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ABSTRACT. The transferrins (TFs) are a family of proteins that are widely distributed in vertebrates, where
they serve a major role in iron binding and transport. Most TFs are composed of two homologous lobes,
the N- and C-lobes, each able to bind a single iron atom. Human serum transferrin (hTF) binds iron in the
blood and delivers it to actively dividing cells; through the process of receptor-mediated endocytosis,
diferric hTF in the serum (pH-7.4) binds to specific TF receptors on the cell surface and is internalized,
whereupon a pH drop in the endosome (pH.6) facilitates iron release. Many factors affect the rate of
iron release, including pH, chelator, temperature, salt, and lobe-lobe interactions. We, and others, have
actively studied the mechanism of iron release from the recombinant N-lobe of hTF; in contrast, the exact
details of iron release from the C-lobe have remained less well characterized but appear to differ from
those found for the N-lobe. Recently, to simplify the purification protocol, we have expressed and purified
full-length recombinant hTF containing an N-terminal hexahistidine tag [Mason et al. (Bi@@)emistry

41, 9448-9454]. In the present work, we have expressed a full-length recombinant hTF containing a
K206E mutation such that the N-lobe does not readily release iron. The resulting full-length hTF allows
us to focus on the C-lobe and to study the effects of mutations introduced into the C-lobe. The success
of this strategy is documented and in vitro mutagenesis is used to identify three residues in the C-lobe
that are critical for iron-release. Although the importance of this triad is unequivocally demonstrated,
further studies are needed to completely elucidate the mechanism of iron release from the C-lobe of hTF.
In addition, the striking difference in the effect of increasing salt concentrations on iron release from the
two lobes of hTF is further documented in the present work.

Human serum transferrin (hTF)s a member of the fusion events, 2). Each lobe is further divided into two
transferrin family of iron binding proteins. These proteins domains connected by two antiparaliektrands which act
are characterized by an ability to bind two Fe (Ill) atoms as a hinge; in each lobe the iron binding site lies in this
reversibly; hTF is a glycoprotein made up of a 679 amino interdomain cleft 8, 4).

acid chain {-80 kDa) arranged in two homologous lobes,  |ron binding to and release from hTF occurs in a
termed the N- and C-lobes, each bearing a single iron-binding pH-dependent manner. Iron binds to the protein in the serum
site. The two lobes share40% sequence identity and are (pH ~7.4) and is delivered to cells by receptor-mediated

presumed to have arisen by a series of gene duplication antendocytosis. The diferric TFreceptor complex is targeted
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1 Abbreviations: TF, transferrin; hTF-Gly, commercially available release properties and deve_k)p_men_t of a model f(_)f iron
glycosylated human serum transferrin; hTF-NG, recombinant nongly- release9). A pH dependent “dilysine trigger” plays a critical

peptide followed by amino acids—#4 from hTF, a hexa His-tag, a

factor Xa cleavage site, and finally the coding region for amino acids the two lysines (K20§ an.d K296) to repel each Oth,er opening
1-679 of hTF-NG; hTF/2N, the N-lobe of human serum transferrin; the cleft and releasing irorlQ—13). In part, the different
OTF/2N, the N-lobe of ovotransferrins; BHK cells, baby hamster kidney jron release properties of the C-lobe could stem from the
cells; Tiron, 4,5-dihydroxy-1,3-benzenedisulfonic acid; NTA, nitrilo- ; ; ;

triacetic acid; EDTA, ethylenediaminetetraacetate; oTF, ovotransferrins; absence of an equ_lvalent pal_r of lysines. Dewan etld) (
LTF, lactoferrin; MES, morpholinoethanesulfonic acid; Hepeg2- suggested that a triad comprised of K534, R632, and D634

hydroxyethyl)piperaziné¥'-ethanesulfonic acid. might serve as the pH sensitive motif in the C-lobe. However,
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work on the C-lobe has been hindered by an inability to
produce sufficient protein by recombinant techniques to allow
subsequent mutational analysi$). A recent report by Zak
and Aisen 16) suggests one solution to this problem. In the
present report, we provide a second approach and demon
strate its utility and feasibility.

