
/ . Am. Chem. Soc. 1981, 103, 2231-2237 2231 

relative emission quantum yield of the complex is the integrated area 
under the corrected emission spectrum divided by that for the rhodamine 
B standard, after correction for differences in the index of refraction of 
the solvents.22 

Emission Lifetimes. The emission lifetimes, T, were measured with use 
of a TRW Model 75A decay time fluorometer having a Hamamatsu 
R446UR PMT detector powered by a Kepco Model 2500 ABC regulated 
high-voltage supply. A Xenon Corp. Nanopulser excitation source was 
used for samples with r > 0.5 us. Output from the PMT was monitored 
by a Tektronix 453 oscilloscope and recorded with a Polaroid camera. 
Samples with T < 0.5 ^s were excited by the third harmonic of a Quanta 
Ray DCR Nd:YAG laser equipped with a PHS-I prism harmonic sep
arator. Output from the PMT following a 7-ns excitation pulse was 
monitored by a Tektronix 545A oscilloscope or a Tektronix digital os
cilloscope (7912AD programmable digitizer, 624 monitor, 634 monitor, 
7B50 amplifier, and 7Al5A time-base plug ins) and recorded with a 
Polaroid camera. Plots of log (emission intensity) vs. time were linear 
in every case over at least two lifetimes. The value of r is taken as the 
time required for the emission intensity to decay to 1/e of its original 
intensity. 

Quenching of H4Re4(CO)12 and D4Re4(CO)12 Emission. Quenching 
of the emission of H4Re4(CO)12 and D4Re4(CO)12 obeys the Stern-
Volmer expression (eq I).14 Degassed toluene solutions of the complex 
of interest at a constant concentration and the quencher (anthracene, ET 
= 42 kcal/mol) were placed in 13 X 100 mm Pyrex tubes and stoppered 
with septa in a Vacuum Atmospheres drybox. With the use of a 470-nm 
excitation wavelength, the emission spectra of each sample were recorded, 
and the relative emission intensities were determined as a function of 
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A major concern associated with nuclear power has been the 
radiation hazards associated with the nuclear fuel cycle. The 
principal long-term hazards are the transuranium elements, es-
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quencher concentration (Figure 3). Plots of $O/*Q against quencher 
concentration are linear, and the line passes through * 0 / * Q = 1.0 at zero 
quencher concentration. From the slope kqr of the plots of the quenching 
constant, fcq, can be calculated, after determination of the donor lifetime 
in the absence of quencher (T = 96 ns for H4Re4(CO)12, T = 111 ns for 
D4Re4(CO)12). 

Absorption and Excitation Spectra. All UV-vis absorption spectra 
were recorded with use of a Cary 17, and low-temperature spectra were 
obtained with use of an all-quartz liquid-N2 Dewar equipped with optical 
quality flats for windows. Excitation spectra were recorded with the use 
of a Perkin-Elmer MPF-44 fluorescence spectrophotometer equipped 
with a Hamamatsu HR 777 PMT detector and a Perkin-Elmer Model 
150 xenon power supply. The lamp output was calibrated with use of 
a rhodamine B quantum counter or internally by placing total-white-
reflectance coating in the sample chamber, scanning the excitation and 
emission wavelengths simultaneously, and correcting for the PMT sen
sitivity throughout the wavelength region scanned. 

Infrared Spectra. All infrared spectra were recorded with the use of 
a Perkin-Elmer Model 180 grating infrared spectrophotometer. Solution 
spectra were recorded in 1.0-mm matched path length NaCl cells, and 
solid-state spectra were recorded as KBr pellets. A Cryogenic Tech
nology, Inc., Spectrim II sample conditioner was used in recording low-
temperature infrared spectra OfH4Re4(CO)12 and D4Re4(CO)12 in KBr 
pellets. 
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pecially plutonium. Previous biological studies have shown that 
Pu4+ tends to follow the ferric ion metabolic pathways in mam
malian systems. When plutonium first enters the blood, it binds 
to the iron transport protein transferrin.4-6 It then circulates as 
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Abstract: As part of a program to develop actinide-specific sequestering agents, the coordination of actinide ions by human 
transferrin is being investigated. Therapeutically useful synthetic ligands must be able to compete with this iron-transport 
protein for the bound actinide ion. As in the Fe(III) complex of the native protein, two Th(IV) ions bind at pH 7. This coordination 
has been monitored at several pH values by using difference ultraviolet spectroscopy. The corresponding coordination of a 
phenolic ligand, ethylenebis(o-hydroxyphenylglycine) (EHPG), has been used to determine Ae for a tyrosyl group coordinated 
to Th(IV), in contrast to the common practice of assuming the Ae for protons and all metal ions is the same. This in turn 
is used to determine, from the observed Ae upon protein coordination, the number of transferrin tyrosine residues that coordinate. 
Maxima in the Th(IV) + EHPG difference UV spectra occur at 292 and 238 nm, with corresponding Ae values per phenolic 
group of 2330 and 8680 cm"1 M"1, respectively. At pH 7.2, the Th(IV) transferrin spectrum is closely similar to the Th^EHPG 
spectrum, with maxima at 292 and 240 nm. The Ae at 240 nm reaches a maximum of 24700 cm"1 M"1, which corresponds 
to coordination of three tyrosine residues in the dithorium-transferrin complex; the stronger binding site ("A" or C-terminal) 
coordinates via two tyrosines and the weaker ("B" or N-terminal) via one. There is evidence suggesting that the N-terminal 
site is slightly smaller than the C-terminal site; while Th(IV) easily fits into the C-terminal site, the large ionic radius of Th(IV) 
makes this ion of borderline size to fit into the N-terminal site. This may be an important biological difference between Th(IV) 
and the slightly smaller Pu(IV), which should easily fit into both sites. At pH values below 7, the complexation of Th(IV) 
by transferrin decreases rapidly. At pH 6 and a Th(IV)/transferrin ratio of 2, only ~0.3 Th(IV) are bound per protein ([Th] 
= 10~5 M). The N-terminal site is more rapidly affected by lowering the pH, so that coordination is entirely at the C-terminal 
site at low pH. Above pH 9, the conformation at the C-terminal site (two tyrosines) changes such that only one tyrosine is 
bound, the same that pertains at the N-terminal site at neutral pH. In addition to the three protons released by the coordinating 
tyrosine residues, the complexation of two Th(IV) ions releases two more protons at pH 8.6, which are ascribed to hydrolysis, 
so that the metal is bound as a monohydroxo species. It is suggested that diferric transferrin undergoes a similar reaction, 
and the other implications of these results for the structure and function of the native ferric transferrin are discussed. 
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the protein complex until its eventual deposition onto bone surfaces 
or incorporation into the iron storage proteins ferritin and he
mosiderin.7'8 

