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ABSTRACT: Human serum transferrin (hTF), with two Fe** binding lobes, transports iron into cells. Diferric
hTF preferentially binds to a specific receptor (TFR) on the surface of cells, and the complex undergoes
clathrin dependent receptor-mediated endocytosis. The clathrin-coated vesicle fuses with an endosome
where the pH is lowered, facilitating iron release from hTF. On a biologically relevant time scale (2—3
min), the factors critical to iron release include pH, anions, a chelator, and the interaction of hTF with the
TFR. Previous work, in which the increase in the intrinsic fluorescence signal was used to monitor iron
release from the hTF/TFR complex, established that the TFR significantly enhances the rate of iron release
from the C-lobe of hTF. In the current study, the role of the five C-lobe Trp residues in reporting the
fluorescence change has been evaluated (£sTFR). Only four of the five recombinant Trp — Phe mutants
produced well. A single slow rate constant for iron release is found for the monoferric C-lobe (Fec hTF)
and the four Trp mutants in the Fec hTF background. The three Trp residues equivalent to those in the
N-lobe differed from the N-lobe and each other in their contributions to the fluorescent signal. Two rate
constants are observed for the Fec hTF control and the four Trp mutants in complex with the TFR: kgpscy
reports conformational changes in the C-lobe initiated by the TFR, and ks, is ascribed to iron release.
Excitation at 295 nm (Trp only) and at 280 nm (Trp and Tyr) reveals interesting and significant differences

in the rate constants for the complex.

Human serum transferrin (hTF") is an 80 kDa (679 amino
acids) bilobal glycoprotein that can bind and deliver two
ferric ions to cells. The two lobes of hTF share significant
sequence identity (~40%) and are proposed to have arisen
from gene duplication and fusion events (/). The iron binds
within a deep cleft formed by two subdomains in each lobe
(NI/NII and CI/CII) that are joined together by a hinge (2—35).
At the pH of serum (~7.4), two molecules of diferric hTF
bind with nanomolar affinity to the homodimeric transferrin
receptor (TFR) on the cell surface and undergo receptor-
mediated endocytosis into a clathrin-coated pit. The vesicle
fuses with an acidic endosome where the pH is lowered to
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~5.6, facilitating iron release (6). Apo-hTF remains bound
to the TFR, and the complex is cycled back to the surface
of the cell to start the process over (7). To exit the endosome
by way of DMTI, the divalent metal transporter 1, ferric
iron must be reduced to ferrous iron (8). The recent
identification of a ferrireductase in the membrane of the
endosome (9) and a report that the TFR has an effect on the
redox potential of iron bound to hTF (/0) raise the question
of when and where the reduction takes place.

During the past 20 years, various recombinant hTF
constructs, including isolated N- and C-lobes, full-length
monoferric hTFs binding iron only in the N-lobe (Fey hTF,
mutation of iron binding residues Y426F and Y517F) or only
in the C-lobe (Fec hTF, mutation of iron binding residues
YO5F and Y 188F), as well as full-length constructs with iron
locked in the N-lobe (K206E) or C-lobe (R632A), have been
produced. Studies of these recombinant hTFs have provided
insight into the mechanism of iron release from each lobe
and highlighted the different kinetic properties of the two
lobes (/1—15). At pH 5.6, the C-lobe has a considerably
slower rate of iron release than the N-lobe largely because
of differences in the pH-dependent triggering motifs in the
two lobes (16—18).

Each lobe of hTF holds a single Fe** ion tightly bound
(~10** M) within a cleft. The ligands to the iron are
comprised of a single histidine and an aspartic acid residue,
in addition to two tyrosine residues. The coordination is
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completed by two oxygen atoms from the synergistic anion,
carbonate, which is stabilized by an arginine residue and
absolutely critical for high affinity binding (/9). Iron
coordination by the two tyrosine ligands (as tyrosinates)
results in the formation of a ligand to metal charge transfer
(LMCT) band in the visible region (470 nm). Iron coordina-
tion also disrupts the 7 to s* transition of the tyrosine
ligands, leading to an increase in the UV absorbance which
overlaps the intrinsic Trp fluorescence signal (20—22). Many
studies have utilized the disappearance of the visible absor-
bance signal to directly assign rate constants for iron release
from hTF and hTF mutants (/4, 18, 23, 24). Additionally,
upon transitioning from iron-bound to apo-hTF, the fluores-
cent signal (produced largely by three Trp residues in the
N-lobe and five Trp residues in the C-lobe) increases by
~400% (25). The mechanism of fluorescence quenching was
described in 1969 as long-range energy transfer (FRET)
between the Trp residues and the UV absorbance band
formed by the interaction of the Tyr ligands with the iron
(21). The Aisen laboratory was the first to monitor the
recovery of fluorescence upon iron release to derive rate
constants (26). Since this report, the method has been widely
used (I8, 22, 27—32). The sensitivity of this technique
(which requires only nanomolar concentrations of protein)
is essential for the determination of the role of the TFR in
hTF iron release, because of the poor solubility of TFR and
the difficulty in obtaining native, membrane-bound TFR from
natural sources, that is, the placenta (33, 34). Availability
of a recombinant soluble TFR (sTFR) has abolished the need
for detergent and negated the supply issue but has not
completely resolved the solubility problem (35, 36).

