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ABSTRACT. Serum transferrin binds ferric ions in the bloodstream and transports them to cells, where
they are released in a process involving receptor-mediated endocytosis. Iron release is believed to be pH
dependent and is coupled with a large conformational change. To help define the steps in iron release,
we have determined the three-dimensional structure of the iron-free (apo) form of the recombinant N-lobe
half-molecule of human serum transferrin (ApQ)rby X-ray crystallography. Two crystal forms were
obtained, form 1 with four molecules in the asymmetric unit and form 2 with two molecules in the
asymmetric unit. The structures of both forms were determined by molecular replacement and were
refined at 2.2 and 3.2 A resolution, respectively. FiRehctors were 0.203 (freR = 0.292) for form

1 and 0.217 (freR = 0.312) for form 2. All six copies of the Apofifstructure are essentially identical.
Comparison with the holo form (FeN) shows that a large rigid-body domain movement of 6as
occurred in ApoTi, to give an open binding cleft. The extent of domain opening is the same as in the
N-lobe of human lactoferrin, showing that it depends on internal constraints that are conserved in both
proteins, and that it is unaffected by the presence or absence of the C-lobe. Although the conformational
change is primarily a rigid-body motion, several local adjustments occur. In particular, two iron ligands,
Asp 63 and His 249, change conformation to form salt bridges, with Lys 296 and Glu 83, respectively,
in the binding cleft of the apo protein. Both salt bridges would have to break for iron coordination to
occur. Most importantly, the structure, determined at a pH (5.3) that is close to the pH of physiological
iron release, indicates that protonation of His 249 is a key step in iron release.

Iron is essential for all species but poses severe problemshinding ferric ions in the bloodstream and transporting this
of toxicity and solubility. Under physiological conditions, bound iron to cells where it is released by a process of
the Fe(lll) oxidation state is favored, but free3Féons are receptor-mediated endocytosi).( Iron release occurs at
rapidly precipitated as insoluble ferric hydroxides and also the reduced intracellular pH~5.5), apparently with the
have the capacity to catalyze the formation of damaging free-active participation of the receptob)( and the iron-free
radical species. The proteins of the transferrin family thus apotransferrin is returned to circulation without degradation.

play a crucial biological role of sequestering and solubilizing ¢ requirements for transferrin function are a high affinity
iron, thereby controlling the levels of free iron in body fluids ¢, iron, as Fe(lll), coupled with a mechanism for release of

(1=3). Serum transferrin, in particular, has the role of s tightly bound iron. Crystal structures of human lacto-
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transferrins. The recently determined crystal structure of the T11c 1- Data Collection Statistics
iron-bound N-lobe of human transferrin has identified

protonation and dissociation of the anion as a likely first _ form 1 form 2
step in iron releaseld), consistent with the kinetic studies ;%52:?2?;‘5{;’;96 A 137*92-1 4;’-‘*3-2
(1D). _A tngg_er mechanism, |r_1volvmg p_rotona’uon of a pair temp 113K 113 K
of lysine residues from opposing domains of the N-lobe, has  no. of unique reflections 73 066 11 269
also been suggested from the crystal structure of the N-lobe  redundancy 3.2(2.1) 3.3(3.3)
half-molecule of ovotransferrinlf), but its importance %C’Qgiféangiﬁt(g/;)(% 471959( 2(311-)1) ‘i*l’-z ((gg-%)
H H H - 0 . . . .
relative to other prqtonat|on events is not clear. mean /o3 9.2 (4.0) 5.9 (2.6)
To date, the detailed nature of the conformational change , , —
a Corresponding values for the outermost resolution shell given in

