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Abstract

The X-ray crystallographic structures of two mutafi{206Q and H207of the N-lobe of human transferriinTF/2N)

have been determined to high resolutidn8 and 2.0 A, respectivelyBoth mutant proteins bind iron with greater
affinity than native hTF2N. The structures of the K206Q and H207E mutants show interadtimis H-bonding and
electrostati¢ that stabilize the interaction of Lys296 in the closed conformation, thereby stabilizing the iron bound
forms.
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The transferrins are a group of iron-binding proteins that have arystallographic studies have revealed that these recombinant forms
high affinity (Kq = 10723 M) for ferric iron (Baker et al., 1994  of hTF/2N (MacGillivray et al., 1998; Bewley et al., 1999ave
While serum transferrin transports(#é) to cells where the Réll ) the same polypeptide folding as rabbit serum transfeiBiailey
is taken up via the ubiquitous transferrin receptaisen, 1998, et al., 1988. However, the presence of a single metal-binding site
the ovotransferrins and lactoferrins are thought to play antimicroin hTF/2N simplifies the kinetic analysis of metal binding and
bial roles by limiting the availability of Fgll ) required for growth  release when compared to serum transferrin. Using in vitro muta-
(Baker et al., 199% Structural studies of human lactoferrin and genesis, several point mutations of 2R have been expressed
transferrin have shown that these proteins are comprised of twand characterized including ligating residu&¥oodworth et al.,
lobes joined by a bridging peptide; each lobe is comprised of twal991; Zak et al., 1995; He et al., 1997a, 1997b; Mason et al.,)1998
domains that form a cleft containing a high-affinity binding site for second shell residug®Voodworth et al., 1991; He et al., 199&
Fe(lll) and other transition metal8aker et al., 1994 The Fdlll ) pair of lysine residues that have been implicaedwan et al., 1993
is bound in a distorted octahedral coordination to four proteinin iron release via a dilysine triggéki et al., 1998; Steinlein et al.,
ligands(in human transferrin N-lobe by Asp63, Tyr95, Tyr188, and 1998; He et al., 1999 and other functional residuékuck et al.,
His249 and two ligands from a synergistically bound, bidentate 1997; Zak et al., 1997 Spectral and kinetic analyses of these
anion. Iron release occurs in a pH- and receptor-dependent processitant forms of hTF2N have shown that it is possible to manip-
by the rotation and opening of the domains around a hiisge  ulate the iron binding characteristics of PN so that it binds
Baker et al., 1994; Aisen, 1998, for recent revigws iron more or less tightly than wild-type hTEN (Woodworth

By using recombinant DNA techniques, the N-lobe of humanet al., 1991; Lin et al., 1993; Li et al., 1998; Steinlein et al.,
transferrin(hTF/2N) has been expressed at high levels in both1998. Although the X-ray crystal structures of @8 )-hTF/2N
mammalian tissue culture celi§unk et al., 199Dand the yeast (MacGillivray et al., 1998 and apo-hTF2N (Jeffrey et al., 1998
Pichia pastoris(Steinlein et al., 1995; Mason et al., 199&-ray have been reported, the structural changes associated with the

introduction of point mutations in h7BN have not been deter-
mined. In this paper, we report high-resolution crystal structures of

Reprint requests to: Michael E.P. Murphy, Department of Microbiology two mutants of hTF2N-K206Q and H207E' These are t.he first

and Immunology, University of British Colu’mbia, #300 6174 University mutant structures of h7EN to be determined and provide an

Boulevard, Vancouver, British Columbia V6T 173, Canada; e-mail: €Xplanation for the higher iron-binding affinity of these mutants
memurphy@interchange.ubc.ca. relative to wild-type hTF2N.
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Results and discussion from Lys296 NZ, allowing for a hydrogen bond to be retained be-

. ; tween these residuéBig. 1B). This H-bond is maintained by a small
The overall folding of the polypeptides of the K206Q and H207E " .
mutants is very similar to that found for native (é)-hTFH2N displacement of 0.43 A by the NZ atom of Lys296 in the mutant

