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ABSTRACT. Several lines of functional evidence have shown that anion binding to a nonsynergistic site is
a prerequisite for the anion-mediated iron release mechanism of transferrins. We report here structural
evidence of the location of sulfate anion binding sites of the ovotransferrin N-lobe via the 1.90 A resolution
apo crystal structure. The crystals were grown in an ammonium sulfate solution and belonged to space
groupP6:22 with the following unit cell dimensionsa=b = 125.17 A ancc = 87.26 A. The structural
determination was performed by isomorphous replacement, using Pt and Au derivatives. The structure
refinement gave aR-factor of 0.187 in the resolution range of 70.90 A for the final model. From the
electron density map, the existence of four bound?S@nions was detected. Three of them that exhibited
reasonably lovB-factors were all located in the opened interdomain cleft (site3)1In site 1, the bound

anion directly interacts with an Fecoordinating ligand; S©O1 and SQ O3 form hydrogen bonds with
His250 NE2. Oxygen atom O3 of the same sulfate anion makes a hydrogen bond with Ser91 OG in a
hinge strand. The sulfate anion in site 2 partially occupies the synergistic anion binding sif€32 &6d

SO, O3 are hydrogen bonded to Arg121 NE and NH2, respectively, both of which are consensus anchor
groups for C@~ anion in holotransferrins. The former oxygen atom of,80s also hydrogen bonded

to Serl122 N, which forms a hydrogen bond witlf=eoordinating ligand Asp60 OD?2 in holotransferrins.
Some of the S@~ oxygen atoms in sites 1 and 2 interact indirectly throug® Irholecules with functionally
important protein groups, such as the othet"Feoordinating ligands, Tyr92 OH and Tyr191 OH, and a
dilysine trigger group, Lys209 NZ. In site 3, 301 and SQ O4 form hydrogen bonds with Ser192 OG

and Tyrl91 N, respectively, and $@2 forms hydrogen bonds with Ser192 N and Ser192 OG. These
structural data are consistent with the view that the anion bindings to the interdomain cleft, especially to
sites 1 and 2, play crucial roles in the domain opening and synergistic carbonate anion release in the iron
release mechanism of the ovotransferrin N-lobe.

Transferrins are a homologous group of iron-binding release kinetics is significantly different between the two
proteins that include serum transferrin, ovotransferrin, and ferric binding sites —8). The requirement of an anion for
lactoferrin (1). These proteins serve to control the levels of Fe*t release has been also demonstrated for the-Fe
iron in the body fluids of vertebrates via their ability to bind  transferrin-receptor complex9). The cellular F&" release
two Fe' ions together very tightly with two C§&~ anions may, therefore, be regulated by some anion.

(1). Serum transferrin and ovotransferrin can act as an iron  the ~80 kDa transferrin molecule consists of two

transporter to target cells. The transferrin-dependefit Fe  gjmilarly sized homologous N- and C-lobes, which are further
delivery to the target cells occurs in such a way that the giyiged into two similarly sized domains (N1 and N2 in the
diferric transferrin first binds with the specific receptor that N _jobe and C1 and C2 in the C-lobe). The two iron-binding
resides on the plasma membrarg. (The transferrir- sites are located within the interdomain cleft of each lobe.
receptor complex is then internalized into the cell, and the crysia) structures of the fully iron-loaded diferric formi9¢
complex releases Feat acidic pH in the endosome)( In 15) and the monoferric N-lobes16—19) of several trans-
vitro, the release of Fé from ferric transferrins requires  forins reveal that the two domains of each lobe are closed
the presence of a simple anion, such as pyrophosphateyar an F&+ ion. Four of the six F& coordination sites are
sulfate, and chloride, although the effect of anion of*Fe occupied by protein ligands (two Tyr residues, one Asp
: : — —  residue, and one His residues) and the other two by a
" This work was supported in part by a grant-in-aid for scientific pidentate carbonate anion. Previous kinetic studies have,
refsJearch from the Ministry of Education, Science, Sports and Culture however, strongly suggested that anion binding to transferrins
of Japan. ! .
*The atomic coordinates of the apo structure (1TFA) have been promotes a structural change of the closed holo form that is
deposited with the Protein Data Bank, Research Collaboratory for an absolute prerequisite for ¥erelease %, 7, 20, 21). In
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24) and solution scatterin@b—28) analyses. These structural
and functional results imply that the anion-inducedFe
release by transferrins is closely related to the opening of
the domains. The location of the anion binding site which (2 cystal data