Through the introduction of a K206E mutation into the
N-lobe of a full-length hTF, we have analyzed the indepen-
dent kinetics of iron release from the C-lobe. To ensure
homogeneity, the recombinant proteins are nonglycosylated
(NG); for the purpose of purification, they contain a His tag
at their amino terminus (N-His). Here, we show that N-His
K206E hTF-NG serves as a good model for investigation of
hTF C-lobe, as (1) the N-lobe does not readily release iron,
leaving only the C-lobe to bind and release iron, and (2) the
lobe-lobe interaction is preserved. At both pH 7.4 and pH
5.6, the iron release rate for the C-lobe is similar in hTF-
NG with and without the K206E mutation. Scanning alanine
mutagenesis of Dewan’s putative pH-sensitive tridd) (
shows that the loss of any one of these residues leads to a
inability of the C-lobe to release iron at pH 7.4 under our
standard conditions and a greatly reduced rate of iron releas

at pH 5.6. These results suggest that this trio of residues

plays a role similar to the dilysine trigger and highlights the
critical nature of these residues in the mechanism of iron
release from the C-lobe.

MATERIALS AND METHODS

Construction of Plasmids with pNUT N-His K206E hTF-
NG Containing K534A, R632A, D634A, and Q540A Muta-
tions.The pNUT N-His K206E hTF-NG expression plasmid
was constructed by ligating &coRIBamHIDNA fragment
from pNUT-hTF/2N K206E 10) with the EcoRI-EcoRand
EcoRFBamHI fragments from hTF-NG1(7). DNA frag-
ments were purified using the Qiagen gel extraction kit and
ligated in a triple ligation reaction. The correct fragment
orientation was confirmed by restriction endonuclease map-
ping and DNA sequence analysis.

The C-lobe mutations (K534A, R632A, D634A, and
Q540A) were introduced into the pNUT N-His K206E hTF-
NG construct using the QuickChange mutagenesis kit (Strat-
agene). Two complimentary mutagenic oligonucleotide prim-
ers containing the mutations were used:

K534A
5 AAG GGA GAT GTG GCT TTT GTG GCA CAC CAG
ACT GTC CC 3

5 GGG ACA GTC TGG TGTGCC ACA AAA GCC ACA
TCTCCCTT 3

R632A

5 GAA ACC AAG GAC CTT CTG TTCGCA GAT GAC
ACA GTA TGT TTG GCC 3

5 GGC CAA ACA TAC TGT GTC ATC TGC GAA CAG
AAG GTC CTT GGT TTC 3

D634A

5 GAA ACC AAG GAC CTT CTG TTC AGA GAT GCC
ACA GTA TGT TTA GCC 3

5 GGC TAA ACA TAC TGT GGC ATC TCT GAA CAG
AAG GTC CTT GGT TTC 3

Q540A

5 GTG AAA CAC CAG ACT GTC CG5 GCG AAC ACT
GGA GGA AAA AAC CC 3

Halbrooks et al.

5 GGG TTTTTT CCT CCA GTG TTGGCC GGG ACA
GTC TGG TGT TTC AC 3

The mutagenized nucleotides are shown in bold type. The
conditions for the PCR reaction were as follows: initial
denaturation at 98C for 30 s, followed by 18 cycles with
denaturation at 95C for 30 s, annealing at 5% for 1 min,
and extension at 68 for 15 min. To determine the presence
of the correct mutation and absence of other mutations, the
complete sequence of the transferrin cDNA and flanking
PNUT sequences were determined prior to introduction of
the plasmid into baby hamster kidney (BHK) cells.

Production and Purification of Recombinant Proteins.
Recombinant hTF was expressed by BHK cells and purified
from the tissue culture medium using procedures that have
been described in detail elsewhet&,(18). In short, the cell
culture medium was concentrated and exchanged on a spiral
concentrator followed by chromatography on a Poros 50 HQ
column to remove phenol red and most of the serum albumin

rpresent in the media. The His tagged constructs were isolated

by chromatography on a Qiagen-NNTA column using a

éBioCad Sprint chromatography system to simultaneously

monitor the absorbance at 280 nm, the conductivity, and the
pH. A Sephacryl S200HR column was used to eliminate
imidazole and exchange the protein into 0.1 M JMEQOs.