in transferrins has been defined only in the crystal structure
of apolactoferrin 16), where a domain rotation of 34jives
rise to an open N-lobe binding cleft; this depends on a hinge . o
movement in two antiparallel polypeptide strands that pass & Period of 2-4 weeks. Crystal form 1 grew as cubic prisms,
behind the iron site, which allows one domain to move as a Which were monoclinic, spacegrou2;, with unit cell
rigid body relative to the otherl). There are, however, ~dimensionsa = 83.5,b = 77.3,¢ = 107.5 Ap =983,
distinct structural and functional differences between lacto- nd diffracted to 2.0 A resolution. Assuming four molecules
ferrin and transferrin, notably the fact that transferrin releases ©f 37.8 kDa/asymmetric unit, the solvent content is 4646 (
iron from its N-lobe at a distinctly higher pH than lactoferrin = 227 AIDa). Crystal form 2 grew as trapezoidal prisms,
(5.5, compared with 3.0). Amino acid substitutions, includ- Which were also monoclinic, spacegrod2i, with cell
ing the presence of an additional disulfide bond between Cysdimensionsa = 63.0,b = 77.3,c = 72.6 A,ﬁ = 104.3,
137 and Cys 331 in human transferrin may also influence and diffracted t0 3.0 A resolution. Assuming two molecules
the conformational change; this joins two regions that move PEr asymmetric unit, the solvent content is also 46%. The
independently in lactoferrinl, 17. two crystal forms are c!osely related, with the same space
Here, we describe the structure of the unliganded, iron- 9"0UP and the same-axis.
free (apo) form of the recombinant N-terminal half-molecule ~Data Collection. Both crystal forms could be flash-frozen
of human transferrin (ApoTi! residues %337). The gﬁer increasing the concentration of MPD in the mother
structure has been determined at high resolution by X_rayllquo_r to 45%. Intensity data for each were collected_at 113
crystallography at a pH (5.3) at which the protein would be K. with an R-Axis IIC image plate detector on a Rigaku
iron-free in vivo. In concert with that of the iron-laden holo RU200 rotating anode generator. Both data sets were
form (14), this structure therefore provides a snapshot of the Processed with DENZC2(1). Data for form 1 were scaled
two states of transferrin at physiologically relevant conditions With ROTAVATA and AGROVATA from the CCP4 pro-

parentheses.

of pH. gram suite 22) and data for form 2 were scaled with
SCALEPACK @1). Form 1 data were processed to 2.1 A
MATERIALS AND METHODS resolution, with an overall redundancy of 3.2 and a com-

) ) . pleteness of 80% (61% complete in the outermost;-2.3
The N-terminal half molecule of human transferrin (resi- g shell). For form 2, data were processed to 3.2 A

dues 1337 of the native protein) was expressed in baby rego|ytion, with an overall redundancy of 3.3 and complete-
hamster kidney (BHK) cel!s and purlfu_ed from the me(_jlum ness of 100% (100% complete in the outermost-3.5 A,
in the Fe(lll) form, as previously describefld). To obtain  ghg). Full data collection statistics are in Table 1.

the iron—freg protein for crystallizatiop tria!s, the purified Structure Solution and Refinement. FormThe structure
FeTiy was dllalyzed against 0.5 M sod|um' clltrat.e buffer, pH was determined by molecular replacement using the program
4.9, containing 1 mM EDTA and 1 mM nltrll_otrlacetate, as  AMORE (23). Search models corresponding to the N1 and
descf'bed by He et al16). For crystal!lzatlon, the apo- N2 domains of the iron-bound FaTs$tructure 14) were used
protein was concentrated to-280 mg/mL in 20 mM sodium to find the corresponding domains of the apg$fructure.
blcarbonqte, _50 mM K,C,:l' ) . There was a clear solution corresponding to four N1 domains
Crystallization. Conditions for crystal growth were identi- 514 four N2 domains, which were also consistent with the
fied using a systematic screening procedure based ONyresence of a pseudocentering in thel zone of the
orthogonal arrays20); ethano_l and 2-methyl-2,4-pentanediol it action pattern (the space group is pselBR-at low
(MPD) were used as precipitants, over a pH range-8.9 resolution). The molecular replacement solution had an

and a concentration range 260% (v/v). . Rfactor of 41.1% and a correlation coefficient of 70.1% for
Two crystal forms were obtained under essentially identical (ata in the range 04 A.
conditions. The crystals were grown at@ in sitting drops, The structure was refined using XPLOR. Tight NCS

on microbr!dges. A L.l drop of protein solution (20.mg/ restraints were applied initially but were relaxed later in the
mL apoTh in 20 mM NaHCQ and 50 mM KCl) was mixed  ofinement as the four molecules proved to be clearly

with 1'5/“‘L0°f reservoir solutioln ?50 mM potlassium acetate, ,qnigentical in some respects. Individual isotropic temper-
PH 5.3, 35% (v/v) MPD). Colorless crystals appeared OVer 4y 16 factors were also refined later in the refinement. Initial

difference maps showed clear density for the side chains of
! Abbreviations: Tf, serum transferrin; Lf, lactoferrin, ApaTpo the residues involved in metal and anion binding in the holo
form of recombinant N-lobe of human transferrin; FeTferric form protein (which were omitted from the original map calcula-
of recombinant N-lobe of human transferrin; ApoLf, apo form of human . . L. . .
lactoferrin; BHK cells, baby hamster kidney cells: EDTA, ethylene- tiOn). Density was also visible for additional residues at the

diaminetetraacetic acid; rms, root-mean-square. C-terminus (not modeled in the holo protein), that made a
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Table 2: Refinement Details

form 1 form 2
resolution range (A) 6:02.2 6.0-3.2
no. of reflections 58663 9438
R-factor (%) 20.3 21.7
freeR (%)? 29.2 31.2
rms deviations from standard geometry

bond lengths (A) 0.013 0.013
bond angles (deg) 1.7 1.9
no. of protein atoms 10 258 5156

no. of water molecules 555 0
avgB-value
main-chain atoms 39.3 154
side-chain atoms 41.6 16.0
water molecules 41.5

aFor 10% of reflections.

