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ABSTRACT. Transferrins have been extensively studied in order to understand how they reversibly bind
and release iron. Human serum transferrin (hTF) is a single polypeptide chain that folds into two lobes
(N- and C-lobe); each lobe binds a single ferric ion. Iron release induces a large conformational change
in each lobe. At the putative endosomal pH of 5.6, measurement of the increase in intrinsic fluorescence
upon iron release from the recombinant N-lobe yields two rate constants: 8:9anic 1.3 min. Direct
monitoring of iron release from the N-lobe at pH 5.6 (by the decrease in absorbance at 470 nm) gives a
single rate constant of 9.1 mihk definitively establishing that the faster rate constant in the fluorescent
studies is due to iron release. To further elucidate the molecular basis of the intrinsic fluorescence change
(and the source of the slower rate constant), we examined the contributions of the three individual tryptophan
residues in the N-lobe (Trp8, Trp128, and Trp264). Three double mutants, each containing the single
remaining tryptophan residue, were produced. In the iron-bound N-lobe, Trp128 and Trp264 are quenched
by iron and account for almost the entire fluorescent signal when iron is released. As for the wild-type
N-lobe, the fluorescence increase for each of these mutants is best fit by a double-exponential function
indicating two processes. Trp8 is severely quenched under all conditions, making virtually no contribution
to the signal. Additionally, a mutant lacking all three Trp residues allows assignment of the fluorescent
signal completely to the three tryptophan residues and observation of the presence of one (or more)
tyrosinates in the N-lobe that have physiological significance in the uptake of iron.

Members of the transferrin (TFfamily are capable of
sequestering ferric iron (Fg), thus keeping it soluble and
available for use in biologically important functions (i.e.,
oxygen transport, electron transport, etcl) 2). Human
serum transferrin (hTF) plays a critical role in iron homeo-
stasis by reversibly binding Fe and transporting it to

actively dividing cells via receptor-mediated endocytosis after
binding to the specific transferrin receptor on the cell surface
(3). Once iron-bound transferrin is inside the cell, the low
pH (~5.6) within the endosome facilitates iron releadg (
Members of the TF family are each composed of a single
polypeptide chain containing 700 amino acids+{80 kDa)
that folds to form two homologous lobes (N- and C-lobe)
T This work was supported by U.S. Public Health Service Grant RO1 cpr_lnect_ed by a Sma". linker peptide. The lobes can be fuyther
DK21739 (A.B.M.) and HL 63798 (C.L.B.) from the NIH. divided into subdomains (NI, NI, Cl, and CIl), each of which
* To whom correspondence should be addressed: phone (802) 656-contributes ligands critical for Febinding. The subdomains
03;‘%;;;53%% g?%-%iﬁg;r;;t?sll 3332;2}358?%%@}3"”' form a cleft, in which a single Pé is coordinated by an
§ Department of Molecular Ph’ysiology and Biophysic.s, University aSp_amC acid residue, two tyrosine reS|dues_, .a histidine
of Vermont. residue, and two oxygen atoms from the synergistic carbonate
'1‘ Xgit\)/ersit)t/_ of Britm Co_lllémtbia- e ansferni anion, anchored by an arginine residug. (The Fé'-
reviations: , WI ype; , human serum transterrin; H H H H H H
N-His hTF NG, recombinant nonglycosylated human serum transferrin coordlnatln_g ligands are identical in almOSt.a" members of
with an N-terminal hexahistidine tag and a factor Xa cleavage site the TF family €). X-ray crystallographic studies of hTF and
attached to the amino terminus of the protein; hTF N-lobe, recombinant of the N-lobe, with or without iron, provide snapshots of
N-lobe of human serum transferrin comprising residue837; apo the lar tructural rearrangement tween subdomains that
N-lobe, iron-free N-lobe; Fe N-lobe, iron-bound N-lobe; Trp128, double € ge structural rearrange .e. S between subdo N
occur in each lobe79). A defining feature of the N-lobe

mutant W128Y/W264Y; Trp128, double mutant W8Y/W264; Trp264, i ) ) -
double mutant W8Y/W128Y; null Trp mutant, triple mutant W8Y/ IS a pair of lysines that share a hydrogen bond in the iron

W8Y/W264Y; DMEM-F12, Dulbecco’s modified Eagle’s meditim
Ham F12 nutrient mixture; BHK, baby hamster kidney cells; UG,

Ultroser G; FBS, fetal bovine serum; HRP, horseradish peroxidase;

Tiron, 4,5 dihydroxyl-1,3-benzenedisulfonate; EDTA, ethylenediamine-
tetraacetic acid; MES, morpholinoethanesulfonic acid; HEPES, 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid; Nasbdium azide;
DTNB, 5 5dithiobis(2-nitrobenzoic acid); GdnHCI, guanidine hydro-
chloride.

form but are separated/l9 A in the apoconformation 0,
1D.

