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Mutation of Arginine 121 in Lactoferrin Destabilizes Iron Binding by Disruption of
Anion Binding: Crystal Structures of R121S and R121E Mutahts
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ABSTRACT. A conserved arginine residue helps to form the synergistic anion binding site in transferrins.
To probe the importance of this residue for anion binding and iron binding, Arg 121 has been mutated to
Ser and Glu in the N-terminal half-molecule of human lactoferrin. The two mutants, R121S and R121E,
have been expressed, purified, and crystallized. Their three-dimensional structures have been determined
by X-ray diffraction at 2.3 and 2.5 A resolution, respectively. The structures were determined by molecular
replacement and were refined by restrained least squares methods tR Vialales of 0.185 and 0.204.

Both mutants still bind iron but with decreased stability. The crystal structures show that destabilization
of iron binding probably results from disruption of the anion binding site; mutation of Arg 121 removes
one wall of the anion binding pocket and causes the synergistic carbonate ion to be displaced 0.5 A from
its position in the wild-type protein. In the process it becomes partially detached from the helix N-terminus
that forms the rest of the anion binding site.

Proteins of the transferrin family, typified by serum The role of the anion has been proposed to be twofold:

transferrin and lactoferrin, play a crucial role in controlling to neutralize positive charge on the protein at its binding
the levels of free iron in the body fluids of animals (Brock, site and to complete the iron coordination by providing two
1985). In the case of transferrin, iron binding is linked with carbonate oxygen atoms as ligands (Andersbal., 1989;
a receptor-mediated system for the delivery of transferrin- Baker, 1994). In so doing it bridges between the metal ion
bound iron to cells (Octavet al, 1983). For lactoferrin,  and the protein. The stability of anion binding is thus linked
present in many external secretory fluids, no role in iron to the stability of iron binding, and one possible mechanism
transport has been definitively established. Both proteins, for acid-mediated iron release involves protonation of the
however, share the ability to bind iron, as*Fevery tightly anion and consequent destabilization of binding.

(K ~ 10%) but reversibly. The anion binding site in the N-terminal lobe of lactoferrin

A unique feature of transferrin chemistry is the coupling is formed by residues 121124 at the N-terminus of a helix,
of iron binding with the binding of a suitable anion, normally the side chain of Arg 121, and the side chain of Thr 117 in
carbonate [for a review of transferrin structure and function, a preceding loop. An equivalent site is present in the
see Baker (1994)]. The relationship is synergistic in the C-terminal lobe of lactoferrin and in all other transferrin
sense that neither is bound tightly in the absence of the other structures determined to date. The arginine residue is totally
The nature of the binding sites and the protein conformation conserved in all transferrins, except Kenopus lagis
have been established by crystallographic studies of humantransferrin where it is changed to lysine (Moskattisal.,
lactoferrin (Andersort al., 1987, 1989; Haridast al,, 1995), 1990) and in the C-terminal halves of human melanotrans-
rabbit transferrin (Bailewt al, 1988), and chicken ovotrans- ~ ferrin (Roseet al, 1986) andManduca sextaransferrin
ferrin (Kurokawaet al, 1995). The molecules fold into two ~ (Bartfeld & Law, 1990) where it is changed to Ser and Thr,
lobes (their N- and C-terminal halves), each with a single respectively. In the latter two cases the changes are
binding site located deep in a cleft between two similarly associated (along with other mutations) with a loss of iron
sized domains. The large-scale domain movement thatbinding ability (Bakeret al, 1992). Thus all functional
accompanies iron binding and release has been demonstrateBinding sites in transferrins appear to have a positively
crystallographically in the structure of apolactoferrin (Ander- charged amino acid at this position.
son et al, 1990) and by small-angle X-ray scattering We have examined the importance of this “essential”
(Grossmanret al., 1992). arginine by site-directed mutagenesis of Arg 121 in the

N-terminal half-molecule of human lactoferrin (Day al,,
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mutant protein was verified by immunoprecipitation and SDS
gel electrophoresis.

