the percent of iron bound as a function of pH, : . : oo .
shown for wild-type hTH2N (WT) and its H249A, H249E, and should not coprdlnate to iron since it is |§ostruptural with
H249Q mutants (a) in the absence of chloride and (b) in the Glu and could in theory coordinate through its amide oxygen.

presence of chloride. Conditions as described in the text. Coordination of a GlIn side chain is found in the blue copper
protein stellacyanin3l), but is rare for transition metal ions
be much more acid-stable than wild-type, since we have in proteins, and the GIn amide oxygen should be a much
shown crystallographically that the dilysine interaction is not poorer ligand for F& than the carboxylate oxygen of Glu.
present in H249E. In lactoferrin, for example, the N-lobe In the present case, we note that the acid stability of H249Q
binding site also has no dilysine pair, and it appears to be s virtually identical to that of H249A, and like H249A, it
otherwise identical to the equivalent site in transferrin, yet releases iron dramatically faster than wild-tyf)( We
its iron binding is as much as 2 pH units more stable. conclude that although the present H249E crystal structure

% Fe bound

40+

204

0 T T T T T
4 5 6 7 8

pH
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implies that a Gln side chain could coordinate to iron in the
H249Q mutant, in fact, it does not, leaving the metal ion
either 5-coordinate or with a sixth water ligand. There is a
precedent for this in the H253M mutant of the N-lobe half-
molecule of lactoferrin, for which the crystal structure shows

that Met253 does not coordinate to iron, even though there

is no structural impediment, and the iron is 5-coordinat. (
What are the implications for iron binding by transferrins?

It appears that proteins of the transferrin family have evolved

to operate with a particular set of ligands (2 Tyr, 1 Asp, 1
His, and the carbonate ion) that are ideal for their function
of reversible binding of ferric iron. This is reinforced by the
apparently convergent evolution of a bacterial ferric-binding
protein to a chemically identical set of ligand2(33). Even

though a carboxylate group should be a favorable ligand for

Fe(lll), the substitution of Glu for His is destabilizing because
it disrupts the electroneutrality of the site. Likewise, although
a GIn ligand would be neutral like His, it apparently does

not coordinate, perhaps because the amide oxygen is too

weak a ligand for Fe(lll). We note that the insect transferrins
(34, 35) apparently have GIn in place of His in their N-lobe-

binding sites and speculate that this may imply some
difference in their requirements for iron binding and release.

CONCLUSIONS

The crystal structure of the H249E mutant of the human
transferrin N-lobe half molecule, combined with pH stability
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data for this and other mutants leads to several important
conclusions regarding transferrin function. We observe that
the mutated Glu 249 side chain binds to iron (as His 249
does in wild-type) and that Lys 296 moves to hydrogen bond
to the noncoordinated carboxylate oxygen of Glu 249; this

21.He, Q.-Y., Mason, A. B., Dixon, B. K., Tam, B. M.,
MacGillivray, R. T. A., Pakdaman, R., Chasteen, N. D., and
Woodworth, R. C. (1999Biochemistry 391205-1210.

2. Funk, W. D., MacGillivray, R. T. A., Mason, A. B., Brown,
S. A., and Woodworth, R. C. (199@jochemistry 291654~
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breaks the dilysine interaction seen in the wild-type protein. 1660.
We attribute the marginally increased pH stability of the 23.300t;vir1302w6$ki, Z., and Minor, W. (199Nlethods Enzymol. 276

H249E mutant to two opposing factors. Loss of the dilysine
interaction makes the protein more acid stable, but the
replacement of the uncharged His ligand with a negatively
charged Glu ligand counterbalances this. We also conclude
that the neutral His ligand thus makes an important contribu-

24. Collaborative Computing Project 4 (1994gta Crystallogr.,
Sect. D 50 760-763.

25. Brunger, A. T. (1992) X-Plor version 3.1. A System for
Crystallography and NMR, Yale University Press, New Haven,
CT.

tion to the stability of the canonical transferrin-binding site.
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