In the case of the N-lobe, the two subdomains that form
the cleft twist around a hinge at the bottom of the cleft to
bind and release iron. The C-lobe has been less studied,
although evidence clearly shows that the two lobes of hTF
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differ in both their kinetic and thermodynamic properti&, (

13). Specifically, release of iron from the N-lobe is faster
and occurs at a higher pH than iron release from the C-lobe.
Additionally, simple anions such as chloride slow the rate
of iron release from the N-lobe at high pH and accelerate it
at low pH with a crossover pH 6.1; in contrast, the rate  p,125
of release is increased at all pH values between 7.4 and 5.€
for the C-lobe {4). Understanding the molecular basis for
these fundamental differences and their impact on the
physiology of iron delivery to cells are important questions.
A number of models of iron release from the N-lobe have

Trpi2s

been suggested (reviewed in @Bf The cumulative results 2 )
support a pH-dependent release of iron in which cleft opening ,\ 260 Tep2éd
is the rate-limiting step. The acidic environment within the w

endosome causes protonation of the synergistic anion Trp8
(carbonate) as the first step. Our crystal structure of the iron-
loaded N-lobe of hTF§) supports this claim. Protonation
of the lysine pair (206 and 296) plays a key role in iron
release by loosening the cleft. Mutating either lysine drasti-
cally retards the rate of iron releas® (1). Protonation of
the histidine ligand (His249) further weakens the interaction
with the bound iron. Protonation of Asp63, the single ligand
from the NI subdomain, releases the subdomain to open
freely and presumably allows entry of a chelator to release
the iron from the two tyrosine ligandd%-17). FiGURe 1: Crystal structure of WT Fe-hTF N-lobe (PDB 1ASE)
Over the past several decades, both absorbance anél;?oggzg(mek:ﬁcﬁttjeod“isnorfégﬁ t%petol\l?lhggbrggmgﬁls(T;F?%WT)“;%]%SNT‘I”‘J
fluorescence assays have been used to monitor what ISsuFt))domaing(bIglJJe) are indicéted.The areas aroun}(; each Trp residue
assumed to be the release offF¢18—24). Absorbance  have been enlarged to show nearby residues. Trp@& A from
assays presumably directly measure the release’ofeftber the iron center, Trp128 is at a distance~ef3 A, and Trp264 is
as a decrease in the visible absorbance maximum (attributec~23 A away.
to the metattyrosine interaction) or as an increase in
formation of an iron chelator Comp|e)Q)( Fluorescence In this work we Clearly detect two rate constants for the
assays monitor the increase in the fluorescent signal fromincrease in the fluorescent signal at pH 5.6. Absorbance
tryptophan residues, which are quenched by the coordinationmeasurementsizon,) at pH 5.6 show that the faster event
of Fé* through radiationless transfer of electronic excited- IS reporting iron r_elease. In order to understand and to assign
state energy, as first described by Lehrer almost 40 years@ molecular basis for the second slower rate constant, we
ago @2). This energy is transferred to an absorption band exe}mlned_the qontrlbunons of the three individual tryptophan
that overlaps the tryptophan fluorescence and is created byresidues in this lobe (Trp8, Trp128, and Trp264) to the
the metat-tyrosine interaction; it provides an early example fluorescent signal. Three double mutants, each containing
of a Farster resonance energy transfer (FRET) mechanism. the single remaining tryptophan residue, were produced and
The quenching of tryptophan fluorescence by*Fis lost thelrsp_ectral (absorbanc_e and f_Iuorescence) properties were
when it is removed from hTF by a competing chelator. The determined. On the pa5|s of this data, we suggest that the
recovery of intrinsic fluorescence intensity thus has been second rate constant is the result of conformatpnal ch_anges
attributed to F& release from wild-type (WT) hTF and @S reported by two of the three tryptophan reS|dl_Jes in the
various hTF mutants26, 26). It is well-known that tryp- N-lobe. No previous Worl_< on the_N-Iobe has provided rate
tophan fluorescence is also very sensitive to its immediate cONstants specifically assigned to iron release and subsequent
environment and therefore can function as a useful probeconformational change. Thus this work combines kinetic
for detecting changes in local structug(28). For example, result§ v_wth structural mformanon to prpwde amore precise
in transitioning from the apo to the iron-bound state, a small déscription of the steps leading to and immediately following
red shift (3-4 nm) is observed in hTF, indicating a metal- 1o release from the N-lobe of hTF.
induced structural change around one or more of its tryp-
tophan residue(s@).