Monitoring the increase in fluorescence during iron
removal is often complex, yielding multiple rate constants
and requiring computer modeling to fully interpret the data.
At the same time, the sensitivity of intrinsic Trp fluorescence
to changes in protein environment around Trp residues
provides access to conformational information that is un-
available by other probes (37—40). A recent study from our
laboratory highlights the fact that using Trp fluorescence to
monitor iron release events requires a more detailed under-
standing of the contribution of the individual Trp residues
to fully explain the data (22).

The intrinsic fluorescence of the C-lobe is produced mainly
by five Trp residues located at positions 344, 358, 441, 460,
and 550 (Figure 1). Trp344 is equivalent to Trp8 in the
N-lobe, Trp460 is equivalent to Trp128, and Trp550 is
equivalent to Trp264. In the hTF structure, two of the Trp
residues, at positions 344 and 358, reside close to each other
(within ~5 A) in the CI subdomain and ~16 and 20 A from
the iron center, respectively. Of the remaining three Trp
residues located in the CII subdomain, Trp460 is closest to
the iron (~13 A), while Trp441 and Trp550 are at a distance
of 18 and 19 A, respectively. All five Trp residues in the
C-lobe are highly conserved in mammalian transferrin family
members (including ovotransferrin and lactoferrin) indicating
their probable structural/functional importance (/9). Of the
five Trp residues in the C-lobe, four reside in typical
hydrophobic environments, whereas Trp550 is relatively
exposed, lying close to the surface of the molecule and
surrounded by a number of charged residues.

In the current study we address (1) the role of each of the
five Trp residues in the C-lobe in reporting iron release, (2)
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FIGURE 1: Crystal structure of the C-lobe of apo-hTF (PDB code
2HAU) showing the locations of the five tryptophan residues
Trp344, Trp358, Trp441, Trp460, and Trp550 (highlighted in red).
The CI subdomain (yellow) and CII subdomain (blue) are indicated.
The regions around each Trp residue have been enlarged to highlight
nearby residues.

whether there are differences among the Trp residues (as
observed in the N-lobe), and (3) how binding to the sTFR
affects the fluorescence properties and iron release rate
constants of mutants lacking each of the Trp residues. Five
single-point Trp to Phe mutants were created in the full-
length His-tagged Fec hTF construct (to eliminate the iron
induced fluorescence changes from the N-lobe). To more
precisely mimic the N-lobe, we also attempted to produce a
double mutant (W358F/W441F). Ultraviolet—visible (UV—vis)
spectra were recorded to evaluate the effect of each mutation
on iron coordination. Steady-state tryptophan fluorescence
emission spectra reveal differences in the contribution of the
C-lobe Trp residues to the fluorescent signal compared to
the N-lobe Trp residues. Stopped-flow kinetic analysis of
iron release monitored by the increase in the fluorescent
signal (in the absence and presence of the sTFR) was
evaluated with excitation at both 280 (to evaluate the
contributions of both Trp and Tyr residues to the signal) and
295 nm (to specifically query the contribution from the Trp
residues).

MATERIALS AND METHODS

Materials. Dulbecco’s modified Eagle’s medium-Ham
F-12 nutrient mixture, antibiotic-antimycotic solution (100x),
and trypsin were from the GIBCO-BRL Life Technologies
Division of Invitrogen. Fetal bovine serum was obtained from
Atlanta Biologicals. Ultroser G is a serum replacement from
Pall BioSepra (Cergy, France). The QuikChange mutagenesis
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kit and pBluescriptll were from Stratagene. Methotrexate
from Bedford laboratories was used for selection of plasmid
containing cells. All tissue culture dishes and flasks, as well
as Corning expanded surface roller bottles, were obtained
from Fisher Scientific. Ultracel 30 kDa molecular weight cut-
off (MWCO) microcentrifuge devices were from Amicon.
Ni-nitrilotriacetic acid (Ni-NTA) resin came from Qiagen.
Hi-prep 26/60 Sephacryl S-200HR and S-300HR columns
were obtained from Amersham Pharmacia. Ethylenediamine-
tetraacetic acid (EDTA) was from the Mann Research
Laboratories Inc. NTA and ferrous ammonium sulfate were
from Sigma.