fortuitous packing interaction with a symmetry-related
molecule. The final model comprised 10 258 protein atoms
(from residues 4331 of molecules A and B and-B37 of
molecules C and D) and 555 solvent molecules all modeled
as water. The final crystallographifactor was 20.3% for
all data in the resolution range-®.2 A, and the fre® (25)
was 29.2%. Refinement statistics are shown in Table 2.
Form 2 This structure was determined independently by
molecular replacement, also using AMORE3), with the
same search models as for form 1. A single unambiguous
solution, for two N1 domains and two N2 domains, was
found, with a correlation coefficient of 0.57 and Brfactor ,,
of 37.4% for data in the feso"%t'on range—l@ A. Ten Ficure 1: Ribbon diagram showing the structural organization of
percent of the data (930 reflections) was omitted from the ApoTfy, with the N1 domain below and the N2 domain above.
refinement with XPLOR Z4) to use in the fre® calculation. The N- and C-termini are indicated. This figure and Figures 2, 4,
A variety of refinement protocols was tested. Due to the and 5 drawn with MOLSCRIPTAL).
limited resolution of the data, strict NCS constraints were

NCS restraints were applied. Grouped isotropic temperaturerg|axation of the NCS restraints late in the refinement.
factor refinement (1/residue) resulted in a larger reduction  petails of the refinement and the two final models are
of the freeR-factor than simply refining an overal-value summarized in Table 2. Residues-3 are not visible in
and was deemed an ap_propriate prot_ocol. The final model,any of the molecules. For crystal form 1, two of the
comprising 5156 protein atoms (residues386 of both  gjecules (A and B) do not have any clearly interpretable
molecules) and no water molecules, givesRdactor of density beyond Cys 331, which provides the last link with
21.7% Bfree31.2%) fgr gll data in the rgsolutlon range 8.2 the rest of the N-lobe, through the disulfide bridge +37
A. Refinement statistics are shown in Table 2. _ 331. The other two molecules (C and D) have been modeled
Miscellaneous. Model quality was assessed Wwith gg far as the C-terminal residue, Asp 337. The conformation
PROCHECK g6). Hydrogen bonding was analyzed with  may pe better ordered for these because of the crystal
the program HBPLUSZ7) using the geometrical criteria of  packing; the C-terminus is extended and projects into the
Baker and Hubbard?@). Coordinates have been deposited gpen cleft of another molecule. For crystal form 2, both
in the Protein Data Bank (Brookhaven National Laboratory) molecules have interpretable density for residue836. In
with the accession codes 1bp5 (form 1) and 1btj (form 2). g of the molecules, residues Pro 74, Pro 142, and Pro 145
are in the cis conformation. Ramachandran plots show that
only one residue in each molecule hiasy angles that are
normally disallowed. There is no doubt that this residue,

RESULTS AND DISCUSSION

Structure Determination and Model QualityStructures

were determined for two different crystal forms. The high-
resolution (2.2 A) form 1 structure has four molecules in
the asymmetric unit (referred to here as moleculesD)

and the lower resolution (3.2 A) form 2 structure has two

Leu 294, has been correctly modeled; however, its electron
density is very clear, and it is the central residue in a classic
y-turn with the expecte@, v angles of around (70;60)

(28, 29. This y-turn is conserved in all other transferrin

molecules (E and F). Both were determined independently, structures determined to date4( 30.

by molecular replacement, using the two domains N1 and Overall Conformation. All six molecules have the same
N2 of the holo protein14) as search models, and these two open conformation that is characteristic of the unliganded
crystal structures therefore give six independent views of (iron-free) form of transferrins; this is shown for molecule
the ApoTH structure. In both analyses NCS averaging gave C in Figure 1. The polypeptide chain is folded into two
maps of significantly higher quality than the data resolution domains, N1 (residues93 + 247—315) and N2 (94-246),
might suggest; some small but genuine differences betweenwhich are defined by the location of the hinge between them
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Ficure 2: Two stereoviews of the conformational change in the N-lobe half-molecule of human transferrin. The holo form,ideTf
shown in red, and the apo form, Apaffis shown in blue. In the top panel, the two structures have been superimposed using their N1
domains (residues—193 + 247—-315); helixall (residues 31:6327) also remains with the N1 domain, but the N2 domain is rotatéd 63

in the apo form, relative to its position in the holo form. The disulfide bond Cys-T3/ 331, which links the N2 domain to the C-terminal
region, following helix 11 (see text), is shown in yellow. In the bottom panel, a close-up of changes at the C-terminus is show®. Helix
from the N2 domain (left) pivots on helix11 (lower right) and Tyr 136 and the disulfide Cys ¥32ys 331 push against the C-terminal
polypeptide, seen on the right, displacing it.