Analysis of the hTF sequence reveals a total of eight Materials. Dulbecco’s modified Eagle’s mediuaHam
tryptophan residues, three of which are found in the N-lobe F-12 nutrient mixture (DMEM-F12), antibiotieantimycotic
(Figure 1). To simplify the interpretation of spectral and solution (100<), trypsin, and acrylamide were from the
kinetic data, our laboratory has expressed substantial amount§&ibco—BRL Life Technologies Division of Invitrogen. Fetal
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MATERIALS AND METHODS

of the isolated N-lobe as a recombinant entR9)( Structur-
ally the isolated N-lobe (both with and without iron) is
virtually identical to the N-lobe in full-length TF7(9). It

bovine serum (FBS) was obtained from Atlanta Biologicals.
Ultroser G (UG) is a serum replacement from Pall BioSepra
(Cergy, France). The QuikChange mutagenesis kit and

thus provides a suitable model for assessing the binding andpBluescriptll were from Stratagene. Methotrexate was from

release of iron from this lobe.

Bedford Laboratories. Tiron was obtained from Fisher
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Scientific. Poros 50 HQ resin was from Applied Biosystems. HEPES or MES buffer has an identicalg,) Therefore the
A Sephacryl S-200HR column was obtained from Amersham difference between these two readings can be assigned to
Pharmacia. EDTA was from the Mann Research Laboratoriesthe contribution of F& to the absorbance at 280 nm. The
Inc. Ferrous ammonium sulfate and DTNB reagent were experimentally derived values from the Edelhoch method
from Sigma. Centricon-10 microconcentrators, YM10 ultra- were used to measure the concentration of each mutant
filtration membranes, and a spiral cartridge concentrator fitted because they provide the most accurate determinations. The
with an S1Y10 cartridge were from Millipore/Amicon. results of using the theoretical calculati@®)(and the values
Preparation of Tryptophan N-Lobe Mutan®ll mutants obtained from the Edelhoch metho81f that uses experi-
were introduced into the pNUT vector coding for the N-lobe mental data are presented in Table 2. While in some instances
(29 by use of the QuikChange site-directed mutagenesis kit. the calculated and experimental values are similar (for
The mutagenic primers used to create single tryptophan pointexample, within 3.3% for WT N-lobe), the value for the
mutants have been reported previoug$)(The three double  mutant containing only Trp264 differs by 11.4%. Addition-
tryptophan mutants were generated from the relevant singleally, the presence of Féresults in an average increase of
point mutants, and the triple mutant was generated from one~24% in thee,g, compared to the apo conformation.
of the double mutants. The WT hTF N-lobe and the double  yinetics of F&" Release.F&* release from the WT

and triple point mutants were expressed by baby hamstery ope double, and null tryptophan mutants was monitored
kidney (BHK) cells containing the appropriate coding cDNAs pH 5.6 at 25°C on an Applied Photophysics SX1.8MV

in th_e pNUT vector and 0secreted into the tissue culture stopped-flow spectrofluorometer fitted with a 20 observa-
medium (DMEM-F12 10% FBS for batches—B and tion cell with a 2 nmlight path and a dead time ef1.1 ms.

DMEM-F12 1% UG+ 1 mM butyric acid for batches47), One syringe contained protein (375 nM) in Milli-Q water

as previously reported3(). Purification of each mutant .4 the other syringe contained MES buffer (200 mM, pH
followed our standard protocol, which includes passage OVers g) and EDTA (8 mM). The samples were excited at 280
an amqn—exchr?ngel cbolumnh (PorloE 50 HQ) foIIowt()ad _by nm (wavelength selection from a monochromator) and
separation 9” eN- obe or the N-lobe mutants from_ OVIN€ 10rescence emission was monitored by use of a high-pass
TF present in the media on a Sephacryl-200HR gel filtration 354y cyt-on filter. For measuring the change in absorbance
column 80). SDS-PAGE was used to evaluate the homo- 54 470 nm we used the absorbance detector on the same

geneity of the final product. Preparation of apo and iron- g nne4 flow instrument. For these experiments, one syringe

bound samples followed the procedures described preV'OUS|ycontained protein (7.&M) in Milli-Q water and the other

(115)' | AnalvsisT he eff f . id syringe contained MES buffer (200 mM, pH 5.6) and EDTA
pectral Analysis.To assess the effect of amino aci (8 mM). Rate constants were determined by fitting the change

substitutions on the visible spectrum, each iron-saturated; : : :
. ’ in absorbance or fluorescence intensity versus time by use
mutant in 100 mM NHHCO; was scanned between 650 and of Origin software (version 7.5).