Preparation of hTF Single-Point Tryptophan Mutants.
Mutations were introduced into the pNUT construct contain-
ing the complementary DNA (cDNA) coding for His-tagged
nonglycosylated hTF using the QuikChange Site-Directed
Mutagenesis kit as described in detail (47/). All of the
constructs were placed in the Fec hTF background to
eliminate iron binding in the N-lobe (Y95F and Y188F
mutations), as previously described (/5). The forward
mutagenic primers used to create the single-point Trp mutants
are shown below. The nucleotides highlighted in bold
indicate the substitutions resulting in the mutation:

W344F
Prior to transfection, the presence of the correct mutation

5" TGC AAG CCT GTG AAG TTC TGT GCG
CTG AGCCACCY¥

W358F

5" GG CTC AAG TGT GAT GAG TTC AGT GTT
AAC AGT GTA GGG 3’

W441F

5" GCT TCT GAC CTC ACC TTC GAC AAT
CTG AAA GGC AAG AAG TCC TGC 3’

W460F

5" GC AGA ACC GCT GGC TTC AAC ATC CCC ATG
GGCCTG ¥

WS550F

5" C CCT GAT CCC TTC GCT AAG AAT CTG
AAT GAA AAA GAC TAT GAG TTG C 3’

(and the absence of spurious mutations) was confirmed for
each construct by DNA sequence analysis of the complete
cDNA insert and plasmid flanking regions within 300 bp of
the cloning sites.

All proteins were produced in baby hamster kidney cells
containing the appropriate coding cDNA in the pNUT vector;
the recombinant proteins were secreted into the tissue culture
medium (42). As described (15), Fe*"(NTA), is added to
the tissue culture medium immediately upon collection to
ensure that the recombinant proteins are iron loaded and thus
stabilized throughout the purification. The volume of the
collected medium was reduced using a tangential flow device
with a 30 kDa cutoff membrane and exchanged into 5 mM
Tris-buffer, pH 8.0, containing 0.02% sodium azide. The
concentrated medium was centrifuged (6000g) to remove
particulates, and the supernatant was diluted by addition of
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5X buffer to make the sample 1X with respect to Qiagen
start buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 20 mM
imidazole, 10% glycerol, and 0.05% sodium azide). The His-
tagged Fec hTF and mutants were then captured by passage
over a Qiagen Ni-NTA column and eluted by addition of
250 mM imidazole to the Qiagen start buffer. Final purifica-
tion involved passage over Sephacryl S-200HR (for hTF)
or S-300HR (for sTFR) gel filtration columns. A competitive
immunoassay was used to monitor protein production (43).

Complexes of Fec hTF/STFR were generated using our
standard protocol (37). Briefly, a molar excess of hTF was
added to 1.5 mg of sTFR, and the sample was run over a
Sephacryl S-300HR column in 100 mM ammonium bicar-
bonate to remove excess hTF. Fractions containing the
complex were concentrated to a nominal 15 mg/mL (with
respect to hTF) using Ultracel microconcentrators with a 30
kDa MWCO.

Spectral Analysis. Each iron-saturated mutant was scanned
from 500 to 300 nm on a Varian Cary 100 spectrophotometer
at 25 °C in 100 mM ammonium bicarbonate, pH 8.1 (dual
beam mode with a cuvette containing buffer only as a
reference). The molar absorption coefficient (¢) of each Trp
mutant was determined by following our recently published
protocol (32).

Steady-State Fluorescence Spectroscopy. Steady-state tryp-
tophan emission spectra were obtained on a Quantamaster
Spectrofluorimeter (Photon Technology International, South
Brunswick, NJ), as previously described in detail (22). In
contrast to previous studies in which samples were excited
at 280 nm, excitation at 295 nm (wavelength selected with
a monochromator) was measured to specifically target the
intrinsic Trp signal. The excitation light was filtered through
a 295 nm cut-on filter, and emission scans were collected
from 305 to 400 nm (320 cut-on filter), using slit widths of
2 nm (excitation) and 6 nm (emission). The buffer back-
ground was subtracted from each spectrum. Corrections for
monochromator and PMT sensitivity were adjusted according
to the manufacturer’s instructions. Iron-bound protein (1 x#M)
was added to a cuvette (1.8 mL final volume) containing
100 mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic
acid (HEPES) buffer, pH 7.4, at 25 °C and gently stirred
with a small magnetic stir bar. Apo-protein was obtained by
adding the same amount of iron-bound protein to 100 mM
2-(N-morpholino)ethanesulfonic acid (MES), pH 5.6, con-
taining 300 mM KCl and 4 mM EDTA, and equilibrating
for ~20 min. Three steady-state emission scans were
collected and averaged. In the presence of only MES buffer,
pH 5.6, and 300 mM KCI (no EDTA) there is no change
(<1.0%) in the intensity of the fluorescent signal.

Kinetics of Fe’t Release. The kinetics of iron release from
Fec hTF and the single-point Trp mutants, in the absence
and presence of the sTFR, were monitored at pH 5.6 on an
Applied Photophysics SX.18MV stopped-flow spectrofluo-
rimeter (37). One syringe contained protein (375 nM) in 300
mM KCl, and the other syringe had 200 mM MES buffer,
pH 5.6, containing 300 mM KCI and 8§ mM EDTA. In the
current work, most samples were excited at both 280 and
295 nm, and the fluorescence emission was monitored using
a high-pass 320 nm cut-on filter. Although in all of our
previous studies samples were excited at 280 nm, as
mentioned above, excitation at 295 nm allows a more direct
evaluation of the Trp contribution to the change in the
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Table 1: Spectral Characteristics and Molar Absorption Coefficients (x50 mM ™' cm™') for Diferric hTF, Fec hTF, and the Fec hTF Trp Mutants

protein Amax (NM) Asgo 1A max calc” &0 apo exptl &0 apo exptl &5 iron % increase due to iron”

diferric hTF 466° 21.3¢ 85.1 84.0 +£0.2¢ 103.9 £ 0.2¢ 23.7

Fec hTF 460 35.2 82.1 81.5 +£0.2¢ 92.1 +0.2¢ 13.0

W344F Fec hTF 458 347 76.6 N.D.© N.D.