(see below). Each domain has e/ fold, in which the differences in atomic positions between them (for the C
secondary structural elements are the same as described foatoms of residues-5327) are 0.3-0.6 A; these values are
the holo form, FeTfN 14). The molecule also contains seven only marginally more than the rms differences when the
disulfide bonds, two in the N1 domain<{98 and 19-39), individual domains are superimposed.
four in the N2 domain (118194, 158-174, 161+-179, 171+ The rigid body nature of the conformational change is
177, and 227241), and one (137331) that bridges between emphasized by superimposing the individual domains of the
the N2 domain and the C-terminal region of the polypeptide. apo protein on to those of the holo protein. When this is
Nature of the Conformational ChangeThe conforma- done for molecule C of ApoT{ relative to FeT§, the rms
tional change that differentiates Ap@ffom FeT§ involves difference in atomic positions in the N1 domain is 0.53 A
a rigid body rotation of the N2 domain relative to the N1 (for the G atoms of residues-593 + 249—-315) and in the
domain (Figure 2, top), the extent of which is essentially N2 domain is 0.41 A (for the & atoms of residues 94135
the same in all six independent copies of the structure. The+ 146—246). Overall, the polypeptide conformation within
movement can be quantified by superimposing the N1 each of the domains remains essentially unchanged by the
domain of ApoTf on to the N1 domain of FeTfand then movement, except at two positions: the peptide-12 in
determining what additional transformation is required to the N1 domain is reoriented, and a rather mobile loop in the
bring the two N2 domains into correspondence. By this N2 domain, 136-145, also changes its conformation. Some
analysis, a domain rotation of 63.Bas occurred in molecule  of the side chains in the binding cleft are also reoriented.
C of ApoTfy, relative to FeTy§; in the other molecules, the  These changes are described below.
domain rotation is very similar, ranging 62:84.8. When The C-terminal helixall, residues 316327, plays an
the various ApoT§ molecules are superimposed, the rms important role in the conformational change, just as it does
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in lactoferrin (L6). Although it lies across the surface of

the N2 domain, it does not move with it; instead, it remains Movement

Table 3: Changes in Solvent Exposure Resulting from Domain

tied to the N1 domain (Figure 2, top). Thus, if the N1

domain plus helix a1l (residues 593 + 249-327) is residue

change in
location exposure

residue

change in
location exposurée

superimposed on to the corresponding residues in the holo
protein, the rms difference is 0.56 A, hardly any greater than y/4 11

(a) Large Interface

> \ ! N1 domain 13 Tyr95 N2 domain 15
for the main body of the N1 domain (0.53 A). Helixl1 Ser12  N1domain 12 Gly123 N2domain 29
associates with the rest of the N1 domain primarily by Glu13 N1 domain 22 Arg124 N2 domain 62
burying a hydrophobic surface; the side chains of Tyr 319, E'SSplgg kﬁ ggmg‘i?‘ g ig;llzfg “g ggmgm 13
Val 320, and lle 323 from helixt11 pack against those of | o656 N1 domain 19 Cys179 N2 domain 49
Tyr 68, Lys 312 (hydrophobic part), and Leu 315 of the N1 Asp69 N1 domain 11 Ser180 N2 domain 15
domain. A salt bridge, Asp 69Arg 327, which remains Lyr gig Nll (éomal_n 1215 LThr118821 N'\£2dd0m;am 5%6
H : H IS omain - eu omain
unqhanged in both apo and holc_) fprms, also helps to tlg this Lys291 N1 domain 61 Tyr188 N2 domain 29
helix to the rest of the N1 domain; an analogous salt bridge asp 292 N1 domain 11 Ser189 N2 domain 5
(Glu 66--Arg 332) is present in lactoferrir80). Helix all Lys 296 N1 domain 17 Lys 206 N2 domain 21
may be thought of as a pivot on which the N2 domain moves; Ser 298 N1 domain 25  Glu212 N2domain 52
helix a5 of the N2 domain lies across helid 1 at an angle 16323  helixall 9 410
. . . Leu 326 helixall 35
of about 90 and during the conformational change the entire 291
N2 domain moves as helix5 pivots on helixall (Figure (b) Small Interface
2, bottom). . _ o Glu318 Helixall —138 1le130 N2domain —20
Beyond the C-terminus of heliz11, the polypeptide is ~ Tyr319 Helixall —23  Gly133 N2domain —28
displaced by the movement of the N2 domain, as can be Ala322 Helixall ~ —48  Leu134 N2domain —52
seen in Figure 2, bottom. This arises both from the covalent AS" 325 Helixall =27 Tyr136 = N2domain  —16
. . . . Glu 328 Helixall —46 Cys 137 N2domain —17
connection provided by the Cys 13Tys 331 disulfide bond, —28% Leu243 N2domain -15
the conformation of which does not change, and from van Ala244 N2domain —22
der Waals contacts involving Tyr 136 and Cys 137 with the -170