300 nm on a Varian Cary 100 spectrophotometer.
Determination of Molar Extinction Coefficient by the Steady-State Fluorescence Spectroscfmady-state tryp-
Edelhoch Method (31)Absorbance scans between 240 and tophan fluorescence spectra were obtained on a Quanta-
340 nm were collected for each protein in 100 mM NH master-6 spectrofluorometer (Photon Technology Interna-
HCOs, pH ~8, and in 6 M guanidine hydrochloride (6 M tional, South Brunswick, NJ) equipped with a 75-W xenon

GdnHCI). At the maximal absorbance & M GdnHCl,e at arc lamp excitation source, excitation/emission monochro-

this wavelength is determined as follows: mators, and a WG-320 nm cut-on emission filter. Samples
were excited at 280 or 295 nm and emission scans were

€, = (no. of Trp)gl(.rrp)-i— (no. of Tyr)gl(.l_yr) + collected from 295 to 400 nm or from 305 to 400 nm,

respectively, with slit widths of 1 nm (excitation) and 4 nm
(emission). All spectra were corrected for Raman scattering
and background fluorescence by subtraction of the appropri-
ate buffer blank. To allow us to directly compare the intensity
between each mutant, fluorescence scans were collected on
the same day on the same instrument! fé®ntaining protein
C(6 M GdnHCl)= 1 p;l\/_l)lwasm%ddel\sli LOESECSUVbEt;fe (1.E|3_| r;lzl fintalze\i/olugne)
containing m uffer, pH 7.4, a an

A;(6 M GdnHCI;(6 M GdnHCI) (2) gently stirred with a small magnetic stir bar. Apo-protein
was obtained by adding the same amount of iron protein to
100 mM MES, pH 5.6, with 4 mM EDTA and allowing the
mixture to equilibrate for~20 min. Three steady-state

exsgbuffer) = A, (buffer)/C(buffer) 3) emission scans were collected and averaged.

Free Cysteine Determination by Use of Ellman’s Reagent
It is necessary to adjust the extinction coefficient of the apo- (DTNB). Determination of the number of free cysteine
protein to account for the presence ofFelo achieve this, residues in the N-lobe and the Trp8 mutant after UV
the Aggo Of each iron-containing protein in 100 mM HEPES excitation was by a standard spectrophotometric as33)y (
buffer, pH 7.4, was obtained. An identical amount of protein Briefly, the double mutant containing only Trp8 (17:®1)
was placed into 100 mM MES buffer, pH 5.6, containing 4 in 2 mL of 100 mM HEPES, pH 7.4, was irradiated with
mM EDTA to remove all of the F&, after which theAyg 295 nm light, under steady-state conditions, for varying
of this solution was read. (Note that apo-N-lobe placed into amounts of time between 10 and 60 min. The slits on the

(no. of Cys¥; cys) (1)

where thes; values n 6 M GdnHCI for Trp, Tyr, and cystine
are taken from Pace et aB3). The protein concentration in
6 M GdnHClI is then calculated by use of the equation:

With this, thee value at 280 nm of each protein in buffer is
calculated from the relationship:
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FiGURE 2: Iron release curve for WT N-lobe at pH 5.6 3Féound sample (375 nM) was rapidly mixed with MES buffer, pH 5.6, containing
EDTA and excited at 280 nm. The fluorescence emission was monitored by use of a 320 nm cut-on filter. Single- (A) and double-exponential
fits (B) are shown. The residuals (green) clearly demonstrate that the choice of the double-exponential fit is justified. The double-exponential
fit of the fluorescence data for the WT N-lobe gives rates of8.0.8 minm! and 1.3+ 0.3 min! (Table 2). (C) Loss of iron, directly
monitored by measuring loss of signal at the visible absorption maximum of 470 nm. The single-exponential fit of the visible absorbance
data gives a value of 94 0.7 mirr%, n = 20, and allows assignment of the first rate in the fit of the fluorescence data in panel B directly

to iron release.

excitation monochromator were opened to 2 nm to increasenumber of free cysteine residues is proportional to this value
the amount of excitation light. Excess DTNB (100 of an (33).