(MacGillivray et al., 1998 When the structures of the mutants relative to native hT/2N structure. The side-chain amide of GIn206

were superimposed with the native BN structure using the {/vagg'n;'?ondmg d|star(1jc§ to tv_\t/p S(_)Ivtim at?MNatStS{f and
program Xtalview(McRee, 1992 no significant deviations were ? tho a ?rﬁ consir.ve |r:jp|osll lonin .ﬁlnaﬂ:\/? 5:0 eln.f
observed among the main-chain ato(RS deviation for main- n the crystallographic model, 1t IS possible that the conforma-

chain atoms is 0.13 A for both mutait$n addition, strong elec- tion of_the GIn206 sidg-chain am.ide 's flipped, resulting in the
tron density was observed for the iron atom; this is consistent witfiPproximate exchange in the positions of the OE1 and NE2 atoms.

the orange-red color of both of the crystals used for data collection-.rhe _cqnformanon shown in Figure 1B was chosgn on the basis of
gtamlng slightly lower overalR-factors and more simild-factors

However, local changes around the mutated residue were found . . .
or the affected atoms. In addition, interaction of the oxygen of a

shown in Figure 1, and discussed below. . . . . .
side-chain amide with a lysyl amine allows for Lys296 to be pro-
tonated; however, presumably either Lys206 or Lys296 is not pro-
K206Q tonated at neutral pH in the dilysine trigger. Additional experiments
In native hTF2N, Lys206 NZ forms an unusual H-bond to Lys296 will be required to confirm the nature of the H-bond interaction
NZ (Fig. 1A), which constitutes the dilysine triggéDewan et al.,  between GIn206 and Lys296.
1993; MacGillivray et al., 1998 In the structure of K206Q hTF The removal of iron from K206Q hTRN requires more ex-
2N, the conformation of the GIn206 side chain is similar to that oftreme conditions of low pH<4.0) compared to the native protein
the wild-type lysine, resulting in GIn206 OE1 being located 2.9 A (pH 5) (Woodworth et al., 1991 Furthermore, calorimetric stud-
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Fig. 1. Structures of native and mutant forms of EN. A: The back-
bone structure of hT/2N (MacGillivray et al., 1998is displayed along
with the side chains that form the dilysine péliys206 and Lys295 the
surrounding side chains of Thr209, Asp292, Glu212, Ser298, and His207,
and waters Wat350, Wat354, and Wat415. The iron aimange spheje

is shown in the upper left together with the ligating groups His@?ge),
Tyr95 and Tyr188both greel and the carbonatevhite). The approx-
imate location of the main-chain N atom of Tyr96 is indicated by a black
letter. Potential hydrogen bonds are drawn with dotted lilB2sThe
equivalent view of the K206Q form of h7EN. GIn206 is colored salmon,
except for atoms OE1 and NE2, which are colored red and blue, respec-
tively. C: A similar representation of the structure of the H207E mutant
of hTF/2N in which the side chain of Glu207 is colored red. The location
of the main-chain N and O atoms of Tyr96 are indicated by black letters.
Figures were produced using the programs MOLSCRIaulis, 1991

and Raster3dMerritt & Murphy, 1994).
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ies suggest that iron binding by this mutant is 20-fold tighter thanTable 1. Data collection and refinement statistics

for hTF/2N (Lin et al., 1993. In the structure of the apo-hTHN,

for the two mutants of hT/RN

Asp63 forms a H-bond with Lys296 indirectly orienting the His249

iron ligand(Jeffrey et al., 1998 In the K206Q mutant, the H-bond K206Q H207E
_between GIn20§ ar_ld Lys296 may be retained _at lower pH preven'[éeII dimensionsA) a= 4501, a— 4503,
ing the reorganization of the H-bond network in the apo-form and b=57.81, b=57.91,
favoring the iron bound form. The stability of the interaction of c=1356 c=1359
GIn206 with Lys296 is supported by the loB+factors observed  Resolution(A) 1.8 2.0
for this residue in the mutant structuf&7.3 A2). RiergeON | 0.069(0.2842 0.043(0.130
(MK (1)) 15.3(3.7) 20.1(7.9
Completenes$%o) 91 (96) 88 (89)
H207E Unique reflections 30,6243,159 21,745(2,165
In th.e structure of native Rl ).-hTF/2N, .the imidazole side chajn Svic:ti:gagzctor O?i%a-(%.zgs 5:27(38249
of HlSZO? forms _an H-_bond with the main chain of Tyr9_6,_a resldl_JeFreeR_factor 0.225(0.309 0.218(0.260
adjacent to the iron ligand Tyr95, and an electrostatic interactioryps deviation from
with Lys206 NZ(Fig. 1A). The replacement of His207 with glu- ideal geometry
tamate alters these interactioffSg. 1C). The Glu207 side chain Bond length(A) 0.008 0.009
forms an H-bond to Lys206 NZ via an equivalent bridging water ~ Bond anglegA) 1.41 1.34
molecule(Wat415. The other oxygen of the side-chain carboxyl- Number of solvent atoms 139 135