Table 1: Summary of Data Collection and Refinement
native KoPtCl; KAu(CN),

. R space grou P6322 P6322 P6322
should be crucial knowledge for the understanding of the oo drsenaons * ® ’
anion-induced domain opening and iron release mechanism a(h) 125.17 124.89 124.75
remains, however, to be established. b (A) 12517 124.89 124.75

) c(A) 87.26 87.27 87.29
In the study presented here, the ovotransferrin N-lobe has v, (A%Da) 2.7

been crystallized in an ammonium sulfate solution and the  no. of molecules per asymmetric unit 1

crystal structure has been determined at 1.9 A resolution by :‘é’s'cﬁLgerﬁR’)ed reflections 1%%47482.32684 223370
the isomorphous replacement method. We report here the no. of independent reflections 34673 16471 14213
direct evidence for the presence of three nonsynergistig SO completeness (%) 955 949 948
binding sites (sites-13) in the interdomain cleft that is wide Reym (%) 63 73 97
phasing ¢—3.0 A)
open as compared to the holo cleft structdrd (The sulfate Reuiis 0.694 0.601
anion in site 1 forms hydrogen bonds with an3Fe Raraut 0.068  0.080
coordinating ligand His250 NE and with Ser91 OG in a hinge no. of heavy atoms 1 2
- . . . . phasing power 1.25 1.47
strand. The sulfate anion in site 2 partially occupies the figure of merit 0.491
synergistic anion binding sites (Arg121 NE and NH2) and figure of merit after solvent flattening 0.816
is also hydrogen bonded to Ser122 N. In site 3,5@rms (b) refinement Statisgcs
hydrogen bonds with Ser192 OG and N and with Tyr191  esolution limits (%) 7019
. . . . . . no. of reflections usedq > 20(F)] 27751
N. The functionally important situations of the residues in  completeness (%) 88.1
sites 1 and 2 strongly suggest that anion bindings to these no. of protein atoms 2543
sites play crucial roles for the domain opening and synergistic ir:;’]-SOf solvent molecules A 5(5;’7
carbonate anion release in the iron release mechanism of the 4 rfactor 0.187
ovotransferrin N-lobe. A large movement in the side chain = Ryee 0.243
orientation of Ser91, when compared between the holo and aVEfgng'f?Ct?f (%) dard 22.8
SO2-bound apo structures, further supports the implications rmf)mf(‘j"gg‘t’;‘nég?(?f” ardgeometry
of site 1 for the anion-induced domain opening mechanism. bond angles (deg) 2.88
dihedrals (deg) 24.2
EXPERIMENTAL PROCEDURES improper dihedrals (deg) 112

2 Native is the apo crystal without the soaking with a metal ion.
Crystallization The hen ovotransferrin N-lobe (the N-  K:PtCl and KAu(CN) represent the crystals soaked witfP#CL and

terminal half-molecule) was isolated and purified as reported EAU(CN)_& respectively. Phasing parameters were calculated-&.0
previously 9). The apo form of the protein was crystallized 2 resolution.

using the hanging-drop vapor-diffusion method. The solution _ )

in the crystallization drop was prepared, on a silanized Were, however, useable for MIR phasing. Details of the
coverslip, by mixing 5L of a 44.4 mg/mL protein solution crystal parameter and statistics of the data sets are given in
[0.05 M Bis-Tris buffer (pH 6.0)] with 5.L of a precipitant Table 1. One Pt binding site and two Au binding sites were
solution [52-53% ammonium sulfate (pH 6.0) and 0.05 M obtained with the difference Patterson method using PHASES.
Bis-Tris buffer]. The droplets were equilibrated against 1 The obtained MIR phase was improved by solvent flattening

mL of the precipitant solution at 20C. Crystals were with PHASES. S_tatistics of the phas_ing appear in Table 1.
obtained within 1 month. An electron density map was made with the solvent-flattened

MIR phase using the data between 15.0 and 3.0 A. Domains
"1 and 2 of the holo form of the ovotransferrin N-lobe (INNT,
2.3 A resolution) were translated and rotated to fit the map,
respectively, using TURBO-FRODO.

