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ABSTRACT: Lactoferrin (Lf) and serum transferrin (Tf) combine high-affinity iron binding with an ability

to release this iron at reduced pH. Lf, however, retains iron to significantly lower pH than Tf, giving the
two proteins distinct functional roles. In this paper, we compared the iron-release profiles for human Lf,
Tf, and their N-lobe half-molecules Lfand T& and showed that half of the difference in iron retention

at low pH (~1.3 pH units) results from interlobe interactions in Lf. To probe factors intrinsic to the
N-lobes, we further examined the specific role of two basic residues that are proposed to form a pH-
sensitive dilysine trigger for iron release in the N-lobe of Tf [Dewan, J. C., Mikami, B., Hirose, M., and
Sacchettini, J. C. (19938iochemistry 3211963-11968] by mutating Arg 210 to Lys in the N-lobe
half-molecule L. The R210K mutant was expressed, purified, and crystallized, and its crystal structure
was determined and refined at 2.0-A resolution to a fRéctor Riee) Of 19.8% (25.0%). The structure
showed that Lys 210 and Lys 301 in R210K do not form a dilysine interaction like that between Lys 206
and Lys 296 in human Tf. The R210K mutant retained iron to lower pH than ddnsistent with the
absence of the dilysine interaction but released iron at approximately 0.7 pH units higher ghaviel f
conclude that (i) the ability of Lf to retain iron to significantly lower pH than Tf is due equally to interlobe
interactions and to the absence in Lfs of an interaction analogous to the dilysine pair in Tfs, even when
two lysines are present at the corresponding sequence positions, and (ii) an appropriately positioned basic
residue (Arg 210 in human Lf) modulates iron release by inhibiting protonation of the N-lobe iron ligands,
specifically His 253.

Iron is an essential element for animals, but its toxicity logous lobes, representing its N- and C-terminal halves, with
and low solubility under physiological conditions require that each lobe further divided into two domains, the N1 and N2
the levels of free iron be tightly controlled. In animals, this domains in the N-lobe and the C1 and C2 domains in the
control is achieved by a highly conserved family of proteins C-lobe. The iron- and carbonate-binding sites are located
known as the transferrind (2), whose archetypal members within a deep cleft between the domains of each Id)e (
are transferrin (Tf), the iron transport protein of serum; Both crystallographicq, 7) and small-angle X-ray scattering
lactoferrin (Lf), found in the secretory fluids of animals and studies 8) indicate that iron binding and release by the
in white blood cells; and ovotransferrin (oTf) of avian egg transferrins are accompanied by substantial conformational
white. The transferrins are monomeric glycoproteins of ca. changes between the open apo form and the closed iron-
80 kDa that possess the capacity to bind very tightly, yet bound form. When iron is lost from the N-lobes of Lf and
reversibly, two ferric ions, together with two synergistically Tf, for example, the N1 and N2 domains move apart through
bound carbonate anions. a rigid-body domain rotation of 5060° that opens the

Crystallographic studies of human L3)( human serum binding cleft @, 7).

Tf (4), and hen oTf %) have shown that the proteins share
essentially the same fold, consistent with their sequence,
identity of 50-70% @). Each protein comprises two homo-

Despite the high level of sequence identity and the simi-
rity of their tertiary structures, individual transferrins differ
in their binding properties. Most significant is the much
; greater acid stability of iron binding by Lf, as compared to
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The situation is complicated by several Lfs that have two
lysine residues at sequence positions corresponding to Lys
206 and Lys 296 in Tf; these include bovine, equine, buffalo,
and goat Lfs. At least for bovine, equine, and buffalo Lfs,
the proteins have the enhanced acid stability of iron binding
that is typical of Lfs, and the crystal structur@4{-23) show
that no dilysine pair is formed. The absence of a dilysine
pair interaction in the N-lobes of Lfs, even when lysine
residues are present at the appropriate sequence positions,
signifies a characteristic difference between Lfs and Tfs that
could depend either on intrinsic properties of their N-lobes
or on the modulating influence of their C-lobes.