For large-scale production the cells were transferred into
roller bottles. The mutant protein was secreted into the
growth medium, which was changed daily (150 mL per day)
over a period of 1214 days. Purification from the spent
growth medium was by ion-exchange chromatography (Day
etal, 1992a). The protein expressed in BHK cells is mostly
glycosylated, at the single glycosylation site (Asn 137), but
some nonglycosylated material is also produced; therefore,
the protein was deglycosylated using an endoglycosidase
preparation (Bakeet al., 1994) prior to crystallization. The
yield of pure protein was in each case-11b mg/L of
medium.

Iron Binding and Release.Before crystallization or
spectroscopic studies were undertaken, sufficient 0.01 M
ferric nitrilotriacetate was added to each mutant to ensure
that it was fully iron saturated. Iron release, as a function
of pH, was monitored by dialyzing protein samples (at a
concentration of 1.52.0 mg/mL) in a series of buffers from
pH 8.0 to pH 2.0, as described in Day al. (1992a). The
percent saturation at each pH was estimated by comparing
the absorbance at the visible absorption maximum (454 nm
for Lfy but varying between 454 and 475 nm for the mutants)
with the absorbance for the fully iron-saturated protein.

Crystallization. Both mutants were crystallized by mi-
crodialysis of concentrated protein solutions (8D mg/
mL) against low ionic strength buffers containing a small
amount of added alcohol. Crystals were obtained under
essentially the same conditions for both mutaints,50 mM
Tris-HCI, pH 8.0, containing 12% 2-propanol.

Crystals of R121S grew as thin, orange-red plates, which
were mostly heavily overgrown. For characterization and
data collection, a small fragment of 0:20.1 x 0.04 mm
was broken off one of the plates. The crystal was mono-
clinic, space groujt2, with unit dimensiong = 97.9 A,b
=788 A c=589A a=y =90 ands = 99.2.
Assuming a single molecule in the asymmetric unit, the
FiGUre 1: (a, top) Ribbon diagram of the lactoferrin N-terminal  Matthews coefficient \ (Matthews, 1968) is 2.99 #Da
half-molecule, showing the location of Arg 121 and the bourftFe  5nd the solvent content 59%.

and CQZ? ions, in ball-and-stick representation. Drawn with the -
program RIBBONS (Carson & Bugg, 1986). (b, bottom) Close-up Crystals of R121E grew from an initial amorphous

view of the anion binding site in lactoferrin, including the role of Precipitate of the iron-saturated protein. Surprisingly, the
the Arg 121 side chain. Hydrogen bonds are shown with broken first crystals to appear after-3 months were colorless