C-terminal polypeptide. Since the C-terminal polypeptide  aSolvent exposure calculated by the method of Lee and Richards
would lead into the interlobe connecting peptide in full-length (35). Figures are calculated in angstroms squared. A positive value
transferrin, this has possible implications for signaling means greater solvent exposure in AppPfTotal change in exposure.
between the lobes (see later discussion).

What limits the extent of the domain movement? The  Just beyond the hinge, in strapd, Ser 248 changes its
most important factor in determining the nature and extent conformation radically fronf-type in FeTf (=51, 147) to
of the conformational change appears to be the exposure and-type in ApoTf (—66, —60), and the configuration of His
burial of two alternative interfaces. Inthe open form, a large 249 is changed from<68, 151) in FeT{ to (—139, 121) in
interface is exposed, comprising primarily residues in the ApoTfy. This change does not seem to be associated with
binding cleft; these residues are identified in Table 3. This the hinge movement, however, even though it is adjacent.
opening of the cleft exposes an extr@00 A2 of solvent- Rather, it is linked to changes in side chains that are part of
accessible surface. However, the opening of the cleft andthe transferrin iron-binding site, Glu 83, Tyr 85, His 249,
exposure of this large interface is coupled with the burial of and Lys 296, as described below.
a second interface comprising primarily residues from helix =~ Conformational Adjustments within the Domain#s
a5, helix all, and the polypeptide 24245. A total of noted above, the two domains move essentially as rigid
~450 A2 of surface area from this second interface becomesbodies. There are, however, several structural adjustments
buried in the apo form. The movement can be visualized within the domains that seem to be a consequence of the
as a seesaw motion between two alternative close-packectchange between closed and open states.
interfaces, following the analysis of Gerstein et al. for  Inthe N1 domain, the peptide between Val 11 and Ser 12
lactoferrin (L7). The extent of closure is defined by the first becomes reoriented during the change from closed to open
interface, and the extent of opening is defined by the secondform. In the closed form, these residues, which join strand
interface. BA to helix al, pack against residues Ser 180 and Thr 181

The Hinge. The molecular hinge in the transferrin N-lobe in the opposing N2 domain. The interactions between these
is located in the two antiparall@-strands, stran@E (93— two regions involve van der Waals contacts and hydrogen
103) and strangBJ (243-254), that pass behind the iron- bonds through two buried, highly ordered water molecules
binding site. The hinge is quite localized, at Thr 93 in strand (both with B-values of~14 A?). In the change to the open
BE and between Val 246Pro 247 Ser 248 in strangiJ. form, the peptide 1112 reorients and the Ser 12 side chain
There is only one major change in the main-chain torsion moves so that the hydroxyl group takes the place of one of
angles in the hinge region of stragiE; this is aty(93), the waters, forming a classic helix N-capl( 32; Ser 12
which changes by 48from 33 in FeTfy to —15° in ApoTfy. OG is hydrogen bonded to the NH of residue 15 at the
In strandBJ, the torsion angle changes are smaller and moreN-terminus of helixal (12-OG:-HN-15 = 2.93 A). The
evenly distributed over several residues, but the two main rearrangement does not lead to increased interactions by the
torsion angle changes are in(246) andy(247), which peptide, but the configuration of Ser 12 changes from the
couple together to produce most of the conformational rarely founde configuration 83) with (¢, v) values (69,
change; these change by 32 and,2@spectively, taking  —173) in the closed Feffstructure to the much more
the average for the four crystal form 1 molecules. common and presumably more favoralfleconfiguration
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Ficure 3: Plot showing the differences inoQpositions between
ApoTfy and FeTf, as a function of residue number. In this plot

the differences shown are those obtained when the individual
domains of the two proteins are superimposed separately (N1 on

N1, N2 on N2). The locations of the two hinges, which mark the

boundaries between the N1 and N2 domains, are indicated with

broken lines.

(—159, 162) in the open Apoffstructure. The movement
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tyrosines appear poised to form the initial iron-binding locus,
in association with the C£~ ion when it binds, as is seen
in an N2-domain fragment of ovotransferriB4j and as
proposed in schemes for iron binding by transferrBs34).
The side chain of Arg 124 has an extended conformation,
projecting into the binding cleft adjacent to the heti%
N-terminus. The anion-binding site is thus largely pre-
formed, but the Arg 124 side chain must fold down over the
COs%™ ion when it binds. The structure of the holo form
(14) has shown that conformational flexibility in this arginine
also appears to play an important part in iron reledsg. (

In four of the molecules of ApoTf the C-terminus of a
neighboring molecule projects into the binding cleft with the
side-chain carboxylate of Asp 337 occupying the anion-
binding site; this is clearly a crystal-packing artifact but
emphasizes the high affinity for anions of this site.