Here we report the crystal structure and the iron-binding
properties of a mutant of the recombinant N-lobe of human
lactoferrin (Lfy), in which Arg 210 is changed to Lys. This
mutation was designed to investigate whether a dilysine pair,
such as that in the N-lobe of Tf, would form in the absence
of the C-lobe and to assess the contribution of these lysine
residues to the intrinsic iron-binding properties of the N-lobe
of Lf. We show that a dilysine interaction does not occur in
the R210K mutant, analyze the factors that modulate the pH
dependence of Tf iron retention, and discuss the implications
for the events that are involved in the acid-mediated release
of iron from the transferrins.

MATERIALS AND METHODS

Preparation of Recombinant Proteilm vitro site-specific

w. mutagenesis reactions were performed using the method of
FicuRe 1: Polypeptide fold of the recombinant N-lobe of human Kunkel (24). A 1005-bpEccRI/Bglll fragment was excised
serum Tf. Side chains of Lys 206 from the N2 domain (upper) and from the 5 region of the human Lf cDNA and ligated into
Lys 296 from the N1 domain (lower) are shown in ball-and-stick the EcaRl andBarH| sites of M13 mp19. Uracil-containing
representation, and the bound iron is shown as a large sphere. single-stranded DNA was prepared from this clone, which
was then used as a template for oligonucleotide-directed
and the N-lobe site of serum Tf binds iron more weakl)( mutagenesis. The clones that contained the R210K mutation

and releases it more readily than the C-lobe sif).( were identified by DNA sequence analysis. Restriction
These differences must depend on structural variations 419€Sts using\pa and Sma were employed to move a 776-

outside of the primary iron and carbonate coordination PP fragment of the mutant Lf cDNA from M13 mp19 into
the expression construct pNUT«.fThe pNUT-L# plasmid

spheres, since the same ligands, with the same geometry; M : )
are found for both sites of each protei?).(Two possible containing the R210K mutation was then transfected into
baby hamster kidney cells, and the recombinant Lf was

factors have been suggested. First, studies of Lf mutafjs ( ) : . )
and of the N-terminal half-molecule of human Lf {}f(9) purified from the tissue culture medium by ion-exchange
suggest that cooperative interactions from the C-lobe enhancéfromatography, as described previousy. (

the acid stability of N-lobe iron binding, thereby giving Lf ~ Ultraviolet—Visible Spectroscopylitraviolet-visible ab-

its enhanced overall acid stability. How this is achieved in sorption spectra were recorded from solutions of recombinant

molecular terms is not known, but there are indications that transferrins with protein concentrations that ranged between
the terminal helix of the C-lobe is involved 7). 3.6 and 5.7 mg/mL. Spectra were measured over the range

A second potential factor is an unusual interdomain Of 250 to 700 nm, using a Hewlett-Packard HP8452A diode
interaction between two lysine residues in the N-lobes of Tf array spectrophotometer.
and oTf (L8—20). These residues (Lys 206 and Lys 296 in Iron Release Studie$he iron saturation of L, Tfy, and
human Tf and Lys 206 and Lys 301 in hen oTf) form a the R210K mutant was monitored following dialysis against
hydrogen-bonded dilysine pair (Figure 1). It has been buffered solutions of varying pH}. The buffers that were
proposed that charge repulsion resulting from the protonationused in these studies were 50 mM MES in the pH range of
of this dilysine pair at lowered pH acts as a trigger to 7.0—5.0 and 50 mM sodium acetate in the pH range of5.5
stimulate domain opening and iron relead®)( No such 3.5. All buffered solutions contained 0.2 M NaCl. Samples
dilysine interaction exists between the equivalent residueswere dialyzed for 48 h against each buffer; little change
(Arg 210 and Lys 301) in human Lf. Instead of interacting occurred beyond 24 h, but the dialysis was continued for a
with Arg 210, the side chain of Lys 301 adopts a different further 24 h to ensure that the release of iron had essentially
conformation to form a salt bridge with Asp 297 and with reached equilibrium. The proportion of iron-saturated protein
Glu 216 from the other domair3). This localized difference  was estimated from spectrophotometric measurements of the
could contribute to the relatively greater acid stability of iron absorbance at 280 nm, at the wavelength of maximum
binding by Lf, when compared with that of Tf and oTif9). absorbance for the ligand-to-metal charge-transfer bapd,