8.5 mM stock solution in methanol) was added to 9Q0

of the Trp8 mutant after exposure to the UV radiation. The RESULTS
absorbance was recorded afte20 min of incubation with Fet Release from WT N-LobEe*" release from the WT
DTNB. An identical sample, not subjected to UV irradiation, N-lobe at the physiologically relevant pH of 5.6 yielded a
served as the blank. The increase in absorbance at 412 nniyperbolic curve that clearly fits to a double-exponential
was monitored and corresponds to the release of thefunction better than to a single-exponential function (Figure
nitrothiobenzoate ion egionm = 13600 Mt cm™Y); the 2A,B). The double-exponential fit of the fluorescence data
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WT M-lobe
Table 1: Iron Release Rate Consténts i Trp8 M utant
Trp128 Mutant

ki (x-fold ks (x-fold R Trp264 Mutant

Kobsn1 difference  kopsnz  difference 14/IP 1.2 Null Trp Mutant
protein (min™?Y) vsWT) (min™})  vsWT) (%) 10
WT N-lobe 8.9+ 0.8 1 1.3+:0.3 1 64/36 i

Trp8 19.6+ 0.7 2 1.1+ 0.1 1 26/74
Trpl28 375+ 23 4 3.7+ 0.3 3 58/42
Trp264 44.6+ 3.6 5 4.7+ 0.3 4 60/40
null Trp low signal .

aAt pH 5.6, in 100 mM MES buffer containing 4 mM EDTA as E
chelator and protein concentration of 375 nM. lron release was

F. Intensity (AU}

monitored by fluorescence as described under Materials and Methods. .oz T T T T ! .
Each value represents an average e63uns.? I; andl, refer to the 0 10 20 30 40 50
changes in intensity correspondingKgsn: andKopsnz respectively. Time (sec)
FiGure 3: Iron release curves for WT N-lobe, the three double
for the WT N-lobe yielded rate constants of 8:9.8 mirrt mutants, and null Trp mutant at pH 5.6. Each curve represents an

and 1.3+ 0.3 mirrL. In an effort to provide a physical basis ~2verage of at least 5 runs. Febound samples (375 nM) were

for th ¢ t tant dth | fi rapidly mixed with MES buffer, pH 5.6, containing EDTA and
or these wo rate constants, we measure e release ol Irofyy cited at 280 nm. The fluorescence emission was monitored by

directly by monitoring the loss of signal at 470 nm (the use of a 320 nm cut-on filter. Fits for the WT N-lobe are shown in
visible absorption maximum for iron binding) at pH 5.6 Figure 2. (Data for the mutants with single- and double-exponential

(Figure 2C). This experiment is technically challenging fits are presented in Supporting Information Figure 2.)

because the visible signal is low relative to the UV signal at

280 nm (ratio of~1:20) and especially relative to the _ .

fluorescent signal. Given the small change in absorbance,OMY Trp8 has almax that is 4 nm red-shifted, the mutant
the experiment was repeated with three different preparationscontaining only Trp128 shosva 2 nmblue shift, and the

of WT N-lobe on different days to be certain that the results Mutant containing only Trp264 shows no changelinx
are reproducible. Significantly, the visible absorbance data (Table 2). The WT N-lobe has aAzsdAm?‘x _ratlo Of 23.5.

fit well to a single-exponential function (Figure 2C) and 1n€ Trp8 and null Trp mutants have similar ratios to the
yielded a value of 9.1 0.7 mir, allowing assignment of WT protein, whereas the mutants _contalmng only Tr_p128
the faster rate constant in the fit of the fluorescence data@nd Trp264 have loweAzsdAmax ratios. This observation
directly to iron release. In an effort to understand the Means thakee is lower and/orAma is higher. The results
structural basis of the complex fluorescent transient upon Show that the contributions of each of the Trp residues to

iron release and in particular the slower event that follows the absorbance spectrum are not the same.

it, we produced mutants in which a single Trp residue  Steady-State Fluorescence Spectihe fluorescence
remained in each of the positions (8, 128, and 264) or in spectra of the three double mutants and of the null Trp mutant
which all three Trp residues were eliminated (null Trp Were determined in the presence or absence &f Bean
mutant). The constructs were expressed by BHK cells €xcitation wavelength of 295 nm. The results, relative
and secreted into the tissue culture medium. WT N-lobe intensity (compared in counts per second), ang are
expression generally exceeds 50 mg@0)( The three presented in Table 3. In transitioning from the*Féound

double mutants were produced in a range of-39 mg/L, to the apo form, the fluorescent signal for the WT N-lobe
whereas the null Trp mutant reached a maximum of only increases 216%, and the double mutants containing only
~8 mg/L. Trp8, Trpl28, and Trp264 increase 12%, 127%, and 63%,