The Asp 63 and His 249 ligands lie against the surface of
the N1 domain, with the carboxylate oxygen of Asp 63
approximatef 9 A away from Tyr 95 OH (11 A from Tyr
188 OH) and the imidazole ring of His 249 about 12 A away
from Tyr 95 OH (and 14 A from Tyr 188 OH). In the apo
protein, both of these side chains change conformation from

could thus be seen as releasing constraints inherent in theheir position in the iron-bound protein to form salt bridges

closed state.

A second rearrangement in the N1 domain involves the

N-terminus of helixa3 (residues 6372), which carries the
iron-binding ligand Asp 63. In the iron-bound form, the
N-terminus is distorted from regularhelical geometry, with
63 O and 64 O makingigtype (1—4) hydrogen bonds to

that are not present in the latter (Figure 4).

In FeTfy, Asp 63 binds to iron through OD1 and hydrogen
bonds with Gly 65 NH (at the N-terminus of hela3) and
with Ser 125 NH (on domain N2); on the loss of iron and
opening of the domains it swings away to form a salt bridge
(3.06 A) with the amino group of Lys 296. This movement

the NH groups of residues 66 and 67, respectively, and 65is also associated with the rearrangement at the N-terminus

O not hydrogen bonded at all. In the Ap@HRftructure, these
change to regular (45) a-helical hydrogen bonds. This

of helix a3 in which the hydrogen bond geometry becomes
more favorable (see above).

could again be seen as relaxation (in the apo protein) from His 249 undergoes a similar movement. In RgTifbinds
a more constrained holo structure imposed by iron binding to iron through NE2 and to a water molecule through ND1;

and domain closure.
The other major polypeptide movement is in the N2
domain where the loop 135145 is rearranged. The rear-

this water molecule is in turn hydrogen bonded to the
carboxylate of Glu 83. In the apo protein, the His side chain
moves to displace the water molecule and form a direct salt

rangement is largest at Cys 137, which forms the disulfide bridge His 249 ND1:-OE2 Glu 83 (2.61 A). The Glu 83

bond with Cys 331, just beyond the C-terminus of helixlL
(Figure 2). Presumably, it is triggered, therefore, by the
movement of the N2 domain; as helis pivots on helix
all, the loop 135145 pushes against the polypeptide that
follows helix all. Loop rearrangement then leads to

side chain does not move at all, but the movement of the
His side chain results from both a side-chain reorientation
and a change in the main-chain configurations of Ser 248
and His 249 adjacent to the hinge.

A significant factor in the adjustments on the N1 domain

enhanced van der Waals interaction involving Tyr 136 and appears to be the role of Lys 296. This is one of the two

Cys 137 in the ApoT{ structure. Although this loop is rather
mobile in the FeT{ structure (B values 5680 A?), it is
less so in the apo structure (B values3M A?), reflecting
these increased van der Waals contacts.

A residue-by-residue comparison oti@ositions in the
two domains, between FeJand ApoT§ (Figure 3), shows

lysine residues that makes up the proposed “dilysine trigger”
(15); in the iron-bound protein, it is hydrogen bonded to Lys

206 from the N2 domain and it is proposed that protonation
converts this to a repulsive interaction which destabilizes
the closed state. It also interacts with Tyr 85 and Tyr 188.
In the apo protein, Lys 296 undergoes a small reorientation

that there are very few other positions where differences which places its amino group between the carboxylate of
occur; these are generally in mobile loops and do not seemAsp 63 and the carbonyl oxygen of Ser 248. It thus plays

to have any structural or functional implications.

Side Chains in the Binding CleffThe location of the hinge
results in a division of the iron-binding ligands, such that
Tyr 95 and Tyr 188 remain with the N2 domain in the
ApoTfy structure and Asp 63 and His 249 remain with N1.
Tyr 95 and Tyr 188 project into the binding cleft, with their
orientations hardly changed from the iron-bound form. The
OH groups are 3.9 A apart (cf. 3.3 A in Fg)fand are close
to the anion-binding site formed by Arg 124 and the
N-terminus of helixo5 (residues 124136). These two

a part both directly in positioning the Asp ligand and
indirectly in orienting the His ligand (since the movement
of His 249 depends in part on the reorientation of the Ser
248—His 249 peptide).