human Lf 12) and releases it at slightly higher pH3),
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Table 1: Data Processing Table 2: Structure Refinement
space group c2 resolution limits 6.0-2.0A
unit cell a=124.4A no. of reflections 21 459 (1089)
b=57.2A Rfactor Riee) 19.8% (25.0%)
c=57.3A model atoms
p=117.r protein residues 4327
resolution 2.0A ions Fét, CO2
Rinergd 7.3% (26.5%) solvent molecules 170
I/o? 9.9(3.2) Average temp. factors @
no. of unique reflections 23444 protein mainchain atoms 17.2
redundancy 2.4 protein side chain atoms 18.3
completeness 95.8% (97.1%) ordered solvent molecules 215
aFigures in parentheses for outershell (2:Q70 A). rmsgfggz?;ntg? ideal geometry 0.010 A
bond angles 1.52
(450 nm for L§ and 472 nm for R210K and [}, and at dihedral angles 239

700 nm. The absorbance at 700 nm was subtracted from the
measurements at 280 nm and /afx to correct for any  the initiation of refinement. Rigid-body refinement was per-
background absorbance. The iron saturation of the recom-formed in which the search model was first treated as one
binant transferrins was then estimated from the ratio of the fragment and then as two rigid bodies that represent the N1
corrected absorbances at 280 nm apgl. This ratio has a  and N2 domains. The search models were initially rigid-
value of ca. 0.045 for iron-saturatediLénd ca. 0.0004 for  body refined using the data in the resolution range -6£8
apo Lfy (25). A. Subsequent rigid-body refinement, in which the maximum
A curve of best fit was calculated for the pH dependence resolution was extended, produced a model witfRdactor
of iron release from each protein, using an equation that of 40.7% and arRi.. of 41.4% for the data between 6 and
models the ionization af titratable groupsZ6). The pH at 2.0 A.
which half of the iron has been released corresponds to the glectron density maps were calculated from the rigid-body
apparent [, of this ionization process. The differences yefined model, and the Eeand carbonate ions were built
between the observed iron saturation data and the best-fiintg the difference electron density. To reduce model bias,
curve were minimized by least squares. _ selected atoms in the region of the mutation site (residues
Crystallization.Crystallization trials were performed using  301-303 and the side chains of residues 210 and 216) were
protein that had been deglycosylated by a mixture of the omjtted from the initial refinement. The individual atomic
enzymes endoglycosidase F and peptide N-glycosidase Fyositions and temperature factors of this model were refined
from Flavobacterium meningosepticu(@7). The deglyco-  y xpLOR, with simulated annealing®), after which time
sylated protein was prepared for crystallization by concentra- the omitted atoms and the Lys 210 side chain were rebuilt
tion to 28 mg/mL in 20 mM HEPES ahl M NaCl, pH 8.0. o difference electron density maps. The model was further
Crystals suitable for X-ray diffraction studies were grown jmproved by subsequent rounds of restrained least-squares
by a batch method, by the dropwise addition of /46 of refinement and simulated annealing, followed by model
the protein solution into 1 mL of water. The crystallizations rebuilding using TURBO FRODO3@). Ordered solvent
were then left to slowly equilibrate at #C. Under these  mglecules, all modeled as water, were progressively added
conqmons, large needlelike red crystals grew over a period 4t |ocations where there was spheri¢Bl|—|F| density
of six weeks. _ _ _ greater than @ above the mean, and there were potential
Data Collection and Processing(-ray diffraction data  pydrogen-bonding contacts with the neighboring structure.
were collected at 113 K, following the transfer of the crystal The iron-ligand bonds were initially restrained to conform

into a cryoprotectant solution (crystallization buffer made 4 standard bond distances, but these restraints were removed
up in 30% MPD), mounting in a loop, and freezing in a cold fom the later rounds of refinement.