The diferric hTF samples were then exchanged into 50 mM
Hepes buffer (pH 7.4) using Centricon 30 microconcentrators
and stored at-20 °C as concentrated stock solutions(5
mM).

Assay for Recombinant Proteifihe amount of recombi-
nant hTF in the tissue culture medium and at various stages
of the purification was determined by an adaptation of a
competitive solid-phase radioimmunoassay in which bioti-
nylated hTF was substituted for iodinated sample as de-
scribed previously X8).

Spectral DataTo assess iron binding for each recombinant
hTF, UV—vis spectra were recorded on a Varian Cary 100
spectrophotometer (600 to 250 nm). Difference spectra were
generated by subtracting the spectrum of Hepes buffer (50
mM, pH 7.4) from the sample spectra. The reported results
are the average values derived from at least three such scans.

Kinetics of Iron Releasé\s described previously in detail
(17), the kinetics of iron removal from transferrin at pH 7.4
were measured by monitoring the increase in absorbance at
480 nm for the release of iron to the chelator Tiron (4,5-
dihydroxy-1,3-benzene-disulfonic acid, disodium salt mono-
hydrate) using a dual-beam Cary 100 spectrophotometer. A
thermostatable 6x 6 multicell block peltier accessory
allowed data collection on six samples at a time in the dual
beam mode. Final concentrations-e6 uM of protein and
12 mM of Tiron in a total volume of 50@L Hepes buffer
(100 mM, pH 7.4) were used for these kinetic assays, and a
circulating water bath maintained the temperature at@7
throughout the experiments. To ensure complete iron removal
(which is essential for accurate determination of the rates),
data were recorded until at least three half-lives had elapsed.
The effect of salt on iron release was investigated by carrying
out reactions at five concentrations of KCI up to 500 mM.

To measure the release of iron at pH 5.6, 50 mM MES
was used as the reaction buffer, and 4 mM EDTA was used
in place of Tiron. The bufferchelator mixture was allowed
to equilibrate prior to addition of the protein. Under the
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Ficure 1: Kinetic curves reflecting the change in absorbance at 480 nm vs time°&, $H 7.4, 0.1 M Hepes, 12 mM Tiron, 0.3 M KClI,
and 0.5A33/mL of protein. (A) Curve for iron-removal from N-His hTF-NG, best fit by two release rates, and (B) the curve for iron-
removal from N-His K206E hTF-NG, best fit by a single release rate. Note that the Xragi¢) differs in the two panels.

conditions used, the release of iron from the protein was protein. The pH was measured on a blank set of tubes at the
monitored directly by following the decrease in absorbance end of the experiment. The data were plotted and analyzed
at the absorbance maximum of 293 nm. As reported using Origin software.

previously (7), we found that the rate of iron release at pH

5.6 from the N-lobe was too fast to measure accurately usingRESULTS

the Cary 100. Therefore, the rate of iron release from the . )

N-lobe of N-His hTF-NG was determined using a stopped- To determine vv_hether the rate of release of_ iron fr(_)m the
flow technique on an OLIS RSM1000 spectrophotometer, C-Io_be of the N-His K206E hTF-_NG construct is klne_tlcally
again following the decrease in absorbance at the visible €quivalent to the construct lacking the N-lobe mutation (N-
maximum (9). Iron release from the N-lobe was complete Hls hTF-NG), thg release rate as a function of salt concentra-
after two minutes. Therefore, the rate of release from the tion was determined for each at pH 7.4 and°€% Kinetic
C-lobe of N-His hTF-NG at pH 5.6 was determined on the CUrves for each of the two constructs at a single salt

Cary 100 after discarding the first two minutes of data concentration of 0.3M KCI are shown in Figure_l. It must
collection. be remembered that at pH 7.4 the uptake of iron by the

chelating agent Tiron is being monitored by tracking the
increase in the absorbance at 480 nm, so the curve is positive,
whereas at pH 5.6 with EDTA as chelator, the decrease in
absorbance is followed. It was found that the curve for N-His
thF-NG was best fit by two rates (0.024 and 0.126 Thin

at 0.3M KCI) and that for N-His K206E hTF-NG by a single
rate (0.125 min'). Note that the change in absorbance was
approximately half for the N-His K206E hTF-NG construct