lines. hexagonal needles, apparently of the iron-free protein. Later,
MATERIALS AND METHODS a small number of pale pink crystals were found._ These
crystals, which were used for the structure analysis, were
Production of Mutants.The R121S and R121E mutants small, flattened needles, up to 0.350.05 x 0.03 mm in
were constructed and expressed using methods previoushsize, orthorhombic, space group222, with unit cell
used for production of wild-type kfand its D60S mutant  dimensionsa = 98.1 A, b = 78.9 A, andc = 113.6 A.
(Day et al, 1992a; Fabeet al, 1996). Briefly, the cDNA Assuming one molecule in the asymmetric ukff, is 2.93
encoding the N-terminal half of human lactoferrin, residues A%Da and the solvent content 58%.
1-333, was used to prepare a uracil-containing single-strand Data Collection. For both mutants, X-ray data collection
DNA. This was used as the template for oligonucleotide- was limited by the crystal size, which affected both the
directed mutagenesis using the procedure of Kuekeil. resolution and extent of the data; only one usable crystal
(1987) to enhance the production of mutant clones. The was obtained for R121S and two for R121E. Nevertheless,
presence of the required mutation in individual clones was the data were of surprisingly good quality. The effective
verified by DNA sequencing, and the mutant cDNA was resolution in each case was taken as that at which the
transferred into the mammalian expression vector pNUT outermost shell was-50% complete and had a medior
(Palmiteret al, 1987), as described previously (Stowetl ratio of at least 2.0.
al., 1991; Dayet al,, 1992a). The pNUT:Lf mutant plasmid For R121S, diffraction data were collected at room
was used to transform baby hamster kidney (BHK) cells by temperature, from a single crystal, with an R-Axis [IC image
calcium phosphate coprecipitation. Transformed cells were plate detector on an RU 200 rotating anode generator. Data
selected using methotrexate (0.5 mM), and expression of thewere processed with the supplied R-Axis software (Molecular
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Structure Corp.). From a total of 35914 measurements, in preceding least squares cycles). Omit map density for
14 539 unique reflections to 2.3 A were obtained; data were the CQ?~ ion and the side chain of residue 121 in each
90% complete to 2.8 A and 73.8% complete to 2.3 A. Data mutant is shown in Figure 2. Some side chains were
in the outermost shell, 2-42.3 A, were 47.5% complete, similarly reexamined. Solvent molecules (assumed to be
with a meanl/o of 2.4, water) were progressively included in the model from this
For R121E, two data sets were collected from two separatepoint on, but following reasonably conservative criteria: a
crystals. The first was collected at room temperature on the peak height of at leasts3in F, — F. maps and & in 2F, —
R-Axis, as above, but the small size of the crystal limited F.maps and favorable hydrogen bond partners and geometry.
the observable data to around 3 A resolution. A second dataThese were also reexamined by omit maps during further
set was collected using synchrotron data at the Photonrefinement. Density for residues 31325 at the C-terminus
Factory (Tsukuba, Japan); this made use of the Weissenbergould be fitted satisfactorily at a late stage in the refinement,
camera with imaging plates (Sakabe, 1991) on beam linebut no clear model beyond Phe 325 or before Ser 5 could
6A2 with a wavelength of 1.0 A. Data were processed with be built. Several loops were rebuilt a number of times, in
DENZO (Otwinowski, 1990). From the combined total of particular residues 137144 which appear to be poorly
44 825 measurements, 13 063 unique reflections were ob-defined in all deglycosylated lactoferrin structures. The best
tained, representing an overall completeness of 85.4%. Infit for this region has Pro 142 in thes configuration, as in
the outermost shell (2.5%2.5 A) data were 57% complete, Lfy. The final rounds of refinement were used in rechecking
with a meanl/o ratio of 2.0. The overall merging was the CQ?™ and solvent positions and steady improvement of
0.081. the protein geometry. Some statistics of the refinement are
Structure Determination. The unit cells for the two in Table 1.

mutants are extremely similar, differing only in the doubling Model Quality. Details of the final models are given in

of the ¢ axis in R121E coupled with a change from Taple 1. Both show good agreement with the X-ray data,
monoclinic to orthorhombic symmetry. Neither is isomor-  with final R-factors of 0.185 for R121S and 0.204 for R121E.
phous with wild-type Lf crystals (Dayet al, 1992b),  |uzzati and ox plots (Luzzati, 1952; Read, 1986) are
however, and the structures were therefore solved by consistent with a maximum coordinate error of-0®3 A
molecular replacement. The search model was residuesn each structure. In both cases the model covers residues
5-316 of the wild-type N-lobe half-molecule, {.{Day et 5—-325. The N-terminal residues-¥ are poorly defined in

al., 1993) with the side chains of Arg 121 and the four iron g |actoferrin structures so far determined and here are
ligands (Asp 60, Tyr 92, Tyr 192, His 253) all truncated to represented by only weak, broken electron density which was
Cp and the F& and CQ?" ions and all solvent molecules  not modeled. The C-terminus is also poorly ordered in these
omitted. Rotation and translation solutions for the R121E and other lactoferrin half-molecule structures (Myah
mutant were obtained using the programs ROTFUN and 1993: Faberet al, 1996) because of the absence of the
FASTRAN (Zhang & Matthews, 1994); the rotation peak  stabilizing interactions provided by the C-lobe in full-length
had a height of 6.3 (next highest 4.4) and the translation  |actoferrin; here no interpretable density was found beyond
peak a height of 7&(next highest 4.8). After the molecule  phe 325. Several regions of the model have tagfactors,
was positioned in the R121E unit cell, it was subjected to notably residues 8587, 137-143, 162-165, and 321325,
rigid body refinement using the program TNT (Tronretl  aj| but the latter being highly exposed surface loops. The
al.,, 1987), first as a single rigid body and then as two separatesolvent molecules located mostly represent “core” solvent,

domains, N1 (residues-80 + 252-316) and N2 (residues  wjth nearly half of them being present in both mutants and
91-251). This reduced th&factor from 0.405 to 0.343  the wild-type Lf structure (Dayet al, 1993).