Structure Refinementhe initial model made using the

The apo crystals were subjected to diffraction experiments
using a Nonius precession camera with Ni-filtered GuK
radiation generated by a Rigaku X-ray generator (40 kV and
20 mA). The precession photographs indicated that the apo
crystal belongs to space gro:22 with the following cell iR map and the structure of the holo form was refined by

simulated annealing with molecular dynamics using a slow-

Data Collection and Processindiffraction data were  cooling protocol from 3000 to 300 K. This refinement yielded
collected using Cul radiation ¢ = 1.5418 A) with a Bruker  anR of 0.265 for the data between 15.0 and 2.5 A resolution.
Hi-star area detector coupled to a Mac Science M18XHF Subsequent restrained least-squares refinement yielded an
rotating-anode generator. A total of 194 748 reflections were R of 0.243 for the same resolution. Several rounds of
collected to 1.83 A resolution. The data were processed, restrained least-squares refinement up to the resolution of
scaled, and merged with Saint (Bruker Analytical X-ray 1.9 A, followed by manual model building, were carried out
Instruments, Inc., Madison, WI). For multiple isomorphous to improve the model. Four sulfate anions and water
replacement (MIR), crystals were soaked Ich at 20°C in molecules having more tharsdn theF, — F. map were
the precipitant solution containing 0.2 mM PCMBS, 2 mM then added to the model. The alternate side chain positions
KoPtCl, 5 mM Smy(SQy)3, 2 mM HgMeOH, 5 mM KAu- for the disorders at Asp25, GIn28, Lys100, Argl72, and
(CN)z, 5 mM Pr(NQ)s, or 10 mM SmCJ. A number of Lys296 were added to the model in the final step of the
heavy atom derivative data sets were collected and processedefinement. The final model consisted of 329 amino acid
in the same way. Only ¥tCl, and KAu(CN) derivatives residues, four sulfate anions, and 255 water molecules with
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180 Table 2: B-Factors for the Bound Anion Atoms

B-factor for the sulfate atoms g
anion S o1 02 o3 04

sulfate 351 37.35 41.25 37.30 38.81 36.76
sulfate 352 48.64 52.41 50.65 48.60 48.47
sulfate 353 51.12 53.77 53.80 52.48 51.28
sulfate 354 75.25 72.88 74.74 71.81 75.17
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|

models to fit the disordered side chains. Relevant refinement
statistics are given in Table 1. The overall completeness,
R-factor, andRy.e Were 88.1%, 0.187, and 0.243, respectively,
for the data wherd= > 2¢(F). For the highest-resolution
bin (1.90-1.98 A), the completeness was 70.2%, and the
R-factor andRqee Were 0.275 and 0.294, respectively. From
a Luzzati plot, the mean absolute error in atomic position is
estimated to be 0.22 A.

A Ramachandran plo8() of the main chain torsion angles
is shown in Figure 1. The main chain conformational angles
FicURe 1: Ramachandran plot of the backbone torsion angles show that about 89.3% lie within the core region, with 99.7%
Glycine residues are represented by triangles and non-glycin'eIylng W'th'n the al,lowed region. One_ non-glycine reSI.due
residues by squares. Theturn residue, Leu299, is labeled. (Leu299) lies outside the allowed regions of conformational

space; it is in ay-turn. The other non-glycine residue
an R value of 0.187 Ryee = 0.243) for 27 751 reflections  (Trpl25) lies on the edge of the additional allowed region
with F being greater than &F) between 7 and 1.9 A  of a-helix; itis in a distortedx-helix caused by Gly124 and