W358F Fec hTF¢ N.D. N.D. 76.6 N.D. N.D.

W441F Fec hTF 459 34.4 76.6 76.8 +£0.8 853 +0.3 11.1

W460F Fec hTF 459 35.3 76.6 774+£0.3 85.1 £0.1 9.9

WS550F Fec hTF 455 33.0 76.6 76.6 £ 1.0 84.6 £0.7 10.4

“The apo absorption coefficients were calculated as described (32). ? Percent increase is calculated as 100 x [e(iron) — &(apo)]/e(apo).  Reference
15. “Millimolar absorption coefficients from ref 32. ¢ Values could be not determined because of insufficient production of recombinant proteins and

heme contamination.

Table 2: Steady-State Fluorescence Properties of Fec hTF and Four of the Trp Mutants

Amax Amax fluorescence intensity fluorescence intensity % diff Fe

protein” (nm) (apo) (nm) (Fe) (F; counts/s) (Fe) (F; counts/s) (apo) and apo”
Fec hTF 336 338 78000 134000 70
W344F Fec hTF 337 337 74700 115000 54
W441F Fec hTF 337 337 61000 97500 60
W460F Fec hTF 337 339 66200 91000 37
WS550F Fec hTF 337 338 73000 114000 56

“ All samples (1 uM concentration) were excited at 295 nm to minimize the contribution of Tyr residues. Iron-containing samples were in 100 mM
HEPES, pH 7.4, and apo samples were in 100 mM MES, pH 5.6, buffer containing 300 mM KCIl and 4 mM EDTA. ” Percent difference is calculated as
100 x [Fi(apo) — F,(iron)]/F,(iron), in which F, is the integrated area under the curve between 305 and 400 nm.

fluorescent signal by minimizing the fluorescence contribu-
tions of Tyr residues. Rate constants were determined by
fitting the change in fluorescence intensity versus time using
Origin software (version 7.5) to either a single-exponential
(y = Al exp(—x/tl) + y,) or a double-exponential (y = Al
exp(—x/tl) + A2 exp(—x/t2) + y,) function. Note that, in
the case of the STFR complexes, the initial quench in the
fluorescent signal (the first 0.192 s) was not included in the
fits.

RESULTS

Expression of Single-Point Tryptophan Mutant Fec hTF
Constructs. As reported previously, introduction of the YOSF
and Y188F mutations into the His-tagged nonglycosylated
hTF construct to generate Fec hTF has a minimal effect on
expression level (52.9 &+ 13.7 mg/L) compared to N-His hTF-
NG (15). As determined by a competitive immunoassay,
expression of the five single-point Trp constructs in the Fec
hTF background ranged from a low of ~7 mg/L for the
W358F mutant to a high of 35 mg/L for the W44 1F mutant.
The W344F, W460F, and WS550F mutants attained an
intermediate maximum expression level of ~15 mg/L. The
double tryptophan mutant (W358F/W441F) expressed very
poorly (~4 mg/L).

UV—Vis Spectra and Molar Absorption Coefficients. Scans
in the UV —visible region (500—300 nm) were obtained for
all iron-bound Fec hTF samples. Iron binding gives rise to
a LMCT band (470 nm) that results in the characteristic
salmon pink color of hTF. Comparison of the intrinsic
parameters (Amax and Axgo/Amax) provides a direct assessment
of the effect that a mutation has on iron coordination. Three
of the single-point mutants (W344F, W441F, and W460F)
have An.x values nearly identical to the control Fec hTF,
whereas the W550F mutant has a hypsochromically shifted
Amax Value (5 nm; Table 1). Unfortunately, the W358F single
mutant and the W358F/W441F double mutant could not be
accurately analyzed because of the presence of a small Soret
band at 410 nm (indicating the presence of heme) in the

visible absorbance spectrum. As a result of this heme
contamination and our inability to produce sufficient amounts
of these two mutants, it was not possible to collect any
meaningful spectral data. The Aygp/Anmax values of the four
Trp mutants were similar to those of the control, demonstrat-
ing that substitution with Phe did not disrupt their ability to
specifically bind iron.

To legitimately compare samples, it is essential to have
an accurate estimate of the concentration of each. As
described previously (32), experimental millimolar absorption
coefficients (&) were determined for each mutant in the iron-
bound and apo-forms. Consistent with earlier results, the
calculated values for the apo-proteins were nearly identical
to the experimentally determined values, and the presence
of iron resulted in a similar increase in & (~10%) for each
of the single-point mutants that we were able to analyze
(Table 1).