Fe* Release from Mutant®ata were collected for each ~ respectively. Comparison of the ¥dorm and the apo form
of the mutants at the putative endosomal pH of 5.6 (Table shows that the WT N-lobe undergoa 4 nmspectral blue
1). Curves for the pH 5.6 data for the WT and mutant shift, the Trp128 mutant is shifted by 3 nm and the Trp8
proteins are presented in Figure 3. In each case, a double@nd Trp264 mutants remain unchanged. Except for the Trp8
exponential function clearly gives a better fit than a single- and the null Trp mutants, nearly identical results were
exponential function (see Figure 2A and B for the WT protein obtained when samples were excited at 280 nm (Supporting
and Supporting Information Figure 2 for the mutants). Information Table 1). (These data are included to allow direct
Significantly, at pH 5.6, we were unable to measure a rate comparison to the Fé release data, in which excitation was
constant(s) for the null Trp mutant (Figure 3 and Table 1). at 280 nm.)
Additionally, the double mutant containing only Trp8 had a  Steady-state fluorescence spectra of the null Trp mutant
lower signal than the other two double point Trp mutants with and without F&" are similar (Table 3); additionally,
(Figure 3). the molecular mass of the mutant is consistent with the

Absorbance Spectrdron-saturated hTF has a character- conversion of the three Trp residues to tyrosines (Table 1).
istic spectral signature centered~a470 nm, giving rise to  This mutant serves as an important control that allows us to
a pink color. This results from the ligand to metal charge assign the change in the fluorescence signal entirely to the
transfer between Fé and the two tyrosine ligandsl§). Trp residues (without any significant contribution from the
Since iron coordination also contributes to the UV spectrum, tyrosine residues). To more completely evaluate the null Trp
both Amax andAzsd/Amax are determined for each new mutant mutant, a fluorescence spectrum of the sample in the presence
to allow comparisons of the effect on the iron coordination of 6 M GdnHCI was collected. As shown in Supporting
from a mutation. (Note thakyax refers to the absorbance at  Information Figure 3, a peak at 307 nm is observed, as well
Amax)- In comparison to the WT N-lobe, the mutant containing as a shoulder centered-a850 nm. Acidification causes the
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Table 2: Summary of Spectral Characteristics and Absorption for the WT N-Lobe and Tryptophan Mutants

Amax €280aP0 €280aP0 €2801r0 nd
N-lobe (nm) Azgd/ Amax M; calcd M, exptk (mM) calcd (mM) exptF (mM)
WT 472 235 37 151 3715%1 38.4 40.3: 0.2 50.7+ 0.4
Trp8 476 24.3 37 106 371061 30.3 32.6-0.8 38.9+ 0.5
Trpl28 470 16.1 37 106 371691 30.3 31.5£1.0 38.7£ 1.0
Trp264 472 19.2 37 106 371691 30.3 34.2+0.8 42.4+ 0.7
null Trp 468 22.2 37 082 37084 1 26.3 28.4£ 0.3 35.5+ 0.5

a Electrospray ionization mass spectra were obtained on a JMS-700 MStation (JEOL, Tokyo, Japan) two-sector mass spectrometer equipped with
a standard ESI sourcetl). ° Absorption coefficients were calculated as describ@g). ¢ Determined as described by Edelho@t)( ¢ We
experimentally determined the contribution of iron to the absorbance at 280 nm and corrected for it tegdeforethe iron form as described
under Materials and Methods.

Table 3: Fluorescence Properties WT N-Lobe of hTF and Various DISCUSSION
Mutants Excited at 295 nm

To our surprise, iron release from the WT N-lobe at pH
rel fluorescence

hTE N-lobé intensity athma, T (M) 5.6 on a new, more sensitive, Appll_ed Photophysics stppped-
flow spectrofluorometer resulted in a curve for which a
qu Eﬁgﬁg 1:5588 3?4?28 double-exponential function clearly provides a better fit than
Trp8 (apo) 36 900 342 a single-exponential fur_lction (see Figure _2A,B). Rate
Trp8 (iron) 33100 342 constants of 8.9t 0.8 mim! and 1.3+ 0.3 mim?! were
Trp128 (apo) 108 000 338 determined, accounting for 64% and 36% of the intensity
Egggi ggggg 1‘27750%% %‘le change, respectively. In previous kinetic studies in which
Trp264 (iron) 90 300 342 Fe** release from the N-lobe of hTF was mea_sured at pH
null Trp (apo) 72 000 342 5.6, only a single rate constant of 945 0.8 mirm? was
null Trp (iron) 73 000 344 found, clearly matching the faster rate constant from the

2 Samples contained AM protein. Scans of the iron-containing new data 25). Significantly, in the present work we were
samples were in HEPES buffer and those of the apo samples were ingple to measure the release of Fdirectly by monitoring
4M3E0808u£eéoarsn S}fi/’:;'lggdwggd% g"o"’geélaﬁ) m‘:\ Methbdalue was  tha oss of signal at the visible absorption maximum of

: g 470 nm at pH 5.6 (Figure 2C). A value of 91 0.7 min?!
was obtained, allowing assignment of the faster rate

shoulder to decrease considerably, indicating that one (orconstant in the fit of the fluorescence data directly to release
more) of the 17 tyrosine residues in this mutant is ionized of Fe3+.

and exists as a tyrosinate ion(s) (see Discussion).