Psi (degrees)
5 o

o
=}

=135+

;180 135 90 45 0 45 90 135 180
Phi (degrees)

resolution (Table 1). Pro128.
The electron density mapsR2 — F, contoured at &) Overall Organization of the Structuréigure 2 displays
were calculated using the reflection data at-710 A the overall structure of the apoovotransferrin N-lobe as a

resolution. The omit maps~;, — F, contoured at &) were  Cq trace. The apo structure, when compared with the
obtained from the model in which sulfate molecules were previous holo (the F&- and CQ2-loaded form) structure
excluded. of the ovotransferrin N-lobe1{), comprises a domain-
RESULTS opened qonformation (Figure 2). The mode and extent of
the opening were almost the same as in the N-lobe of the
Quality of the Refined ModelResidues 43 are not full-length molecule of ovotransferrir24); as calculated by
included in the model, because no clearly interpretable the rigid-body motion method(), the domains move 497
electron density could be seen. To the side chains of residuesaround a rotation axis passing through the tfstrands
at positions 25, 28, 100, 172, and 296 were added alternatdinking the domains.

Ficure 2: Stereo @ plots of the apo (cyan) and holo forms (red) of the ovotransferrin N-lobe. The figures were produced with MOLSCRIPT
(43) and Raster3D44) as the superimposed ones on domain N2. The holo structure is drawn using the previously determined data (PDB
file ANNT) (17). The residue numbers are labeled for the apo form. The sulfur and oxygen atoms of bound sulfate anions are shown as
yellow and red spheres, respectively. Sulfate anions-35B correspond to the anions in sites3] respectively.
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Ficure 3: Stereoviews depicting the sulfate binding sites. Electron density maps (gfee#, ., contoured at &) were calculated for
site 1 (a), site 2 (b), and site 3 (c). The omit maps (blkg,— F., contoured at 8) were obtained from the model in which sulfate
molecules were omitted. The final model is superimposed in a stick representation with atoms in standard colors.

One of the most important observations depicted in Figure detected from an electron density map. Three of the bound
2 is that the bindings of four sulfate anions are clearly anions are located in the interdomain cleft (sulfates-351
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12M )N\ Table 3: Surface Accessibilities of the Atoms in the Anion Binding
NN Sites
3l W iz ¥ accesibility (%)
32 HpQ 1 26-0x 59 N tom holo form apo fornt
Y A IR o p-28._ T a P
bt e ""-g e ‘:::N/\J\J 250 site 1
Ser91 OG 5.99 10.43
His250 NE 0.00 12.09
site 2
Serl22 N 0.00 5.90
Arg121 NE 0.88 9.68
Arg121 NH2 18.38 50.97
site 3
Tyrl91 N 0.00 3.76
Serl92 N 0.67 244
Ser1920G 1.09 28.99

2The values were obtained using the previously determined data
(PDB file INNT) (17). ® For calculation of the accessibility, 3O
anions are excluded from the model.

FiGURE 4: Diagram of the hydrogen bonding network around the ~ The three sulfate anions also make hydrogen bonds with
three sulfate anion binding sites in the interdomain cleft. The dotted seven HO molecules (Figure 4). Interestingly, three of the
lines display hydrogen bonds with the bond distances in angstroms.H,0 molecules, which form hydrogen bonds with the sulfate

353), while the other one (sulfate 354) exists outside the cleft, @M0ns in sites 1 and 2, simultaneously make different
None of the four anions participated in the intermolecular Nydrogen bonds with functionally important protein groups;

interactions in the crystal packing. Table 2 summarizes & O molecule forming hydrogen bonds with O2 and O3
B-factors for the oxygen and sulfur atoms of the four bound ©f the sulfate at site 2 also makes hydrogen bonds with
anions. The lowesB-factors were found for sulfate 351; the S€r122 N and with an iron-coordinating group, Tyr191 OH.
values ranged from 37 to 4124or the five atoms of SG-. A_nother HO molecul_e being hydrogen-bonded to O2 of_ the
The atoms of sulfate 352 exhibited the second smallestSite 1 sulfate receives hydrogen bonds from an iron-
values, which ranged from 48 to 522ASulfate 353 had coordinating group, Tyr191 OH, and from a dilysine trigger
slightly larger values, which ranged from 51 to 53, £an group, Lys209 NZ. The last 4D molecule, which forms

sulfate 352. Sulfate 354 exhibited much larger values than ydrogen bonds with O3 and O4 of the site 2 sulfate and
the other three sulfate anions; the values ranged from 72 toWith O4 of the site 1 sulfate, simultaneously forms a
75 A2, suggesting highly mobile and/or a less tight binding gy:rogen bond with another iron-coordinating group, Tyr92

nature of S@~ located outside the interdomain cleft. S . . .
Structures of Anion Binding Sitesigure 3 displays Surface Accessibilities of the Protein Groups in the Anion

stereodiagrams of the electron density maps (green2 Binding SitesThe surface accessibilities of the atoms of the