ate forms H-bonds to the main-chain atoms of Tyr96.

The close proximity of His207 to the dilysine trigger in the
native structure of hT/R2N suggests that this residue may influ-
ence iron-binding properties. The presence of a negative charge

resulting from the H207E mutation would be expected to stabilizey,onochromator. The X-ray diffraction data were processed using
the dilysine trigger favoring the iron bound form. In fact, the e computer programs DENZO and Scalepé@kwinowski &
H207E mutant binds ferric iron more tightly than native WZN  \inor, 1997). The H207E mutant diffraction data were processed
(Woodworth et al., 1991; Lin et al., 1983and iron release is 5 2 0 A resolution, while the K206Q diffraction set was processed
kinetically slower(Zak et al., 1995 The B-factors of the Glu207 {4 3 resolution of 1.8 A.

side chain(17.6 A2) are significantly lower than the structure The mutant structures were solved by molecular replacement
average(27.6 7). using the coordinates for the orthorhombic crystal form ofl F¢-

In summary, the structures of the mutations K206Q and H2075yTR2N (MacGillivray et al., 1998 as the starting model, except
show that the dilysine pair plays a key role in determining the ironghat the mutated residue was changed to an alanine residue, and
affinity of the N-lobe of human transferrin. The structures show syrrounding water molecules were removed. Simulated annealing,
that the mutated side chains stabilize Lys296 in the iron bouncbositional, andB-factor refinement was carried out using the pro-
structure, thereby leading to stabilized iron-binding sites. gram X-PLOR (Briinger, 1990 Initially, the mutant side chain
was inserted manually using the program XtalvidhicRee, 1992
Additional water molecules were added by searcling F. maps
and were screened for appropridéactors, H-bonds, and electron
density ino;-weighted F, — F, maps. Table 1 provides a sum-
mary of final refinement statistics for each mutant structure. As

Details of the construction of the H207E and K206Q mutants ofdefined by the program PROCHECH askowski et al., 1998
hTF/2N, and their subsequent expression in baby hamster kidnegreater than 86% of the residues of the two mutant structures are
cell lines, have been described previousoodworth etal., 1991 N the most favored region in Ramachandran plots. Two residues
Crystals were obtained by the hanging drop method %@ #y  are in the disallowed region, Lys4 and Leu294; the latter is found
mixing equal amounts of reservoir solution with the WZR mu-  in & y-turn characteristic of the transferrin and lactoferrin struc-
tant protein(40 mg/mL in 40 mM sodium cacodylate buffer turfes(see Mac(.“:ill.ivray etal., 1998Detailed Qata processing and
pH 5.75. The reservoir solution contained 26% polyethylene gly- refinement statistics for both mutants are given in Table 1.

col 4000 and 20 mM sodium bicarbonate. Colored crystals were

obtained for both the K206Q and H207E mutants, suggesting thaicknowledgments

the F€lll )-bound forms had been crystallized. Both mutant forms

of hTF/2N crystallized isomorphously with the wild-type protein ;r]‘(ijs I‘g’?rr';"l‘\’/?? hjl‘jrp{’f;%e?? ?’n’(‘f';)CGOECS?&E’ralO?’%?g“g%grg;tas S’S'\g-"j-sp-'\"-
in space group FA2,2, with one molecule in the asymmetric unit & (Ro1 DK 21739 to R.C.W. M.E.PM. is the recipient of a MRC

(Wang et al., 1992 scholarship.

a/alues in parentheses are for the highest resolution shell.
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