Comparison with Lactoferrin Comparisons of the Apof
structure with the open N-lobe of apolactoferrin reveal a
remarkable similarity in the nature and extent of the
conformational change from their iron-bound forms, but at
the same time, some intriguing differences involving func-
tionally important residues.
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Ficure 4: Stereo diagram showing the changed interactions involving Asp 63 and His 249. Here, the holo formnisFaTdwn with its
polypeptide backbone in red and side chains in green. The apo form, ApsTghown with its polypeptide backbone in blue, and side
chains in ball-and-stick representation, with pink bonds. In feA$p 63 and His 249 are bound to the iron atom (orange sphere), whereas
in ApoTfy Asp 63 swings down to form a salt bridge with Lys 296, and His 249 swings down to form a salt bridge with Glu 83. Figure
produced with MOLSCRIPT41) and RASTER3D 42).

the difference in domain orientations between Appahd

the ApoLf N-lobe corresponds to a rotational difference of
only 2.8. Thus, the difference in the domain movement
arises because transferrin has a slightly more oper?)(2.8
apo form, coupled with a more closed (9.50olo form. We
stress, however, that the differences are extremely minor
given the overall scale of the conformational change.

The similarity in the overall conformational changes
between the transferrin and lactoferrin N-lobes results from
the conserved nature of the two interfaces that are alternately
buried and exposed during the domain movem#wnx ( The
residues in the small interface (Table 3) are highly conserved
(10 out 15 residues identical between Tf and Lf), leading to
very similar open forms. The large interfaces are less
conserved, and some variation in the loops on either side of
the binding cleft leads to the slightly greater closure of the
iron-bound form of transferrin compared with lactoferrin.
The conformational change also depends on the lelik,
across which the N2 domain pivots; this helix is tied to the
N1 domain by a number of conserved interactions including
a salt bridge that is present in both transferrin and lactoferrin.
It is remarkable that helixxl1l seems so firmly tied to the
N1 domain considering the way it projects out like a rod,
but superposition confirms that it is identically oriented in
Lf and Tf.

In contrast, there are notable differences in several
functionally important residues. The movements of Asp 63
FiGURE5: Cat plot showing the superposition of the open N-lobes and His 249 to form salt bridges in Apaytlo not occur in
of human transferrin (dark, thick bonds) and human lactoferrin ApoLf where the corresponding residues remain essentially
(light, thin bonds), from the crystal structures of ApQTthis work) unmoved from their positions in the holo forn8Q.
and ApoLf (16, 30). Likewise, the flip of the Ser 248His 249 peptide, which