What then is the source of the second rate constant that

Detection of Cystine Reduction upon Extended Excitation accounts for~40% of the increase in the fluorescent signal
of Trp8. Although there is a relatively small increase in the from the WT N-lobe? It seems clear that it is reporting the
fluorescent signal when Feis removed from the mutant  conformational change which can only occur aftefFis
containing Trp8, we noted a time-dependent fluorescencereleased. Without the Fe binding to ligands and holding
increase upon excitation at 295 nm (Figure 4 and Table 3). the cleft closed, the N-lobe is free to undergo rigid-body
The increase reaches a plateau at 60 min for the apo proteirmovement of the two subdomains leading to the full opening
and 10 min for the F& form. Further excitation leads to a  of the cleft. The fact that the Trp128 and Trp264 residues
decrease in the signal attributed to photobleaching (not residing on opposite sides of the cleft (Figure 1) are reporting
shown). Since the 16 cysteine residues in the N-lobe arethis change (Table 1) is consistent with a global movement
engaged in disulfide bonds, titration of the WT N-lobe with that is reported locally. As detailed below, each of the three
DTNB showed no free cysteine as would be expected. individual Trp residues resides in a unique environment,
However, it is quite common for disulfide bonds to reside resulting in distinctive spectral properties and contributions
close to tryptophan and/or other aromatic residues. In fact, to the fluorescent change.

it has been suggested that these residues may help to stabilize There are at least four possible models that must be
correct folding of a protein33, 34). A number of studies  considered to describe the two processes obtained from the
have also shown that excited-state energy from Trp residueskinetic studies. Each of the four models is presented and a
can induce disulfide bond reduction, which is detected as mathematical description justifying our chosen model is
an increase in the fluorescence intensity over time (when provided in an appendix in the Supporting Information.
constantly exposed to 295 nm ligh33 35). Given the  Biphasic kinetics have also been reported for iron release
steady-state fluorescence data and the location of Trp8from the N-lobe of ovotransferrin, which, like hTF, has a
(Figure 1), photoreduction of nearby disulfide bonds provides dilysine “trigger” (21). In ovotransferrin the two rate

a plausible explanation for the increase in fluorescence constants are attributed to iron release from two different
intensity that is observed over time. Additionally, upon anion-induced conformations following two different path-
constant excitation with 295 nm light, the Trp8 mutant ways to Fé" release. In our studies, we clearly observe a
showed an increase in the concentration of free thiol on the single pathway with two steps: (1) Ferelease followed
same time scale as the enhancement of its fluorescencey (2) conformational changes resulting in cleft opening. We
signal. At the plateau;-4 free thiol groups are liberated, have no indication of possible other conformational states
consistent with two nearby disulfides (data not shown). prior to FE™ release since a single rate constant is observed
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450004 ) —Apo Trp8 (t=0 min) at 295 nm leads to reduction of the nearby disulfide bonds
PN Apo Trp8 (t=60 min) as demonstrated by the increase in fluorescence intensity
' h (Table 3 and Figure 4). This suggestion is confirmed by
titration of the Trp8 mutant with DTNB and the finding that
four free thiol groups are generated. The most likely
candidates for reduction are two disulfide bonds (Cys9/Cys48
and Cys19/Cys39), each within7 A of Trp8 (Figure 1).
The plateau in fluorescence intensity, which is proportional
to this disulfide reduction, is reached within 60 min for the
apo form (Figure 4) and 10 min for the Feform of the
mutant (data not shown). We suggest that this difference may
be due to an increase in rigidity of the ¥ecomplex. The
interaction between Trp8 and these two disulfide bonds also
undoubtedly contributes to the overall stability of this region.
Absence of Trp8 (as in the Trp128 and Trp264 mutants)
resulted in faster rates of iron release at both pH 7.4 (data
not shown) and 5.6 (Table 1) by destabilizing the local
B environment.

320000 Trpl28 is located in the NII subdomain, immediately

. precedinga-helix 5 (residues 129135), which contains

300000 + residues that bind to and stabilize the synergistic carbonate

280000_’ anion (including Thr120, Argl24, Alal26, and Gly127).