The curves resulting from a plot of absorbance versus time
were fitted using the Origin Version 4.1 software (MicroCal,
Inc). A single-exponential function best described the iron
release rate from the N-His K206E hTF-NG mutant at pH
7.4; however, at pH 5.6, two release events were observe
To calculate the best fit to the resulting biphasic curve, the
data from the first 40 min and the final 4000 minutes were
fit independently; these time frames were attributed to iron .
release from the C-lobe and N-lobe, respectively. A double versus the N-!—hs hTF-NG construct, as WQUId be expected
exponential function was required to fit the data derived from I Ion was being removed from a single site.

N-His hTF-NG at pH 7.4 and the double mutants at pH 5.6.  The rate of iron release for each construct (N-His K206E
In the latter cases, the amplitudes for two rate constants weren TF-NG and N-His hTF-NG) was measured as a function
averaged and fixed with the assumption that complete iron of the salt concentration. The results of this experiment are
removal from each binding site contributes equally to the presented in Figure 2. No iron was released from the N-lobe
absorbance of the irefiTiron complex (7). In all cases, of N-His K206E hTF-NG at any of the KCI concentrations,

excellent fits were obtainedRf > 0.99). as clearly indicated by the single rate obtained from the

Iron Retention Leel as a Function of pHThe retention ~ analysis and the half-maximal absorbance. In contrast, for
of iron as a function of pH was measured for each mutant the N-His hTF-NG construct, two rates were found over the
protein. Aliquots of iron-saturated protein were incubated full range of salt concentrations. Importantly, the results show
in a buffer containing 33.3 MM Hepes, MES, and sodium that the C-lobe of N-His K206E hTF-NG releases iron at a
acetate adjusted to the appropriate pH (between 3 and gyate that is identical to the C-lobe of N-His hTF-NG. This
with either 1 N NaOH or acetic acid. The protein solutions finding allows us to pursue C-lobe mutational studies with
were maintained at 4C for a period of one week to allow  the assurance that no adverse effects on the function of the
each sample to reach equilibrium. The percentage of iron C-lobe are conferred by the K206E N-lobe mutation.
remaining bound to the TF samples was determined by Having established that the N-His K206E hTF-NG is a
measuring the absorbance at the visible absorption maximasuitable construct in which to place C-lobe mutations, we
and comparing this absorbance to that of the fully iron-loaded produced four mutant proteins in which either Lys 534, Arg
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0.20 for any of the three mutants under the conditions used to
gl release iron from the nonmutated C-lobe (Table 2A). At pH
5.6 and 37°C, the rate of iron release from the N-lobe of
the N-His K206E hTF-NG mutantk(= 0.0006 mir?)
~ ® relative to N-lobe lacking the K206E mutatiok € 2.610
0.10 4 min~Y) is slowed~4400-fold. In addition, the rate of iron
release for each of the residues of the C-lobe triad at pH 5.6
- and 37°C, is extremely slow. The constructs containing the
0.05 ; - R632A and D634A mutations yield similar rates of release,
u .l while the K534A mutant releases iron at a marginally faster
0.00 . . r r . rate (Table 2B). All three of the C-lobe mutants release iron
0 01 02 03 04 05 at rates that are slightly faster than the rate measured for the
[KCI] (M) N-lobe containing the K206E mutation. In all cases, it was
FIGURE 2: Observed rate constants for the removal of iron from "€c€Ssary to collect data pver a period of almost 3 days to
each lobe of N-His hTF-NG and from the C-lobe of N-His K206E allow complete release of iron from both lobes (greater than
hTF-NG as a function of the KCI concentration. The rate constant 3 half-lives).
as a function of KCI concentration was determined atG7 pH The effect of pH on iron release was also determined by