appears to be linked with the movement of His 249, also

The larger domain rotation in the transferrin N-lob&3° does not occur in lactoferrin. We believe that these
compared with 5%in lactoferrin (L6), primarily reflects a differences may give some important insights into transferrin
difference in the closed, iron-bound forms rather than the function (see below).
open forms. The two open structures are, in fact, strikingly =~ Two other points deserve comment. The disulfide bond
similar (Figure 5). Superposition of the entire N-lobes of 137—331 in transferrin, which has no counterpart in lacto-
the two apo proteins gives an rms difference of only 0.73 A ferrin, does not appear to alter the nature of the domain
(for 304 corresponding L£atoms), hardly any greater than movement. This is because the magnitude of domain
for the individual N1 and N2 domains (0.69 and 0.62 A, opening depends on the residues belonging to helig
respectively). Domain-by-domain superpositions show that (316—327) and to the small interface. On the other hand,
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Cys 331 follows four residues later at the start of the account for the formation of the His 249Glu 83 salt bridge
connecting peptide. In both proteins, the loop that follows and the change in the 24249 peptide orientation; neither
helix a5, i.e., the loop 136145 in transferrin or 137145 is seen in ApoLf. Likewise, the lower pH should favor the
in lactoferrin, is somewhat mobile. In transferrin, it is better formation of the Asp 63-Lys 296 salt bridge, also not seen
defined in the open form than in the closed form, whereas in apo-lactoferrin. Thus, the Apodfand ApoLf structures
in lactoferrin, the situation is reversed. In both proteins, may represent low pH and high pH forms common to both
however, a mobile loop in this position may help to cushion Tfand Lf and the ApoTy structure is the one adopted when
the N2 domain as it moves against the hatikl and the iron is released at low pH in vivo.
interlobe connecting peptide. The existence of these two salt bridges, involving Asp 63
Functional Implications. An unexpected feature of the and His 249 in ApoT§ has important implications for both
structure of ApoTi is the highly conserved nature of the iron binding and iron release. The initial site of iron binding
structural transition between closed and open forms. Evenis assumed to involve the two Tyr residues and carbonate
though the comparison is between the isolated transferrinion on the N2 domain3, 34. Completion of the iron
N-lobe and the N-lobe of the complete lactoferrin molecule, coordination, to Asp 63 and His 249, requitesth domain
and the two proteins share no more than 60% sequencemovementand the breakage of these two salt bridges.
identity, the open forms are virtually identical and the nature Moreover, the Asp 63-Lys 296 salt bridge covers His 249,
and extent of the conformational change are the same. Thisblocking it from iron coordination until the salt bridge is
implies that the conformational change reflects mechanismsbroken (Figure 4). Thus, we favor a binding mechanism in
inherent in the N-lobe structure that are probably conservedwhich either Asp 63 binds before His 249 or both bind
between different members of the transferrin family and that together.
are not significantly perturbed by whether the N-lobe is  The crystal structures of Apoyf(this work) and FeTf
connected to the C-lobe or not. This gives confidence that (14) between them give direct evidence for two key proto-
binding studies carried out with N-lobe half-molecules are nation events in the mechanism of iron release by transferrins.
likely to be broadly relevant to the equivalent studies carried Kinetic studies {1) suggest that iron release begins with
out on the intact (bilobal) molecules. protonation of the carbonate ion and subsequent decarbon-
The close similarity of the conformational changes be- ation of the binding site, followed by a rate-determining step
tween the transferrin and lactoferrin N-lobes correlates with in which one of the protein ligands for iron is protonated.
the similar location of the hinge, at a well-defined position The first step is apparent in the crystal structure of keTf
in the two antiparallep-strandsSE and/3J, behind the iron in which two alternative positions for the anion are seen,
sites. The location of the hinge is critical for function one of which is consistent with protonation of the anion and
because it splits the two ligands provided by these strandspartial removal from iron coordinatiori§). The second step
so that one (His 249) remains with the N1 domain and the is identified by the present Apodfstructure; the formation
other (Tyr 95) with the N2 domain. of the salt bridge between His 249 and Glu 83 indicates that
The movement of the N2 domain displaces the C-terminus the protein ligand that is protonated as the pH is reduced is
of the polypeptide, beyond the end of hedit1 (see Figure  His 249. Loss of the His ligand from iron coordination will
2). We believe that this may point to a mechanism by which not necessarily cause the immediate breakup of the iron-
domain opening or closing in the N-lobe of transferrin can binding site but will severely weaken it. Evidence for this
be signaled to the C-lobe. The displacement results from statement comes from the His253Met mutant of human
van der Waals interactions and from the presence of the Cyslactoferrin where Met is not coordinated, the iron is
137—Cys 331 disulfide bond and implies that the interlobe 5-coordinate, and iron binding is destabiliz&8)
connecting peptide, to which Cys 331 belongs in full-length  Both crystallographic and kinetic studies thus converge
transferrin, is likely to be displaced by movement of the N2 on a mechanism of iron release in which (i) the carbonate is
domain. This, in turn, could affect the positioning of the protonated and becomes detached from iron, and (ii) the
C-lobe relative to the N-lobe and so provide a structural histidine is protonated and dissociates from the iron to form
explanation for the interlobe communication detected by a salt bridge with Glu 83. The possible role of the “dilysine
thermodynamic studieST). A very similar communication  trigger” in iron release may now be reevaluated. It seems
of domain movements is seen in lactoferrin, where the unlikely that domain opening could be triggered by proto-
movement of the N2 domain affects the orientation of the nation of one of the lysine residues (Lys 206 and Lys 296
interlobe connecting helix and the relative orientations of in human Tf) so long as the iron coordination remains intact
the two lobes 0). to hold the domains together. This is because the structure
The differences in the orientations of the two iron-binding of bovine lactoferrin 89) shows that alternative positions
residues, Asp 63 and His 249, in ApqJfcompared with for a pair of lysine side chains in the holo form can exist.
ApoLf, give important clues about the effects of pH on On the other hand, it seems certain that these residues do
transferrin structure. The residues they interact with in Tf play some part. We suggest that the proposed “dilysine
(Glu 83 and Lys 296) are conserved in Lf, as are most of trigger” comes into play at a later stage, when iron binding
the neighboring residues (including Ser 248 and Tyr 85, is sufficiently weakened by loss of the anion and His ligands.
which hydrogen bonds with Glu 83); the polypeptide This may also be the site at which secondary, or nonsyner-
conformations are also virtually identical. We suggest that gistic, anions40) bind to the N-lobe of human Tf and perturb
the differences result from the different pH of the two crystal its stability of iron binding 2). In both FeTf and ApoT§,
structure analyses. The Apaqitrystals were obtained at the side chains of Lys 206 and His 207 are close together
pH 5.3, whereas the ApoLf crystals grew at pH 86)( At and exposed to solvent, and binding of anions to this pair of
the lower pH, His 249 should be protonated and this could residues could thus disrupt the Lys 20Bys 296 interaction.
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