Trp128 makes a significant contribution to the characteristic

260000 visible absorption signal (Table 2), due to both its proximity

] to the metal site¢13 A) and overlap with the Fé—tyrosine

240000 charge-transfer band. Upon excitation at 295 nm, the fluores-

1 cent signal of this mutant increases 127% in transitioning

220000 from the F&" to apo form and shosva 3 nmblue shift.

o 10 % 2 & o e o Blue shifts have been attributed to a Trp residue becoming
Time (min) less solvent-exposed (more buried) and/or to changes in the

FicURe 4: (A) Steady-state emission spectra of the double mutant Orientation of the Trp ring relative to water dipole¥). The

containing only Trp8 at 0 and 60 min after constant excitation with structural rearrangements in the local environment of Trp128

280 nm light and (B) time-based emission of the increase in are observed in the kinetic studies at pH 5.6 and give rise to
fluorescence intensity at 342 nm. Excitation slits were increased the second slower rate constant (Table 1).

from 1 (steady-state setting) to 2 nm for the time based scan.
Trp264 is a surface residue locatedwehelix 9 (composed
of residues 266273) in the NI subdomain/( 8). Although

when the disappearance of the visible absorbance at 470 nnTrp264 is 23 A from F&, its peak fluorescence emission
is monitored (Figure 2C). shows a 63% increase when the double mutant containing

To more precisely determine the structural basis of the only Trp264 loses Fe (Table 3). Calculations from Lehrer
fluorescent changes, mutants in which a single Trp residue(22) show that the critical transfer of excited-state energy
remained or which lacked all three Trp residues were from tryptophan to the metal centeri20 A. If the distance
produced. Although the mutants containing a single Trp between a tryptophan residue and'fie equal to (or greater
residue show an increase in3terelease relative to WT  than) this distance, a decrease in fluorescence intensity by
N-lobe (2-5-fold faster at pH 5.6), the rate constants indicate other kinds of quenching is equally probable. Therefore, it
that mutations of the three tryptophan residues had only seems likely that the observed difference in fluorescence
modest effects on the stability of the N-lobe. Importantly, intensity cannot be completely attributed to quenching by
the kinetic data for the Trp mutants demonstrate that the Fe* and that structural rearrangements around Trp264 occur.
overall structure of the N-lobe is minimally compromised In the absence of a spectral shift (in absorbance or fluores-
such that the individual Trp residues in our mutants would cence) between the apo or iron form of this mutant, the
be expected to have photophysical properties similar to thosedecrease in intensity cannot be attributed to an increase in

40000 —
35000 —
30000 —
25000 —

20000 +

F. Intensity (1/sec)

15000
10000

5000

0

I M 1 v 1 v 1 M 1 v I
300 320 340 360 380 400
Wavelength (nm)

340000 —

F. Intensity (A.U))

in the WT N-lobe. solvent exposure. Side chains of charged amino acids can
Trp8 is located in the NI subdomain in a hydrophobic box facilitate electron transfer to the peptide backbd).(We
composed of three phenylalanine residues (Figur&,18)( suggest that one or more of three nearby glutamic acid

Upon excitation, Trp8 contributes very little to the fluorescent residues (Glu2606-12 A, Glu265~8 A, and Glu272~10
signal in either the apo or Feform (Table 3), probably A away from Trp264) and/or Asp261 (located.0 A away)

due to excited-state electron transfer to the nearby disulfidemay be acting on Trp264 (Figure 1). As for the Trp128
bonds 86). The low signal associated with Ferelease at mutant, two events are observed in our pH 5.6 kinetic assay
pH 5.6 from the mutant retaining only Trp8 (Figure 3) is Yyielding two rate constants (Table 1), assigned to removal
completely consistent with the fact that it contributes so little of the iron by EDTA and the movement of Trp264 away
to the change in the fluorescent signal. What was not from the nearby negatively charged residues induced by cleft
predicted (or observed previously) is that extended excitation opening as a result of Feloss.
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The null Trp N-lobe mutant is an important control that pH 5.6 on Olis-RSM 1000 spectrofluorometer, single- vs
allows a direct determination of the contribution of the double-exponential fits for iron release from Trp8, Trp128,
tyrosine residues (14 in the WT N-lobe and 17 in this mutant) and Trp264, and fluorescent steady-state scans of null Trp
to the absorbance and fluorescence emission spectra. The #nutant in bicarbonate @6 M GdnHCI; and an appendix
nm blue shift in the absorbance maximum of this mutant in which four models for biphasic kinetics are presented and
compared to the WT N-lobe reflects the missing contribution a single final model is mathematically justified. This material
of the Trp residues and/or possible energy transfer from theis available free of charge via the Internet at http://

tyrosine substitution for tryptophan at position 128 to the pubs.acs.org.

metal center. We attribute the increase in the fluorescence

intensity of the null Trp mutant compared to the mutant REFERENCES

containing only Trp8 to the quenching of Trp8 by the nearby
disulfides and the added contribution of the substituted
tyrosine to the signal. The absence of the three Trp residues
allows observation of fluorescence from one or more putative
ionized tyrosine (tyrosinate) residue(s). Proof that the source
of the signal is tyrosinate comes from the significant
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