Zéfe' e&é Pg rTr?gel\?-'l gg ;")Magér%‘_’lgg‘:gﬁ%dmhg ﬁ_ﬁ_‘gel\'I”G ';‘:]rc‘j an equilibrium approach. It is important to note that no
the C-lobe of #) N-His K206E hTF-NG. (Note: No iron is released ~ CNelator is present in these samples. Thus, over the period

from the N-lobe of N-His K206E hTF-NG under the conditions Of 1 week, a slow protonation of the iron binding residues
used). leads to release at acidic pH even in the absence of a chelator
(20). Obviously, because iron is being released from each
Table 1: Spectral Characteristics of Recombinant TF Species Used |obe of each protein we are measuring an average for both.

in This Study To obtain a rough estimate of the pH at which half of the
Amax  Amin iron was released, the curves were fit to a sigmoidal function.
diferric protein (nm) (M) AmadAmin  Aosd/Amax The results of this analysis are presented in Table 3. The
hTF-NG 464 403 1.38 275 pH at which 50% of the iron was released for the two
N-His hTF-NG 466 403 1.13 213 commercial glycosylated hTFs, (Boehringer Mannheim and
“E:: Eggggﬁggﬂ%w“e fgf fgg 11.':?; 22;’ ':f Interggn) and for the repomb_inant nonglypo§ylated hTF with
N-His K206ER632ANTE-NG 466 407 1.30 27 .4 and without an N-terminal His tag was within experimental
N-His K206ED634AhTF-NG 463 405 1.30 275 error. The pH at which 50% of the iron was released for the
N-His K206EQ540AhTF-NG 463 401  1.46 23.0 mutants containing the K206E mutation and for the three
aThe four mutations in the C-lobe are shown in bold typErom C-lobe mutants was downshifted slightly. The poorer fit of
ref 17. the release data for the K534A and R632A mutants (indicated

by the larger value for?) suggests the presence of two

632, Asp 634, or GIn 540 was substituted by alanine and species in these particular samples. The data are more
placed into N-His K206E hTF-NG background. In each case, descriptive than quantitative but provide an independent
the amount of recombinant full-length His tagged protein assessment of binding stability under equilibrium conditions.
produced and recovered was comparable to previous result
obtained for the N-His tagged hTF-NG construdg, (18). %ISCUSSDN
To confirm that the recombinant proteins were able to bind  Our previous studies established that the presence of a
iron in each lobe, UV/vis scans were performed and intrinsic hexa-His tag at the N-terminus of hTF-NG had no effect on
spectral parametersifax Amin, AmadAmin, aNdA280/Amay) Were the rate of iron release from either lobe when compared to
measured. The results are presented in Table 1.1Fhe hTF-NG lacking a His tagl(7). This finding provided a basis
and Amin for each of the iron-loaded double mutants are for pursuing the present work using the His tagged construct;
virtually identical to those found for both N-His hTF-NG  both ease of production and purification are critical to the
and hTF-NG. The spectral data indicate that each mutant issuccess in studies aimed at assessing the mechanism of iron
loaded with iron in both lobes and that none of the mutations release from the C-lobe. To concentrate efforts on the C-lobe
has a measurable effect on the geometry of the iron-bindingand to simplify the interpretation of the results, the next
sites. logical step was to produce a recombinant hTF in which the

The release rate of iron from three of the mutant hTFs ability of the N-lobe to release iron was largely curtailed.
was determined at both pH 7.4 and 5.6 at a constantAs described in the introduction, extensive woflo{13)
temperature of 37C (Table 2A,B). The particular pHs were  had established the significant role of a pair of lysines (K206
chosen because of their physiological relevance to the pHand K296) in the release of iron from the N-lobe. Crystal
of the serum {7.4) and the putative pH of the endosome structures of hTF/2N21) and oTF/2N {4) indicate that these
(~5.6). As reported above, the rate of release of iron at pH lysine residues (which reside in different domains) share a
7.4 from the C-lobe is equivalent whether the K206E hydrogen bond when the two domains come together as a
mutation in the N-lobe is absent or preseéat=0.040 min?t result of iron binding. Our studies with the isolated N-lobe
for the nonmutated protein and 0.037 miirfior the K206E indicated that the K206E mutation effectively “locks” the
mutant). This appears to be true at pH 5.6 as wéll=( N-lobe into a closed conformation at pH 7.4 and greatly
0.127 vs 0.139 mint). Significantly, at pH 7.4, there is little  reduces the rate of iron release at pH 5.6. These previous
or no release of iron from either the N-lobe or the C-lobe studies showed that the two opposing lysines serve as an