fﬁr 20.0-5.0 A data. lThiSthzle model was then used ind Ramachandran plots (Ramakrishnan & Ramachandran,
the Slame Wa3|/ to solve the R121S mutant. R?tfemon and 1 965) show only one outlier from favored regions in each
translation solutions (48 and 11'&’ respectively; next case; this is Leu 299, however, which is the central residue
hlghest 3.5 gnd (;3’%) were applied, and rigid body in a y-turn that is conserved in all transferrin structures. Its
refmement reduced t B-factor from 0.329 to 0.308. conformational angles, (72:59) in R121E and (63-49)
Refmement.Reflnement was by restrained Iea_st squares i, R121S, are standard for classiturns (Baker & Hubbard,
using the program TNT (Tronruét al, 1987) with the  19g4) ger 191 has theconfiguration with angles about
geometry I|bra_ry of Engh and Huber (1991). A subset of (70,—~170). In wild-type lactoferrin Ser 191,0s hydrogen
10% of reflections was useq to calcul'ate the fReéactor bonded to Arg 121, but its conformation is unchanged here
(Brunger, 1992) as a monitor on refinement. The same o Arg 121 is mutated, showing that it is the constraints
strategy was used for the refinement of both mutants, o o heptide folding that determine this conformation.
involving rounds of restrained least squares refinement o o 211 84.3% of the residues in R121E are in the “most

interspersed with checks on model geometry USINg o\ qreqd” regions defined by Laskowskt al. (1993), as are
PROCHECK (Laskowsket al, 1993) and model rebuilding g5 gog of régsidues in R121yS. ( )

with TURBO FRODO (Roussel & Cambillau, 1991).
The initial round of refinement (with alB-factors set at RESULTS AND DISCUSSION

20 A?) reducedR to around 0.28 in each case. Missing side

chains were added, including the mutated residue 121, Iron Binding. Both mutants bind iron, as was shown by
together with F& and CQ? ions. Further rounds of the red color of the proteins purified from the growth
refinement and rebuilding, with individual isotrofgefactors medium. The latter contains iron, and as the pH of the
assumed for all atoms, reduc&dto around 0.21. At this  medium is above 7.0 during cell growth, most of the
point the placement of the GO ion was reexamined through  recombinant lactoferrins produced in this way are found to
calculation of omit maps (having excluded it from the model have iron bound. For characterization of the proteins,
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Ficure 2: Stereo diagrams showing the final atomic model in the region around the mutation site for (a, top) the R121S mutant and (b,
bottom) the R121E mutant. In each case omit electron density for the carbonate ion and the mutated residue 121 side chain is shown,
contoured at a level ofd

Two significant differences in iron binding are found for
the two mutants. First, the wavelength of maximum absorp-

Table 1: Data Collection and Refinement Parameters

R121S R121E L - : .

) data collect tion in the visible spectrum varies when compared with the
ata collecton . . f f
max resolution (&) 23 25 wild-type h.alf-mollecule, 'L,fJ. This reflects differences in
no. of measurements 35914 44825 the metat-ligand interactions. For the R121E mutant the

no. of ungiue reflections 14539 13063 change of arginine to glutamic acid caudgsy to increase
% completeness (overall) 73.8 85.4

from 454 nm (LK) to 472 nm. This parallels the red shift

% completeness (outer shell) 47.5(234) 57.3(2.52.6)
0.086

mergingR-factor

(I1) refinement

0.081

seen in mutants of transferrin when the formal negative
charge in the binding cleft is increased (Woodwaogthel,

pgs-oc;Ltr%fff;ir?é‘: used 12%‘;33(1451) on e (1295)  1991), although the reason for this trend is not known. For
no. of protein atoms 2496 2500 the R121S mutant, a pH-dependent changéyifi is seen;
no. of solvent molecules 88 84 at pH 8.0Amax is 454 nm, as for wild-type L, but as the

final R-factor

av B (protein atoms) (4)

0.185 (0.287)
226

0.204 (0.317)
35.2

pH is reduceddmax increases to around 475 nm at pH 5.5.