F.) for the three sulfate anions located in the interdomain 2MoNn binding protein groups of sites-B were calculated
cleft. The figure also shows the omit maps (blég,— F.) and compared with those in the holo structuld)( As
calculated with the exclusion-of-sulfate model and demon- SUmmarized in Table 3, all the anion binding atoms exhibited
strates that three sulfate anions are detected with cleardréatly increased accessibility in the apo structure compared
electron densities in the interdomain cleft. As shown in panel to the holo structure. The three sites are all localized in the
a, sulfate 351 exists in proximity to the side chains of His250 Fe’*-binding interdomain cleft. These strongly suggest that
and Ser91; we name this anion binding site site 1. Sulfate th€ anion binding to these sites is closely related to the
352 exists in proximity to the main chain of Ser122 and to domain opening in the ovotransferrin N-lobe.

the side chain of Arg121, constituting site 2 (panel b). As DISCUSSION

site 3, sulfate 353 exists in proximity to a main chain group

of Tyr191 and main chain and side chain groups of Serl92 In the study described here, the apo structure of the

(panel c). ovotransferrin N-lobe has been determined at 1.9 A resolution
Figure 4 illustrates the hydrogen bonding structures for with an R-factor of 0.187. This model is the highest-
the three anion binding sites. In site 1, SO1 and SQ O3 resolution structure for the apotransferrins determined to date

form hydrogen bonds with His250 NE2, which is an iron- (22—24, 32—34) and provides important insight into the iron

coordinating protein groudl(, 17). Oxygen atom O3 of the  release mechanism of the N-lobe of transferrins.

same sulfate anion makes a hydrogen bond with Ser91 OG. The rate for iron release from transferrin is known to be
In site 2, SQ O2 and SQ O3 are hydrogen bonded to accelerated by several factors, including endosomal low pH

Arg121 NE and NH2, respectively, both of which form (35), association with the specific receptor at acidic [38)(

hydrogen bonds with synergistic carbonate anion in the holo and binding of simple nonsynergistic anior8-g). As an

structure 11, 17). The former oxygen atom of S® is also iron release mechanism at low pH from the N-lobes of iron
hydrogen bonded to Ser122 N, which forms a hydrogen bond transporter transferrins, the protonation mechanism of the
with Asp60 OD?2 in the holo structurd g, 17). “dilysine trigger” has been proposed on the basis of the

In site 3, SQ 04 and SQO1 form hydrogen bonds with  ovotransferrin N-lobe holo structurdl); the two lysine
Tyrl91 N and Ser192 OG, respectively, and, X2 receives residues Lys209 NZ and Lys301 NZ, which are located on
two hydrogen bonds from Ser192 N and Ser192 OG. the opposite domains of the protein, are separated by only
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Ficure 5: Stereodiagrams of site 1 residues. The figures are produced with MOLSCRIPANM Raster3D44) as superimposed on N1
domains of the apo and holo structures. The holo structure is drawn using the previous data (PDB file TRNIpfder and lower halves
are domain N1 and domain N2, respectively, and the right side between the two domains corresponds to the cleft. The apo and holo
structures are shown in dark and light colors, respectiveky:tr@ce in gray, His250 in red, Ser91 in blue, and Thr89 in green. The sulfate
molecule is shown in yellow.