nitrogen gas stream. Data were collected with a Rigaku
R-axis IIC image plate detector on a Rigaku RU200 rotating in
anode generator. Profile-fitted intensities were obtained using ob
DENZO and were scaled and merged using SCALEPACK ; ;
; L 4 . verall reochemistry, with root-mean- re (rm
(28). Data processing statistics are summarized in Table 1.0 erall stereochemistry, with a root-mean-square (rms)

L2 deviation of 0.01 A from standard bond lengths and an rms
Structure DeterminationThe R210K structure was solved . i-tion of 1.5 from standard bond angles. A Ramachan-

Sdran plot 84) of the mainchain torsion angles shows that
87.2% of nonglycine and nonproline residues are within the
most favored regions of conformational space and that 99.3%
are within the allowed regions. Leu 299 is outside of the
allowed regions. However, this residue has well-defined
electron density and is the central residue gftarn that is
conserved in all transferrin structure&l).

The refinement statistics for the R210K model are given
Table 2. The refined model complies well with the
served X-ray diffraction data. The structure has good

5-319 of the recombinant N-lobe of human L29) with
the side chain of Arg 210, the ferric and carbonate ions, and
all water molecules removed. Molecular replacement was
performed using AMoRe30). The rotation and translation
functions were calculated using 95% of the data in the
resolution range of 84 A and gave a single clear solution
that had arR factor of 36.6% and a correlation coefficient

RefinementCrystal structure refinement was performed
using the program XPLOR3(). A random subset of 5% of Iron Binding. The R210K mutant binds iron at neutral pH

reflections was selected for the calculationRafe, prior to and exhibits the characteristic red-brown color of iron-bound
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Table 3: Iron Binding and Release

Lfn Tin R210K
Amax Of charge-transfer 450 472 472
band (nm)
no. of iron release data 15 25 19
pH range of iron release  5:8.8 6.1-4.7 5543

pH at 50% iron saturation 4.3%#0.01 5.58+ 0.04 4.98+ 0.04

transferrins 2). This color is due to a ligand-to-metal charge-

Peterson et al.

region of the mutation site are in the nature of the mutated
residue and the locations of ordered water molecules.

The side chain of Lys 210 occupies a similar position in
the R210K structure to that of Arg 210 in\{Figure 3a)
and has a conformation that is essentially the same as Lys
206 in human serum Tf. In iron-boundyffthe amino groups
of Lys 206 and Lys 296 form the “dilysine trigger” hydrogen
bond @0). However, Lys 210 and Lys 301 do not interact
in R210K, because Lys 301 adopts the same conformation

transfer band that results from the excitation of an electron as in Lfy with its amino group positioned between the

from a x orbital of one of the tyrosine ligands into &
orbital of the bound iron35). TheAmaxof this charge-transfer
band is significantly red-shifted from 450 ing.fo 472 nm

in R210K (Table 3). This indicates that the mutation of Arg

carboxyl groups of Asp 297 and Glu 216 (Figure 3d). In
this position, the I§ atom of Lys 301 is 5.8 A from that of
Lys 210. The space that is occupied by the &lom of Lys
296 in Tfy and the M2 atom of Arg 210 in Lf; is filled by

210 changes the electronic character of the interactionsa water molecule in the R210K structure.

between the tyrosine ligands and the bound ferric iron.
Iron ReleaseThe recombinant N-lobe of human serum
transferrin (Tf) releases iron at approximately 1.3 pH units
higher than the recombinant N-lobe of human lactoferrin
(Lfy). The iron-bound form of L is stable above pH 5.0,

The side chain of Arg 210 forms an extensive set of
interactions in the native human Lf andyL$tructures, in a
region that is very close to the N-lobe iron-binding s28)(
These include hydrogen bonds with the phenolate oxygens
of Tyr 82 and Tyr 192 and catioefr interactions with the

and iron release is essentially complete at pH 3.8 (Figure phenolate rings of Tyr 82 and Tyr 92 (Figure 3c). In addition,

2). In contrast, under identical conditionsyTEleases iron
over the pH range of 6.1 to 4.7. The pH at which 50% of
iron has been released is 4.3 foldnd 5.6 for T, (refer

to Table 3).