Steady-State Emission Spectra. Intrinsic fluorescence
emission spectra were recorded for Fec hTF and four of the
Trp mutants (Table 2). The overall shape of the fluorescence
curve for each mutant is similar to the control (data not
shown). Additionally, the 4., is nearly identical, both with
and without bound iron. The intensity of the apo-W344F
and W550F mutants is ~15% lower than the apo-hTF
control; the apo-W441F and apo-W460F mutants are de-
creased by ~30%, indicating that Trp441 and Trp460
contribute twice as much to the fluorescent signal as Trp344
and Trp550. These percent differences in fluorescence
intensities also hold true in the iron-bound forms of the Trp
mutants.

Removal of iron from hTF results in an increase in the
intrinsic Trp signal. As shown in Table 2, when iron is
removed from Fec hTF, the increase in the fluorescence
signal is 70%. For the W344F, W441F, and W550F mutants,
the increase is slightly less (54, 60, and 56%, respectively).
The most dramatic effect is found for the W460F mutant
with an increase in the fluorescence signal as a result of iron
removal of only 37% (Table 2).
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FIGURE 2: (A) Kinetic curves of Fec hTF and the four single-point
Fec hTF Trp mutants at pH 5.6, generated by stopped-flow mixing.
(B) Iron release curves for Fec hTF and Fec hTF Trp mutant
constructs in complex with the sTFR. For A and B, iron-bound
samples (375 nM) in 300 mM KCI were rapidly mixed with 200
mM MES buffer pH 5.6, containing 300 mM KCl and 8 mM
EDTA; the samples were excited with 295 nm light, and the
fluorescence emission was monitored using a 320 nm cut-on filter.

Iron Release from hTF Constructs in the Absence of
Receptor. Tron-release rate constants for Fec hTF were
determined by monitoring the increase in the intrinsic Trp
fluorescence over time. The kinetic curves for each mutant
are shown in Figure 2A. The raw data for each trace has
been adjusted to zero at time zero to compare the differences
in the change in the fluorescent signal. Although each of
the curves fit best to a single-exponential function (Materials
and Methods), we note that the fits are rather poor, as
indicated by the fitting parameters and residuals (Figure 3).
The poorness of the fits is due to a small lag observed in the
first 50 s of the kinetic trace. Significantly, the W344F mutant
lacks the lag and yields the best fit of any of the Trp mutants
(Figure 3). Likewise, the lag is reduced in the W460F mutant.

Consistent with the UV—vis data, the rate constants for
each of the four mutants that we were able to evaluate are
similar to the control demonstrating that the substitution of
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Trp by Phe does not have a destabilizing effect (Table 3).
Additionally, we note that the rate constant for the Fec hTF
control is very similar regardless of the excitation wave-
length: 0.46 4 0.06 min~! when excited at 295 nm versus
0.60 4 0.07 min~! when excited at 280 nm.

Iron Release from hTF/sTFR Complexes. Using the same
protocol (and the identical amount of Fec hTF), kinetic traces
were generated, and rate constants were calculated for the
Fec hTF control and Trp mutants bound to the sTFR (Figure
2B and Table 4). As previously observed, iron release from
the control Fec hTF bound to the sSTFR requires a double-
exponential function to obtain the best fit (44). Also, as
previously observed, a new feature appears at the beginning
of the kinetic trace: a small but reproducible drop in the
fluorescence intensity lasting for the first 0.192 s and only
found in the presence of the sTFR (44). Significantly,
excitation at 295 nm also yields two rate constants for the
control Fec hTF in the complex; however, the rate constants
are approximately two-fold slower than those obtained with
excitation at 280 nm (Table 4). As for the control Fec hTF,
each of the four Trp mutants features the initial quench and
yields two rate constants; additionally, receptor-stimulated
iron release is clearly maintained in the mutants. Also, as
observed for the control, all four Trp mutants had faster
observed rate constants when excited at 280 nm compared
to 295 nm. Because the rate constants for the constructs alone
are similar, this observation means that the enhancement in
the rate constants due to the sTFR is greater with 280 nm
excitation than with 295 nm excitation. Additionally, as
shown (Table 4, final column), there are significant shifts in
the fractional fluorescence contribution of each rate compo-
nent to the intensity (as derived from the fitting parameters).
I, and I, correspond to the contribution from kgpsc; and kopsco,
respectively (see Discussion).

Both rate constants (at each excitation wavelength) for the
W441F and W550F mutants bound to the sTFR are similar
to that of the control complex (Fec hTF bound to sTFR). In
contrast, the W344F and W460F mutants show a two-fold
increase in both rate constants. As would be expected by
the removal of a Trp residue, the actual fluorescence intensity
of each of the mutants is lower than the control. The
intensities for the W344F and W441F mutants are 7% and
16% lower, respectively, while those for the W460F and
W550F mutants are each decreased by 33% (Figure 2B).
Interestingly, the presence of the sTFR alters the change in
fluorescence emission of the mutants relative to these mutants
alone (compare Figure 2, parts A and B). For example, the
impact of the absence of Trp550 is small in the absence of
sTFR and large in its presence, suggesting that binding to
the sTFR has altered the environment around Trp550.