avB (all atoms) () 22.8 35.5 A possible explanation for this phenomenon is that in the
rms deviations wild-type protein the presence of the positive charge associ-
bonds (A) 0.011 0.016 ated with Arg 121 maintains the anion as £0 However,
angles (deg) 1.6 2.0 . L
planes (A) 0.017 0.020 in R121S the absence of the positive charge means that the

aNumbers in parentheses refer to the fReealculation.

anion is more easily protonated, forming HEOwhich has
different coordination properties. Wheth&f.x for R121E

however, excess ferric nitrilotriacetate was added to ensureis similarly pH dependent is not so easily ascertained because
complete saturation of iron binding capacity.

it does not retain iron over a sufficient pH range.
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100 T i - Table 2: Summary of Domain Superpositidns
Lfn R121S R121E
8oF Lfy 0.38,0.37 A 0.43,0.42 A
- R121S 35 0.33,0.40 A
S eof 4 R121E 3.2 0.8
[=d
f) a Above the diagonal are rms deviations between pairs of structures.
v 40k - The numbers are for the superpositions of &oms of the individual
N domains, domain 1 followed by domain 2. Below the diagonal are
differences in relative domain orientations in pairs of structures. These
20¢ 1 were obtained by superimposing on domain 1 and then seeing what
i rotation was required to bring the two domains 2 into register.
o .

Superpositions of the two mutants, on each other and on
FiGure 3: Plot comparing the pH dependence of iron release from Ly, show that the mutants are essentially identical in
the R121S (triangle%, brgken I?ne) ar?d R121E (circles, dotted line) co_nformanon but that they differ slightly in relative doma'”
mutants with that from wild-type L (squares, solid line) over the ~ Ofientations from L§. The results of these superpositions
pH range 8.6-3.0. are summarized in Table 2. The two mutants differ from

each other by only 0.4° in relative domain orientations, and

The second difference is in the stability of iron binding. superposition of the whole molecules,(af residues 5321)

All transferrins lose iron as the pH is lowered; for wild-type gives an rms deviation comparable with those obtained for
Lf release begins at a pH around 5.5 and is complete bythe individual domains (0.38 A, compared with 0.33 A for
pH 4.0 when monitored as described here. Both mutantsdomain 1 and 0.40 A for domain 2). When the mutants are
lose iron more readily (see Figure 3). For R121S iron releasecompared with wild-type Lf, however, the domain orienta-
begins at pH 6.57.0 while for R121E it begins even higher, tions are found to differ by 3%5and 3.2, respectively, for

at a pH around 7:58.0. Indeed, crystallizations of the R121S and R121E. The difference is best described as a

R121E mutant, at pH 8.0, produced two forms of crystal, slight twist of one domain relative to the other rather than a
one pink, iron saturated, and orthorhombic (the form difference in closure such as is seen in the D60S mutant for
described here) and the other colorless, iron free, and trigonal Lfn (Faberet al, 1996).

Iron release from R121E occurs very read”y below pH 7.5, Whether the difference in domain orientations can be
being Comp|ete at pH 5.5. The shape of the pH_dependenceattribUtEd to the mutation is not clear. Arg 121 does lie in

curve for R121S is different from that of {.fn that although the interdomain cleft, and its loss could alter interactions
release begins at h|gher pH' some iron is retained to |OwerbetWeen the domains. Moreover, the domain orientations

pH (Figure 3). The reason for this is not known. are the same in both mutants even though they crystallize in
different space group<@ andC222). On the other hand,
"the crystal packing is very similar for the two mutants despite
the different space groups (75% of intermolecular contacts
seen for R121S are also present in R121E crystals) and is
different from that in Lf crystals. Therefore, it cannot be
excluded that crystal packing may influence the relative
domain orientations in these cases.