The mutation of Arg 210 to Lys decreases the stability of
iron binding by the N-lobe of lactoferrin in acidic conditions.
Half of the iron has been released from R210K at pH 5.0
(Figure 2 and Table 3), which indicates that this mutant
releases iron at approximately 0.7 of a pH unit higher than

the Ny2 atom of Arg 210 is only 3.5 A from the imidazole
ring of His 253. The basic Arg 210 side chain would also
increase the overall electrostatic potential of this region and
hence should stabilize the deprotonated forms of the iron
ligands Tyr 92, Tyr 192, and His 253 in the closed form of
human Lf.

This local environment is significantly changed by the
R210K mutation. The side chain of Lys 210 forms a
cation— interaction with phenolate ring of Tyr 82 (Figure

Lfn. Consequently, the pH dependence of iron release fromsy) Thjs interaction is analogous to that between the Arg

the R210K mutant is intermediate between those gfdrfd
Tfy (Figure 2).

Protein Structure.The polypeptide conformation of the
R210K mutant is essentially the same as the wild-type Lf
(29). Superposition of R210K onto the { Ktructure gives
an rms difference of 0.81 A for all main chain atoms in the
residue range of 5 to 321. The individual domains super-
impose more closely onto Ltthan does the whole molecule
(0.50 A for N1 and 0.48 A for N2), which reflects a slight
change in the relative orientation of these domains. If the
N1 domains of Lf and R210K are superimposed, then a
rotation of 4.8 is required to match the N2 domains of the
two proteins. The movement is primarily a twist of one
domain relative to the other, although the domains of R210K
are also slightly more closed over the interdomain cleft than
the Lfy domains.

210 N,; atom and the phenolate ring of Tyr 82 in wild-type
Lfn. However, several of the other interactions that are
formed by Arg 210 in Lf; are not present in the R210K
structure. The Lys 210 side chain does not interact with Tyr
92 or Tyr 192, and it is more tma6 A from the imidazole
ring of His 253, because the position that is occupied by the
N#2 atom of Arg 210 in Lf is filled by a water molecule in
R210K. The absence of a basic side chain at this location in
R210K should decrease the electrostatic potential in the
vicinity of the histidine and tyrosine ligands and hence should
enhance their susceptibility to protonation.

DISCUSSION

The ability to bind iron tightly, but reversibly, is intrinsic
to most of the proposed biological roles of proteins of the

The iron- and carbonate-binding site is represented by transferrin family {). Evolutionary divergence has, however,

well-defined electron density. The bond lengths of the R210K
binding site are very similar to those in theyL$tructure

led to specialized and different roles for Lf and Tf, which is
reflected in the ability of Lf to retain iron in significantly

(Table 4), and the slight differences are within the estimated more acidic conditions than T9). This gives Lf the capacity

error levels of the structural analyses (approximately 0.1 A
in bond lengths). This indicates that the mutation of Arg 210
does not significantly alter the structure of the iron-binding
site of Liy.

Mutation Site The mutation site is located in a well-
ordered region of human LBJ. Lys 210 is represented by

to scavenge iron that might otherwise catalyze free radical
formation or support bacterial growth, whereas Tf can release
its bound iron to cells at the reduced intracellular gh. (
Here we have sought to identify the structural features that
contribute to these differences.

Single-Lobe and Full-Length ProteinEhe pH dependence

clearly defined electron density in the R210K structure of iron retention by various Lf and Tf species is summarized
(Figure 3a) and has an average temperature factor of 12.2n Figure 4. Native, full-length serum Tf releases iron over
A2, substantially lower than the average for the whole model the pH range of 6.0 to 4.0. The release of iron is biphasic,
(18 A?). The polypeptide conformation is not affected by however, with N-lobe releasing at higher pH than the C-lobe
the mutation. The only significant structural changes in the (2); for human Tf the N-lobe releases iron over the pH range
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Ficure 2: pH dependence of iron release from Tf N-lobe half-molecules. Experimental profilesydsdfiares), T (circles), and the

R210K mutant (triangles) are shown, with error bars that indicate the random error associated with the absorbance measurements. Curves
were calculated by the least-squares fitting of the observed iron saturation data to an equation that describes the ionitiatiabdd

groups 26).