DISCUSSION

Kinetics of Iron Release from the Control, Fec hTF, at
pH 5.6, compared to Fey hTF. Iron release from Fec hTF at
pH 5.6 in the presence of 300 mM KCI and 4 mM EDTA
results in a kinetic trace that fits best to a single-exponential
function when excited at either 280 or 295 nm. However, as
pointed out above, the fit is relatively poor due to a small
lag in the beginning of the trace (Figure 3A,B). Additionally,
and as reported previously (44), the single rate constant is
very slow (0.46 min~! at 295 and 0.60 min ' at 280),
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FIGURE 3: (A) Kinetic curve and exponential fit (red line) of Fec hTF excited at 280 nm. (B) Kinetic curve and fit (red line) of Fec hTF
excited at 295 nm. (C) Kinetic curve and fit (red line) of the W344F mutant excited at 295 nm. (D) Kinetic curve and fit (red line) of the
W460F mutant excited at 295 nm. The R?, ¥*/DoF, and residuals (green) are given for each kinetic trace to indicate the goodness (or lack

of goodness) of the fit.

Table 3: Rate Constants for Iron Release from Fec hTF and Trp
Mutants Excited at 295 nm in 100 mM MES Buffer, pH 5.6, Containing
300 mM KCI and 4 mM EDTA

protein kopsc1 @ (min™!) fold difference vs wild type
Fec hTF 0.46 + 0.06"
W344F Fec hTF 0.58 +0.05 1.3
W441F Fec hTF 0.40 4+ 0.05 0.9
W460F Fec hTF 0.67 + 0.04 1.5
W550F Fec hTF 0.42 +0.04 0.9

“ Each value is the average of six kinetic traces. ” Note that when Fec
hTF is excited at 280 nm, the kosc; (min~') is 0.60 £ 0.07.

requiring 500 s to attain 5 half-lives. This result contrasts
with iron release from the monoferric N-lobe (Fey hTF) that
yielded three rate constants of 20.8, 4.1, and 1.1 min~! under
identical conditions and was complete in 200 s (25). The
slower rate constant for iron release from the C-lobe of Fec
hTF relative to the N-lobe in the Fey hTF construct is
attributed to differences in the second shell residues and in
the hinge regions between the subdomains of each lobe. The
second shell network is comprised of the amino acid residues
that interact with the iron binding ligands. In particular, the
pH sensitive Lys206 and Lys296 pair in the N-lobe (dilysine
trigger) and the triad of residues in the C-lobe, Lys534/
Arg632/Asp634, have been shown to be critical to efficient
release of iron (/4, 17). Additionally, the hinge region in

the C-lobe is longer than the hinge in the N-lobe (5). Unlike
the N-lobe hinge, which lies adjacent to an antiparallel
[B-sheet formed by two fS-strands, the strands nearest the
hinge region in the C-lobe are unstructured, and one of them
is completely missing. This region, which connects the two
subdomains, is responsible for the flexibility of the hinge
and a twisting motion that gives rise to iron binding or
release. In combination with the greater number of disulfide
bonds in the C-lobe (11 disulfides compared to 8 in the
N-lobe), opening of the cleft in the C-lobe would be predicted
to involve a more rigid motion of the CI and CII subdomains.

Production of the Five Trp Mutants in Fec hTF. To assign
the source of the increase in fluorescence when iron is
released from the C-lobe and the origin of the lag, we
evaluated the contribution of the individual Trp residues in
the C-lobe to the fluorescent signal by producing five single-
point mutants in which Trp was substituted by Phe in the
Fec hTF construct. Unfortunately, the substitution of Phe at
position 358 (a Trp not found in the N-lobe) resulted in very
low expression of the W358F mutant. This strongly suggests
that Trp358 plays a critical role in folding of the CI
subdomain or its stabilization once synthesized. Curiously,
the mutation of the nearby Trp344 to Phe in this subdomain
did not have the same deleterious effect on expression even
though both reside in similar hydrophobic environments
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Table 4: Rate Constants for Iron Release from Fec hTF and Trp Mutants Bound to the STFR Excited at 295 or at 280 nm
protein excitation kopsc1 ¢ (min~") fold diff vs wild type (WT) kobsc2 @ (min~!) fold diff vs WT I, L,” (%)
Fec hTF/sTFR 295 132+ 1.6 37+05 59,41
280 21.0+£2.7 73+ 1.0 36, 64¢
W344F Fec hTF/sTFR 295 26.5+ 1.7 2.1 6.6 +04 1.9 49,51
280 464 +£6.9 2.2 120+ 1.3 1.6 30, 70
W441F Fec hTF/sTFR 295 143 £2.0 1.1 4.1£05 1.1 40, 60
280 192 £ 1.1 0.9 6.6 04 0.9 23,77
W460F Fec hTF/sTFR 295 302+ 64 2.3 83+£09 2.3 45,55
280 570114 2.7 133+£0.8 1.8 21,79
WS550F Fec hTF/sTFR 295 156 £2.4 1.3 43£05 1.3 42,58
280 26.0 £ 4.5 1.2 73+0.7 1.0 22,78