The Mutation Site.No change in protein conformation

pH

The decreased acid stability, and more facile iron release
shown by the two Arg 121 mutants of lactoferrin parallels
kinetic effects seen when the equivalent residue in transferrin,
Arg 124, is mutated. Mutants of the N-terminal half-
molecule of human transferrin, R124S and R124K, both
show substantially faster iron release (to pyrophosphate) at
pH 7.4, consistent with a critical role for the carbonate ion
a!"d _the anchoring arginine side chain in stabilizing iron takes place around the mutation site in either mutant.
binding (Zaket al., 1995). Superposition of all atoms of residues 125 (the N-

Protein Conformation. Both mutants have the same terminus of helix 5 plus the preceding loop) onto the
overall conformation as wild-type kf(Dayet al, 1993). In  equivalent residues in wild-type Lfgives rms deviations
each case the molecule is folded into two domains which of 0.23 and 0.27 A, respectively, for R121S and R121E. The
between them enclose the binding cleft and which are joined ron binding residues, Asp 60, Tyr 92, Tyr 192, and His 253,
by two antiparallel strands of polypeptide that run behind superimpose equally well, and the only changes are in the
the binding site (see Figure 1). In this respect the proteins nature and orientation of the mutated side chain.
closely resemble the bacterial periplasmic binding proteins  For R121S it had been anticipated that the serine side chain
(Quiocho, 1990) in their construction (Baker al., 1987). could still hydrogen bond to the G& anion,i.e., that only
At the C-terminus of the half-molecule, residues 33B3 the positive charge of the arginine side chain would be lost.
have a changed conformation from that in full-length native This is not the case. Instead of hydrogen bonding to the
lactoferrin. In the latter, residues 32332 form ana-helix, anion, the side chain of Ser 121 folds back to hydrogen bond
packed in the interlobe region, whereas iR tésidues 323 to the main-chain carbonyl oxygen of residue 118. Two
327 are extended and residues 3383 are not visible at  factors account for this. First, Ser side chains have a strong
all and are probably disordered. In the two Arg 121 mutants preference for local hydrogen bonding, with polypeptide
the chain is only visible as far as Phe 325, residues-321 backbone &0 and NH groups only a few residues away.
325 are neither helical nor extended as ig,ldnd no density ~ Here residues 118121 form a type 1|3-turn, and a favorable
is seen for residues 32633. Clearly, this C-terminal  rotamer §; = —54°) allows the Ser side chain to hydrogen
region, from Gly 321 onward, is flexible in the half- bond to the GO of the first residue of the turn. Such side-
molecules and is influenced by crystal packing. Gly 321 chainn---O (n — 3) interactions by Ser are common in
may act as a hinge point. pB-turns as well as at the C-termini of helices (Baker &
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Table 3: Distances in the Metal and Anion Sites

metal-ligand bond distances (A) hydrogen bond distances (A)

R121S R121E Lf R121S R121E Lf
Fe—0,1(60) 2.12 1.91 1.99 01:N.(121) 257 2.90
Fe-0,(92) 2.02 1.80 2.00 0O1-N,»(121) 2.59
Fe—0,(192) 1.74 2.03 1.92 O2N(123) 3.08 3.23 2.81
Fe—N.»(253) 2.32 1.96 2.15 030y1(117) 2.73 2.73 2.64
Fe-0O1 2.04 2.12 2.09 O3N(124) (4.21) (4.17) 3.31
Fe-02 2.33 1.92 2.23

aWater molecule OW519.

Hubbard, 1984). Second, this interaction would exist in the
apoprotein prior to metal and anion binding and is presum-
ably too favorable to be altered by the binding of thes€£0
ion nearby. Similar considerations apply to the D60S mutant
recently analyzed (Fabest al, 1996), where the mutated
Ser side chain remains bound to a helix N-terminus in an
n--*NH (n + 2) interaction rather than binding to the iron
atom.

The result in the R121S mutant is that no hydrogen-
bonding group, not even a water molecule, takes the place
of the arginine side chain.

For R121E a possible scenario was that the introduced
Glu side chain would fold back to allow its carboxyl group
to associate with the N-terminus of helix 5 (residues-121
125) and thus prevent anion binding. Again, this does not
occur, and the Glu side chain instead extends out into the
interdomain cleft (Figure 3). Its only connection with the
anion site is that a water molecule, OW 519, bridges betweenFiGure 4. Comparison of the anion binding site in the two mutants
one carboxylate oxygen and the €Oanion. R121S (yellow) and R121E (red) with that in wild-typeyl(blue).