2.3 A. This mechanism has been supported by the functionaling ethanol 84), 2-methyl-2,4-pentanediol and ethan28(
evidence which shows that the rate of iron release from the 32, 33), and polyethylene glycoP@). Under these precipitant
human serum transferrin N-lobe is much slower in dilysine conditions, no attempt has been made to crystallize apo-
(Lys206-Lys296) mutants than in the wild-type protein transferrin saturated with nonsynergistic anion. This study
counterpart §7—39). According to the apo structure de- s the first example that utilizes ammonium sulfate as a
scribed here, the Lys209 NZLys301 NZ distance is 7.6 A.  precipitant for apo crystal growth. The results from this study
The interaction of the two lysine residues is therefore clearly demonstrate the presence of four boung?Sénions
abolished in the iron-released, domain-opened apo structurejn the apo crystal structure. The absence of bound anion in
which further supports the dilysine trigger mechanism. As ejther Lys209 NZ or Lys301 NZ rules out the direct
an alternative factor, the requirement of a simple anion or implication of the dilysine residues for the anion-dependent
anion chelator for the iron release has been demonstrateqron release mechanism. However, a0-|m0|ecu|e that
either for the N-teminal monoferric serum transferin §, makes a hydrogen bond with Lys209 NZ is also hydrogen
6) and ovotransferrind) or for the isolated N-lobe of serum  ponded to coordinating ligand Tyr191 OH as well as to, SO
transferrin 88, 39). Likewise, the iron release from the (2 of site 1 (Figure 4). Two other @ molecules that form
isolated N-lobe of ovotransferrin is facilitated by the presence hygrogen bonds with the sulfate anions of sites 1 and 2 also
of a simple anion, including sulfate anion (B. K. Muralidhara ,5ke hydrogen bonds with Tyr92 OH and Tyrl91 OH
and M. Hirose, unpublished results). Then, a question about gjgyre 4). Recent structural evidence for an iron-loaded open
whether anion-dependent iron release is directly related t0¢ym of the ovotransferrin N-lobe4() demonstrates that

the d_ilysir}e trigger mechanism has.been raised. Results fror_nTyrgz OH and Tyr191 OH are the only iron-coordinating
the site-directed mutagenesis studies by Woodworth and h'sprotein ligands in an intermediate state of ion binding and

ggillaporatorjiﬁg, 40) haye s;gggsteqtthe pa;’::u%atpn c;f thg release. If the entry of the water molecules into the Tyr
t_;ys{_lne re5||ues as a:jnlgg Iln Ing i' est,_on feL aZISGO ag'ongroups facilitates iron release, then Lys209 NZ may be
tration analyses an release xinetcs ot -ys an indirectly involved in the iron release mechanism. Previous

tysoztﬁgr Egﬁgiz.riggzr;eiﬂﬁefcgmrzzgnls(,)irs]téilteviistﬁ tﬁ'gi?g; observation42) of decreased iron release rates in a tyrosine-
Y ' ' ligand mutant of human serum transferrin (Tyr95His muta-

that these two lysine residues are part of anion binding sites.. . .
. . ! tion) can be accounted for by this context, if the replacement
for anion-dependent iron releas®¥(38). Such controversial o . ; .
of the coordinating Tyr with His abolishes the hydrogen

situations have probably been due to the absence of direc% di work th h lecul
structural evidence for nonsynergistic anion binding sites in onding network through #0 molecules.
transferrins. The current findings that three (sites-3) of the four

For the crystallographic analysis of anion binding sites of SO~ binding sites are all located in the interdomain cleft
transferrins, the use of the apo forms is considered appropri-support more direct participation of anion binding in the iron
ate, since the addition of anion to the holo forms should release mechanism. The surface accessibilities of the protein
trigger the iron release reaction that accompanies a confor-groups of these sites are greatly increased by domain opening
mational change. In previous reports, the apotransferrin (Table 3). It is therefore very likely that the anion bindings
structure has been determined with the full-length molecules to the three sites stabilize the open conformation. Further-
of lactoferrin 32—34) and ovotransferrin22, 24), and with more, structural details strongly suggest that sites 1 and 2
the N-lobe of human serum transferr2g]. In these studies, play especially important roles in domain opening and/or
crystals have been grown in nonanionic precipitants, includ- release of the synergistic carbonate anion, since these two
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sites include the protein groups that make functionally REFERENCES

important interactions. 1. Aisen, P., and Listowsky, I. (198@®nnu. Re. Biochem. 49
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