“ Each value is the average of at least 15 kinetic traces. > I, and I, refer to the % change in intensity corresponding to konsc1 and Kopsco, respectively.
¢ For Fec hTF/STFR, the standard deviation of the values at 280 is £12% from 150 runs.

within ~5 A of each other. Our inability to express
substantial amounts of isolated C-lobe has been ascribed to
the need to have the N-lobe to “pull” the C-lobe through
the translational machinery (45). We suggest that substitution
of the smaller Phe residue at position 358 may affect the
synthesis of the recombinant protein by destabilization of
the growing peptide chain.

Spectral Characterization of the Trp Mutants in Fec hTF.
Evaluation of the four single-point Trp mutants by UV —vis
spectroscopy indicates that the substitution of Phe is most
affected by the absence of Trp550; the A, of the W550F
mutant is blue-shifted by 5 nm (Table 1). In contrast, the
molar absorption coefficients (&,59) for the apo-forms of each
mutant show little deviation from the calculated values, and
the increases due to the presence of iron are also very similar,
ranging from 9.9% for the W460F mutant to 11.1% for the
W441F mutant (Table 1). These results indicate that the iron
coordination site within the cleft of the C-lobe has been
minimally disturbed.

However, the steady-state fluorescence spectra for the four
Fec hTF Trp mutants reveal that the contribution to the
fluorescent signal of the Trp residues is not equivalent when
iron is released (Table 2 and Figure 2A). The absence of
Trp344 causes little change in the overall fluorescent signal
and only a small decrease in the change due to iron release.
Like Trp8 in the N-lobe, Trp344 is close to three disulfide
bonds which are likely to result in the quenching of its
fluorescent signal. In sharp contrast to the homologous
Trp264 in the N-lobe, which is the major contributor to the
overall fluorescence and is quenched significantly when iron
is bound (22, 46), TrpS50 contributes little to the overall
fluorescent signal and undergoes only a small change when
iron is removed (Figure 2A). The proximity of the indole
ring of Trp550 to the negatively charged Asp548 residue
may account for this observation, since Asp side chains have
been shown to quench the florescence of Trp by enhancing
electron transfer (Figure 1) (47). The absence of Trp441
results in a 27% decrease in the overall fluorescent signal
compared to the Fec hTF control (Table 2). However, as
shown in Figure 2A, the W441F mutant is not very sensitive
to the removal of iron. In comparison to the other Trp
residues, when Trp460 (located closest to the iron in the
binding cleft) is absent, as in the W460F mutant, there is a
significant reduction in the fluorescence change during iron
release (~50%). Thus, Trp460 is the major contributor to
the change in the fluorescence intensity as a result of iron
release.

Kinetics of Iron Release from the Trp Mutants (in the

Absence of TFR). As noted in Results, the kinetic curves for
Fec hTF and two of the Trp mutants (W441F and W550F)
had less than ideal fits to a single-exponential function
because of the presence of a small lag (Figure 3). We suggest
that this lag occurs as a consequence of one (or more) pH-
induced conformational change(s) in each lobe that transmit
the conformational/iron status of one lobe to the other.
Communication between lobes in all TF family members
has been well documented (23, 48—50). Iron release from
diferric hTF occurs first from the N-lobe and then from the
C-lobe (51, 52). The conformational changes which take
place in the N-lobe when it releases iron are communicated
to the C-lobe, priming it to release its iron (53). In the present
study, we suggest that the lack of iron in the N-lobe is
communicated to the C-lobe when the pH is lowered to 5.6.
Interestingly, the W344F mutant does not have the lag
(Figure 3). Likewise, the W460F mutant has a reduced lag,
and both mutants fit very well to the monophasic function.
We propose that mutation of Trp344 to the smaller Phe
residue yields a CI subdomain with a conformation that may
already be “primed” to interact with the N-lobe (thereby
eliminating the lag). The explanation for the reduced lag in
the case of the Phe460 substitution is more difficult. It may
be that the mutation results in a looser (less rigid) CII
subdomain that also affects the conformation and translates
into the CI subdomain (see below).