. . . In Lfy this is formed by the atoms of the helix N-terminus (right,
Consequences for Metal and Anion Bindinghe main bottom) and the Arg 121 side chain (left, bottom). In the mutants

consequences of the mutations are a disruption of the anionthe CQ2- ion is displaced away from the helix N-terminus toward
binding site and destabilization of iron binding. In native the position vacated by the Arg side chain.
lactoferrin (Haridat al, 1995) and in the wild-type N-lobe
half-molecule (Daet al, 1993), and indeed in all transferrins ~ carbonate oxygen O3, which is hydrogen bonded to the
so far analyzed, the arginine sidechain forms one wall of peptide NH of residue 124 in native lactoferrin, angl,Lis
the anion binding site, folding round the GO ion so that now more than 4 A away. The position of the carbonate is
the latter is enclosed between it and the N-terminus of helix unequivocal (Figure 2), and the consistency between the two
5. This is shown for L§ in Figure 1b. The arginine also mutants (Figure 4) shows that the displacement must be
contributes two hydrogen bonds (from &nd N,;) and a attributable to the loss of the arginine side chain. In both
favorable charge interaction. Replacement by serine removegnutants the anion is still bound in bidentate mode to the
all of these interactions. Replacement by glutamic acid iron; there are suggestions that it may be less symmetrically
removes one hydrogen bond and the positive charge interachound in R121S, but the resolution, particularly for R121E,
tion; one hydrogen bond remains, from a water molecule, is not sufficient to define the anion orientation exactly.
but its contribution is probably outweighed by the unfavor-  In all other respects the iron coordination remains the same
able presence of the negative charge of the carboxylate saas in the native molecule and iny;fthe bond lengths to the
close (3.5 A) to the anion. Probably the only side chain four protein ligands are very similar (Table 3), and all the
that can approximate to the arginine, in its interactions, is interdomain interactions described forl{Day et al,, 1993),
lysine, which is found in the N-lobe oKenopus lags including those contributed by Tyr 82, Arg 89, Arg 210, Glu
transferrin. A lysine side chain would be more flexible, 211, Glu 216, and Lys 301 and bound solvent molecules,
however, and could at most provide only one hydrogen bond, are present also in the two mutants.
factors which could explain the faster release from the R124K  Our conclusion is that the weakened iron binding, seen in
mutant of the human transferrin half-molecule (Zstkal, its more facile release, results from weakened anion binding.
1995). The same effect is seen both for lactoferrin (this work) and
The loss of the interactions provided by the arginine is for transferrin (Zaket al, 1995), and it emphasizes the
seen both in the way the anion binds and in the stability of synergistic relationship between metal and anion binding.
iron binding. In both mutants the results are the same. The Structurally, the loss of one wall of the anion binding site,
principal effect is that the anion is displaced 0.5 A from its and of the interactions contributed by the arginine, causes
position in wild-type Lf, in a direction toward where the the anion to become patrtially detached from what remains
arginine had been (Figure 4). In the process it has becomeof the anion site. Iron release is associated with a moving
somewhat detached from the N-terminus of helix 5, and only apart of the two domains (Andersat al, 1990). Since
two hydrogen bonds with the protein remain (Table 3); the the anion forms a bridge between the metal ion and protein,
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and there are relatively few interdomain interactions other Day, C. L., Anderson, B. F., Tweedie, J. W., & Baker, E. N. (1993)
than those involving the metal, any weakening of the metal _ J. Mol. Biol. 232 1084-1100.

anion—protein bridge must make iron release easier. The En%'z'_%o’g" & Huber, R. (1991hcta Crystallogr., Sect. A 47
loss of the arginine also makes the carbonate more accessiblgabery H. R'., Bland, T., Day, C. L., Norris, G. E., Tweedie, J. W.,
and probably more readily protonated; protonation of the & Baker, E. N. (1996)J. Mol. Biol. 256 352-363.

carbonate at low pH would then result in decreased electro-Grossmann, J. G., Neu, M., Pantos, E., Schwab, F. J., Evans, R.

static attraction to the Fe(lll) as suggested previously (Zak ~W.. Townes-Andrews, E., Lindley, P. F., Appel, H., Thies, W.-

et al, 1995). What this analysis also shows is that the
mutation of the arginine in the C-lobes of melanotransferrin
andM. sextatransferrin (to Ser) must be a major contributor
to their loss of iron binding ability-although in itself it is
not sufficient to abolish iron binding.
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