Iron Release from C-Lobe of Human Serum Transferrin

Biochemistry, Vol. 42, No. 13, 2003705

Table 2: Iron Release Rates at the Conditions Shown

diferric protein kn (Min~%) x 1073 ke (min™) x 1073 n2 time (min) ratio kn/kc)
(A) pH 7.4,100 mM Hepes Buffer, 12 mM Tiron as Chelator @87
N-His hTF-NG 54.74+ 3.3 40.4+ 1.3 3 120 1.4
N-His K206E hTF-NG no release 37601.7 3 120 -
N-His K206EK534A hTF-NG no release no release 4 -
N-His K206ER632A hTF-NG no release no release 4 -
N-His K206ED634AhTF-NG no release no release 4 -
(B) pH 5.6,50 mM MES Buffer, 4 mM EDTA as Chelator @ a
N-His hTF-NG 2610.0t 33.4 126.94+ 5.6 40 20.6
N-His K206E hTF-NG 0.60E 0.02 139.1+£ 6.0 4 4000 4400
N-His K206EK534A hTF-NG 0.574+0.04 5.2+ 0.05 4 4000 0.11
N-His K206ER632AhTF-NG 0.60+ 0.05 1.5+ 0.09 4 4000 0.41
N-His K206ED634AhTF-NG 0.444+ 0.07 1.1+ 0.09 3 4200 0.41
(C) pH 7.4,100 mM Hepes Buffer, 12 mM Tiron as Chelator @5
N-His hTF-NG 22.7+0.9 6.4+ 0.6 4 400 3.5
N-His K206EQ540AhTF-NG no release 3420.8 3 170
aNumber of independent measurements madetermined using stopped flow on the OLIS RSM100Brom ref17.
Table 3: Iron Release as a Function of pH in the Absence of Chelator
pH at which 50%
protein source Va iron released comment
FehTF-Gly Boehringer Mannheim 19.3 4.550.05
FehTF-Gly Intergen 9.9 4.56-0.04
FehTF-NG recombinant 18.0 4.56 0.08
FeN-His hTF-NG recombinant 2.9 4.580.02
FeN-His K206E hTF-NG recombinant 4.9 4.240.02
FeN-His K206EK534A hTF-NG recombinant 25.0 4.190.06 2 species?
FeN-His K206ER632AhTF-NG recombinant 22.0 4.1 0.17 2 species?
FeN-His K206ED634AhTF-NG recombinant 7.4 4.36 0.04