Table 4: Bond Distances at the Iron- and Carbonate-Binding Sites ameasure of th_e int.rinSiC d.ifferen(_:e bet\_Ne?n the two N-lobes
in terms of their acid stability of iron binding.

Fo-Asp 60 (O) Lf; g&) RZngl(A) Th_e dilysine pair ipteraction betyveen Lys_206 and L_ys
F&* - Tyr 92 (04)1 20 o1 296 in human Tf provides a compelling potential explanation
Fet--Tyr 192 (Q) 1.9 2.0 for this difference, since no equivalent interaction exists in
Fe¥t---His 253 (No) 2.2 2.3 Lf. The crystal structures of the N-lobes of iron-bound human
Fe---COs (On) 2.2 2.2 Tf (20), rabbit Tf (36), and chicken oTf19) all contain this
Fe--COs (0o) 2.1 2.2 interaction. The proximity of their §l atoms implies that
g&i: Eglg::ﬁ'ra 112231 ((NI\L)) 22-98 2287 Lys 206 and Lys 296 (human Tf numbering) are hydrogen-
COs* (Oi)"'Arg 121 (N,») 2.6 27 bonded and hence that one (or both) of them is not protonated
CO# (O3)--Thr 117 (O.) 26 25 at the crystal pH of ca. 6.0. Presumably, this interaction
COs% (03)++*Gly 124 (N) 3.3 3.1 stabilizes the iron bound form of Tf at higher pH but is

destabilizing at lower pH when both residues become proto-

of 6.0 to 5.5 @) and has a pkb (the pH at which 50% of nated, leading to its description as a dilysine triggEd) (
iron is released) of approximately 5:8.8. Under the same In contrast, the equivalent residues (Arg 210 and Lys 301)
conditions, the pkh value for the N-lobe half-molecule §f do not interact either in full-length human LB)(or in its
is 5.6 (Table 3), indicating that the intrinsic properties of isolated N-lobe 29). Arg 210 occupies a similar position in
the N-lobe of transferrin are not significantly altered by the human Lf to that of Lys 206 in human Tf. However, the
presence or otherwise of the C-lobe. In marked contrast, bothmore bulky Arg 210 side chain also fills the space that is
lobes of intact Lf release iron essentially together, with a occupied by the Natom of Lys 296 in human Tf, and the
pHso of approximately 3.09). This is significantly lower side chain of Lys 301 then adopts a different conformation
than the isolated N-lobe half-moleculey, fvhich has a pkh from that of Lys 296 in Tf to interact with Asp 297 and Glu
value of 4.3 (Table 3). Therefore, the presence of the C-lobe 216. The latter salt bridge links the two domains and should
enhances the acid stability of iron binding by the N-lobe of stabilize the closed form of human Lf in acidic conditions.
full-length Lf by about 1.3 pH units. This stabilization has These interactions in the dilysine pair region are consistent,
been noted before9( 16), and our data suggest that it therefore, with the observed capacity of the N-lobe of human
accounts for about half of the observed difference betweenLf to retain iron at lower pH than that of human serum Tf.
Lf and Tf. The mechanism by which interlobe communica-  Site-directed mutagenesis experiments confirm the im-
tion occurs in Lf is not clear, but comparisons of the iron- portance of the dilysine pair for the release of iron from the
bound and iron-free Lf structures suggest that it may involve N-lobe of human Tf87—39). Although the conditions that
contact between the N-lobe and the C-terminal heli®)( have been used by different researchers vary sufficiently to
Dilysine Pair Region.The N-lobe of Lf evidently also ~ make detailed comparisons of the results difficult, it is
contains features that make its iron binding significantly more consistently clear that the mutation of one or other lysine to
stable at low pH than that of Tf, even when removed from disrupt the dilysine pair always retards iron release.
the stabilizing influence of interactions with the C-lobe. This ~ Mutation of Lys 206 to Arg reduces the rate of iron release
is shown by the iron release datajltias a pHp value of from the recombinant N-lobe of human serum Tf by
4.3, which is approximately 1.3 pH units lower than the approximately 10-fold at pH 5.687). This mutation should,
corresponding figure of 5.6 for {f(Table 3). This provides  as in human Lf, prevent the formation of an equivalent
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Ficure 4: pH profiles of iron retention, comparing those for the
N-lobe half-molecules Lf, Tfy, and R210K with those for full-
length human Lf and human T8).
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R