Kinetics of Iron Release from the Control, Fec hTF/sTFR,
Complex at pH 5.6. Under conditions identical to those of
the constructs alone, the Fec hTF/sTFR complex yields
two rate constants for iron release compared to the single
rate constant for Fec hTF alone. When excited at 280 nm,
a 35- and 12-fold increase in the rate constants for the
Fec hTF/sTFR complex is observed; similarly, there is a
29- and 8-fold increase when excited at 295 nm (Tables
3 and 4). In previous work (26), a single rate constant
(~100-fold faster) for iron release from the complex
compared to Fec hTF alone was reported. The substantial
difference from the results in the present work is rational-
ized by the fact that a steady-state method was employed
in the previous study (30). As recently described (44),
use of a sensitive stopped-flow instrument has provided
kinetic data that is much more reproducible and reliable,
as indicated by the high signal-to-noise ratio of the kinetic
traces (Figure 2A,B). The faster rate constant is ascribed
a pH-induced structural change that enables iron to be
released to the chelator, an event that is reported by the
second slower rate constant. When the Fec hTF/sTFR
complex is excited at 280 nm, the first event accounts for
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~40% of the change in fluorescence intensity (/;), and
the second event accounts for the remaining 60% (I,).
Conversely, when the complex is excited at 295 nm, the
reverse is found; the first event accounts for ~60% of the
change in intensity, and the second event accounts for
40%. With excitation at 280 nm, the liganding Tyr residues
(Tyr426 and Tyr517) make a major contribution to iron
release as reported by kopsc2 and add to the 60% change
in the fluorescence signal. As would be predicted, with
excitation at 295 nm, kqpsc1 accounts for the majority of
the change in the fluorescence signal because it lacks the
contribution from the Tyr residues and mainly reports
the conformational change which precedes (and allows)
the iron release. As described above, and given the
differences both in the actual rate constants and in the
relative intensities /; and I,, it is clear that what we are
measuring varies in a reporter-dependent manner.

In the present work, samples have been excited at 295
nm to try to specifically and selectively target the Trp
residues. Although a similar rate constant was measured
for Fec hTF alone regardless of the excitation wavelength
(Table 3), unexpectedly, the two rate constants for the
Fec hTF/sTFR complex are nearly two-fold slower than
those obtained from the identical sample excited at 280
nm (Table 4). As reported previously (44), excitation of
the Fec hTF/sTFR complex at 280 nm resulted in a 75%
decrease in the increase in fluorescence intensity upon iron
release compared to the change in the fluorescence
intensity of Fec hTF alone under identical conditions. In
those studies, we established that the change in fluores-
cence intensity can be completely assigned to Fec hTF in
the complex with no significant contribution from the
sTFR. In the present work, excitation at 295 nm results
in only a 37% decrease in the change in fluorescence
intensity (Figure 2A,B). The most plausible explanation
for this smaller change is that when Fec hTF is excited
with 280 nm light, in addition to the Trp residues, one or
more of the 12 Tyr residues in the C-lobe contributes to
the fluorescence signal during iron removal. At 295 nm
excitation, there would be little to no contribution from
the Tyr residues. Attenuation of the fluorescence intensity
occurs in the complex when excited at 280 nm as a result
of Tyr to Trp energy transfer (54, 55). Similar to the
decrease in the fluorescent signal, the difference in the
rate constants can be explained by the fact that we are
apparently accessing two different reporter signals; with
295 nm excitation, Trp residues are the sole reporters,
whereas at 280 nm, both Trp and Tyr residues are excited
and contribute to the change in the fluorescence intensity.

Kinetics of Iron Release from the Trp Mutants in Complex
with the sTFR at pH 5.6. As with the control, all of the
Trp mutants bound to the sTFR require a double-
exponential function to fit the kinetic curves (Figure 2B).
Also as with the control, the two rate constants for the
four Trp mutant complexes excited at 295 nm were
uniformly approximately two-fold slower than those
obtained from the identical samples excited at 280 nm
(Table 4). In the complex with the sTFR, both of the
W344F and the W460F mutants show a two-fold enhance-
ment of the two rate constants compared to the control at
both excitation wavelengths (Table 4). As mentioned
above, the substitution of Trp344 or Trp460 by Phe
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appears to prime the C-lobe for iron release possibly by
enhancing its conformational flexibility. The increase in
plasticity would be expected to result in more rapid iron
release (even in the presence of the structural constraints
imposed by interaction with the sSTFR).

The large impact of the STFR on the fluorescent signal
of the W550F mutant indicates that Trp550 in the complex
is normally quenched. This observation implies that
binding to the sTFR induces a change in the local
environment of Trp550, which either affects its distance
to the iron center (by restriction of the local environment)
or its fluorescence quantum yield (via changes in solvent/
residue orientation around Trp550). The location of
Trp550 on the surface of the CII subdomain makes it
particularly susceptible to its environment.

In summary, our results demonstrate that the nonho-
mologous Trp residues Trp358 and Trp441 play different
structural roles in the hTF C-lobe, with Trp358 essential
to the stability of the CI subdomain. Although iron release
from the C-lobe is best fit by a single rate constant, there
is a pH-induced lobe—Ilobe interaction and conformational
change in the C-lobe observed spectroscopically as a lag
at the beginning of the kinetic traces. This lag is missing
or reduced in the W344F and W460F mutants. For Fec
hTF alone, Trp460 is the main contributor to the fluores-
cence change when iron is released. However, conforma-
tional changes due to the sTFR interaction alter the
fluorescence emission of Trp441 and Trp550, possibly by
changing their distance to the iron binding center, and
thereby enhancing their fluorescence contribution to the
iron release signal.
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