2 The data were fit using the Boltzman equation for a sigmoidal curve (Origin). C-Lobe mutations are shown in bold type.

active trigger that helps open the N-lobe, rather than a “lock”  The results shown in Figure 2 also confirm the previously
whose disabling would passively allow the lobe to open. This observed differential effect of salt on the iron release behavior
point is perhaps best illustrated by the fact that neither the of the two lobes at pH 7.42@, 23). Increasing KCI affects
K206A nor the K296A N-lobe mutants readily release iron the release rates from the two lobes in an opposite manner.
(12). In the present study, we introduced the K206E mutation There is a nearly linear increase in the rate of iron release
into the full-length N-His tagged construct. Our previously from the C-lobe as a function of salt concentration. Con-
reported release rate for the N-lobe K206E mutant at pH versely, increasing salt concentrations leads to a nonlinear
7.4 (6.42 £ 0.04 (miml) x 10° was based on an decrease in the rate of iron release from the N-lobe, as
extrapolation from a 5-h assay in which only about 2% of previously described for the recombinant N-lobe at neutral
the iron was removed1(Q). We now realize that such pH (9). This striking difference in the effect of salt on the
extrapolations are not justifiable, and in the present work, rate of release of iron from the two lobes of hTF indicates
we clearly show that it is impossible to measure a rate of a fundamental difference in the mechanism by which iron
iron release from the N-lobe of the N-His K206E hTF-NG is released from each lobe. In addition, our previous studies
construct under our standard conditions at pH 7.4. Kinetic were carried out at 28C (17), yielding a ratio kw/kc) of
analysis at both pH 7.4 and 5.6 clearly indicates that the 3.5 for N-His hTF-NG (Table 2C). As shown in Table 2A
presence of the K206E mutation in our recombinant hTFs at pH 7.4 and 37C, there is a 2.4-fold increase in the release
effectively disables iron release from the N-lobe, while the rate from the N-lobe and a nearly 6-fold increase in the rate
rate of iron release from the C-lobe is unaffected (Figure 2 of release from the C-lobe resulting in a ratia/kc) of 1.4.
and Table 2A,B). This allows determination of iron-release Thus, the iron release rate from the C-lobe is more sensitive
from the C-lobe in the context of a full-length, bilobal to both salt and temperature than the release rate from the
molecule. It also indicates that the release rate of iron from N-lobe.
the C-lobe is completely unaffected by whether the N-lobe  The identification of a triad of residues equivalent to the
is open or closed implying a lack of cooperatively between dilysine trigger by Dewan et all@) was based on examina-
the lobes under our conditions. tion of the hTF structure (3.3 A) determined by Zuccdd)(
Direct comparison of the experimental rates measured atln this structure, the OD2 of the carboxylate group of Asp
pH 7.4 and 5.6 is precluded by the use of different buffers 634 is 3.4 A from the Lys 534 NZ and 3.3 A from the NH2
and chelators. Unfortunately we, and others, have beengroup of Arg 632. Dewan suggested that lowering the pH
unable to identify conditions that allow direct comparisons would result in weakening or breaking of the hydrogen bonds
at these two pHs. Therefore, legitimate comparisons can onlybridging the Arg and Lys residues. More recently, higher-
be made within each group, with the release rate of iron from resolution crystal structures of both porcine and rabbit serum
the N- and C-lobes of N-His hTF-NG providing an internal transferrins have become availab®s), Examination of the
control. porcine structure (2.15 A) (Figure 3A) confirms that the three
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Table 4: Sequence Alignment of TFs Family Members Highlighting
Residues of the Dilysine Trigger (K206 and K296) and the
Proposed Triad (K534, R632, and D634) in Various Spécies

N-lobe C-lobe
residue # 206 296 534 632 634
human TF K K K R D
rabbit TF K K K R D
rat TF K K K R D
murine TF K K K R D
horse TF K K K R D
porcine TF K K K R D
bovine TF K K K R D
melanoTF K K R K A
human LTF R K K N N
chicken oTF K K Q K L

a2 Numbering is based on hTF sequence; nonconserved residues are
shown in bold type and are italicized. The alignments are made with
BLOSUM 62 score tables with default settings and displayed using
GeneDoc 29). ® Note 206 in the N-lobe is equivalent to 534 in the
C-lobe and 296 is equivalent to 632.

and pH 7.4. We conclude that the GIn residue at position
540 is not directly involved in the mechanism of iron release
from the C-lobe defined by the AspArg—Lys triad.

It is interesting, and perhaps significant, that both Lys 296
and Arg 632 are immediately preceded by a reversern
(comprised of the sequence of Leu-Leu-Phe) which is found
FiGURE 3: Ribbon diagram of the C-lobe of porcine serum M all r_nammallgp TFs, as well as in LTF and oTF. Also
transferrin £5). (A) The residues of the triad are shown in the iron ~ potentially significant is the observation that Arg 632 and
bound state using human serum transferrin numbering. (B) Close-Lys 534 are each directed toward the center of one of the
up view of the triad with potential hydrogen bonds shown. This |iganding tyrosine residues. In fact, both the dilysine trigger
g%)ure was prepared using Bobscrif@0( 31) and Raster3D32, (in the N-lobe) and the LysArg—Asp triad (in the C-lobe)