Ficure 3: Structure in the dilysine pair region. In (a) the conformation of Lys 210 of the R210K mutant (cyan) is compared with that of
Arg 210 in wild-type L{; (yellow). The|Fo|—|F¢| electron density is shown after simulated annealing refinement with the side chain atoms
of Lys 210 omitted from the model. Other panels show the dilysine pair regions of (bwith Lys 206 and Lys 296; (c) lf with Arg

210 and Lys 301; and (d) R210K, with Lys 210 and Lys 301. Hydrogen bonds andligamd bonds are shown as thin lines, water
molecules are shown as small red spheres, and the iron atom is shown as a large red sphere.

Lys 296 to Ala, which would abolish the dilysine interaction,
slow iron release by approximately 250000-fold 88), and
mutations of the lysines to Glu or GIn also have a similar
effect, slowing the release of iron by factors of-526 000,
depending on the condition89). Note, however, that these
are kinetic studies and may reflect other factors in addition
to acid stability, possibly including the binding of kinetically
significant anions to the dilysine pai89).

Effects of the R210K Mutatio®ur mutation of Arg 210
to Lys was designed to examine the structural and functional
consequences of having lysine residues at sequence locations
that correspond to the dilysine pair of the serum transferrins.
This would resemble bovine Lf but set in the background of
the N-lobe half-molecule, removed from the influence of the