' are surrounded by a “box” of tyrosine residues homologous

residues, Lys 543, Arg 641, and Asp 643 (equivalent to Lys in both Iob_es. This hydrophobic box has been suggested as
534, Arg 632, and Asp 634 in hTF), are linked to each other @ mechanism to reduce th&s of the Arg and Lys and to
in a hydrogen-bonding network (Figure 3B) and shows that facilitate deprotonationl@, 14, 26).
the distances between these residues<@&d. The Lys 534 The importance of the triad in the C-lobe is highlighted
residue resides in the CIl domain and is equivalent to Lys by comparison of the amino acid sequence of TFs from
206 in the N-lobe. The Arg 632 residue resides in the CI different species including the rabbit and pig, as shown in
domain and is equivalent to Lys 296. The bridging residue, Table 4. Each member of the triad is completely conserved
Asp 634, is also located in the Cl domain. Given the in all the mammalian serum TFs but not in other family
hypothesis that the negatively charged Asp 634 in hTF members (melanotransferrin, human LTF or chicken oTF),
stabilizes the positive charges of the Lys and Arg residues, implying fundamental differences in the details of iron release
we anticipated that the D634A mutation would de-stabilize for C-lobes of these other proteins.
the triad and lead to a faster rate of iron release from the An alternate hypothesis to identifying the C-lobe triad as
C-lobe. This is definitely not the case, since release of iron the critical pH dependent stabilizing/destabilizing structural
from the D634A mutant differs only slightly from the other feature controlling iron release from the C-lobe is that the
two mutants. In a manner highly reminiscent of the dilysine triad participates in the mechanism of chelator-dependent iron
trigger in the N-lobe, the triad appears to serve as a triggerremoval. The presence of a kinetically significant anion
that helps to initiate iron release rather than as a lock thatbinding (KISAB) site(s) in the C-lobe has been proposed
prevents it. Each residue of this triad must play an active (27, 28). Presumably such a site(s) serves as a target for
role in the process of iron-release from the C-lobe, since binding of an anion and/or chelator leading to release of iron.
mutation of any of these residues to an alanine drastically Work by the Aisen lab previously identified Lys 569 as a
slows chelator-mediated iron-release. possible KISAB siteZ3). The K569Q mutant featured a5
Examination of the pig structure also showed that GIn 549 20-fold reduction in the rate of iron release from the C-lobe
(GIn 540 in the human structure) was in hydrogen bonding at pH 5.6 compared to nonmutated C-lobe. We find differ-
distance to both the Lys and Asp residues of the triad, raising ences of 26-, 88-, and 121-fold for the K534A mutant, the
the possibility that a tetrad of amino acids controls iron R632A mutant, and the D634A mutant, respectively (Table
release in the C-lobe. To test this possibility, we expressed2B). Collectively these results indicate that more than one
and purified a mutant in which this GIn residue at position KISAB site probably exists. Further work is needed to deter-
540 was mutated to alanine. As shown in Table 2C, the mine the effect of salt on the release rate of each mutant to
C-lobe of the Q540A mutant released iron at -a6sfold determine whether like the dilysine pair in the N-lobe, the
faster rate than that found for the control protein at°25 Lys, and Arg residues also function as anion binding sites.




Iron Release from C-Lobe of Human Serum Transferrin

In summary, the K206E mutation introduced into N-His

hTF-NG disables iron release from the N-lobe at pH 7.4 and

drastically slows it at pH 5.6. Iron release from the C-lobe
is unaffected at both pH 7.4 and 5.6, thus allowing an

investigation of release properties of the C-lobe in the context

of full-length hTF. We have introduced four different C-lobe
point mutations into N-His K206E hTF-NG with the aim of

investigating the mechanism of iron release from the C-lobe.
The choice of three of these mutations was based on a report 17-

by Dewan et al.14). Indeed, under our standard conditions,

when any of the three residues is converted to an alanine,

iron release is completely inhibited at pH 7.4 and extremely
slowed at pH 5.6, confirming the importance of this triad.
Equilibrium data qualitatively support the results from the
kinetic experiments. We conclude that disruption of the
dilysine trigger in the N-lobe and of the triad in the C-lobe
result in the inability to release iron from either lobe within
a physiologically relevant time frame.
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