C-lobe.
Two key results have emerged. First, there is no hydrogen-

interaction to the dilysine pair because of the greater stericbonded interaction between the two lysines in the R210K
bulk of the arginine side chain. Mutations of Lys 206 or mutant, even at the crystal pH of ca. 8.0. Instead of forming
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the dilysine pair interaction, the side chain of Lys 301 retains contrast, in R210K, the side chain of Lys 210 does not
the same conformation that is found in full-length human, interact with either Tyr 92 or Tyr 192 and is remote to the
bovine, horse, and buffalo Lf and in wild-type\.fin each imidazole ring of His 253, because a water molecule occupies
of these proteins, Lys 301 {Nsits between the carboxyl the position of the I\ atom of Arg 210 in L§ (Figure 3d).
groups of Asp 297 and Glu 216 and is@ A from the basic ~ The absence of a cationic group adjacent to Tyr 92, Tyr 192,
side chain of residue 210. The observation that the structureand His 253 should make this set of ligands more susceptible
in the dilysine trigger region of the R210K half-molecule is to protonation and thus could account for the observation
the same as in the full-length bovine and horse Lfs shows that R210K releases iron at a higher pH thanm.LThis
that it is not the interactions between the N- and C-lobes weakening of iron binding at low pH is probably a feature
that prevent the formation of the dilysine pair in the Lfs. of all Lfs that have two lysines at positions 210 and 301,
Therefore, the lack of a dilysine interaction must be due to including bovine, horse, buffalo, and goat Lfs.
the intrinsic properties of the Lf N-lobe. The presence of a basic side chain adjacent to the histidine
Second, the presence of two lysine residues does destaand tyrosine ligands seems to be a feature of most serum
bilize iron binding by Lf at acid pH but not as much as occurs Tfs. In Tfy, for example, Lys 296 & occupies a position
in serum Tf and for a different reason. The R210K mutant only 0.5 A from that of Arg 210 K2 in Lfy and makes
releases iron at approximately 0.7 pH units higher than wild- highly analogous interactions with the iron ligands (Figure
type Lfy, as compared with 1.3 pH units higher by TTable 3b). The importance of basic residues in this region also
3). Thus, the absence of a dilysine interaction in the R210K explains why the K206A/K296A double mutant of Tf
structure does correlate with an ability to retain iron to lower releases iron faster than either of the single muta®&y, (
pH values than T§. The increase in the acid susceptibility not only will it have no dilysine pair interaction, but it also
of iron release from the R210K mutant, relative to that of has no basic side chain to reduce the susceptibility of the
Lfy, is caused by another factor that is related to the Arg to histidine and tyrosine ligands to protonation.
Lys substitution. Protonation Eents in Iron Releaséduman Lf and human
Why do Lys 210 and Lys 301 not form a hydrogen-bonded Tf contain a number of sites where protonation could
interaction in the R210K mutant of Lf whereas Lys 206  potentially destabilize the iron-bound form of the proteins.
and Lys 296 do in Tf? Despite this difference, the dilysine The first is the synergistically bound carbonate anion. Both
pair regions of the two proteins are remarkably similar. The kinetic studies 41) and the crystal structure of Jf(20)
residues that interact with Lys 206 and Lys 296 in afe indicate that protonation of the carbonate ion is an early step
all conserved in human Lf, and conversely those that interactin iron release, and the crystal structure suggests that this is
with Lys 210 and Lys 301 in R210K are conserved in human because bicarbonate interacts more weakly with both metal
Tf. The only obvious structural feature that correlates with ion and protein.
the formation of the dilysine pair interaction is a flip of the There are several possible sites for further protonation
302—303 peptide bond. Residues 36304 form a type Il events following the formation of bicarbonate. The most
B-turn (40) in diferric human Lf, bovine Lf, and R210K, obvious is the dilysine pair, whose importance is demon-
whereas the corresponding residues i, ©voTf, and rabbit  strated by the large reduction in the rate of iron release that
Tf adopt the more favorable type | conformatiatd). There results when one or other of these side chains is removed
is no clear basis for this correlation, although the peptide by site-specific mutagenesidg, 39). However, both kinetic
flip would produce a subtle change in the electrostatic studies 41) and the principle of microscopic reversibility
potential of this region. Modeling suggests that the R210K suggest that the protonation of one or more of the iron ligands
structure should allow Lys 301 to adopt the same conforma- should also be considered.
tion as Lys 296 in human Tf and to form a dilysine The principle of microscopic reversibility states that the
interaction with Lys 210. Conversely, Lys 296 in Tf should reaction pathway for the reverse of a reaction at equilibrium
be able to adopt the conformation of Lys 301 in Lf to interact is the exact opposite of the pathway for the forward direction
with Asp 292 and Glu 212, which are conserved in both the (26) and that the transition states for the forward and reverse
Tfs and the Lfs. We conclude that at least two potentially reactions are identical. A number of events have been
stable conformations are available for Lys 296 in Tf and for implicated in the uptake of iron by the transferrira3.(The
Lys 301 in Lf and that these lysine residues simply adopt initial steps involve the attraction of carbonate (or bicarbon-
the conformation that has the lowest energy in each protein,ate, depending on the pH) into the interdomain cléjt (
which is determined by differences that we cannot establish followed by specific binding to the anion sitd2). This is
at present. followed by the binding of iron to the anion and tyrosine
Interactions with the Iron Ligand&Vhy does the R210K  ligands, which are located together on the N2 domain in the
substitution destabilize iron binding in human Lf, even in open form of the proteing). Such an intermediate species
the absence of a hydrogen-bonded interaction with Lys 301?has been demonstrated in the crystal structure of a ferric
The crystal structure indicates that the overall polypeptide nitrilotriacetate complex of the N-lobe half-molecule of oTf
conformation and the iron-binding site of R210K are (43). The binding process would then be completed by the
essentially the same as in\.fHowever, the mutation does rotation of domain 2 to close the interdomain cleft, which
change the local interactions in the region of the mutation would allow the aspartate and histidine ligands to coordinate
site. The side chain of Arg 210 in wild-type \.forms a to the iron.
cation— interaction with the phenolate ring of Tyr 92 and If the histidine coordinates to the iron after the tyrosine
a hydrogen bond with the phenolate oxygen of Tyr 192 ligands during iron uptake, then the principle of microscopic
(Figure 3c). In addition, the Arg 210 M atom forms a reversibility suggests that the histidine ligand should dis-
nonbonded contact with the imidazole ring of His 253. In sociate from the iron before the tyrosines during iron release.
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