We are currently conducting a program to design, synthesize, 
and evaluate actinide-specific sequestering agents for use in the 
treatment of plutonium poisoning.9"12 These ligands incorporate 
dihydroxybenzene (catechol) moieties as the ligating groups, and 
recent biological studies have demonstrated their effectiveness in 
removing plutonium from rats.13 Since these synthetic compounds 
must compete with biological ligands for plutonium, we are also 
interested in the coordination chemistry of the plutonium-protein 
complexes. We therefore have begun a study on the binding of 
actinides by human serum transferrin (as a class these iron-
transport proteins are called siderophilins), which begins with this 
report on the transferrin complex of Th4+, an ion we use as a 
convenient model of Pu4+. 

Transferrin circulates in the blood as the principal iron-transport 
protein in humans.13,14 It is responsible both for carrying iron 
from absorption and storage sites to areas of utilization and for 
complexing the iron as it is released from senescent red blood cells. 
Transferrin binds a wide variety of metal ions, and in every case 
there is a simultaneous binding of a synergistic anion to form a 
ternary metal-protein-anion complex.14 Carbonate (or bi
carbonate) forms the most stable complexes and serves as the 
synergistic anion in vivo. The protein is comprised of a single 
polypeptide chain and has two metal-binding sites which are very 
similar, but apparently not identical. The two sites are widely 
separated,15,16 and there appears to be little if any interaction 
between them. The donor groups which comprise the metal-
binding sites have not yet been positively identified. There has 
been considerable controversy over the years about the differences, 
if any, between these two sites. The first site, which is called "A", 
has now been shown to bind Fe(III) somewhat more strongly at 
physiological pH than does the second "B" site.17 

With regard to chelation therapy for the decorporation of metal 
ions, one of the most important features of the transferrin com
plexes is their relative lability compared to other protein complexes 
such as ferritin. Thus, it seems likely that most of the readily 
chelatable plutonium would come from transferrin, particularly 
if treatment was begun shortly after exposure. It is interesting 
to note that previous studies on decorporation by DTPA18 have 
shown that delaying therapy reduces the amount of metal which 
can be removed.19 Thus, actinide-transferrin complexes are of 
particular clinical interest. 

One of the most useful techniques for evaluating metal binding 
by proteins is difference UV spectroscopy. Although the details 
of the transferrin-binding site are still unsettled, it is clear that 
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Figure 1. Structural formula of ethylenebis(o-hydroxyphenylglycine) 
(EHPG). 

two or three tyrosyl residues are directly bound to each metal 
ion.15,20"22 The coordination and concomitant deprotonation of 
the tyrosyl phenolic groups perturbs the IT to ir* transition of the 
aromatic ring. Thus, one can detect metal binding from the 
difference spectrum of the metallotransferrin complex vs. the 
apoprotein. This technique is particularly well suited for protein 
work because it effectively blanks out the contribution of non-
bonding groups. In contrast, potentiometric titration (the most 
useful technique for low molecular weight ligands) is almost useless 
for protein studies because of the large number of ionizable groups 
which are not involved in metal binding. 

In order to quantitate the extent of metal binding or to de
termine the number of tyrosines coordinated to each metal ion, 
it is necessary to know the change in the extinction coefficient 
(Ae) for a coordinated phenolic group vs. a protonated phenolic 
group. In the past it has been common practice to estimate this 
value as the Ae between protonated and deprotonated as N-
acetyltyrosine (10000 cm"1 M"1).15,20,21 However, this practice 
does not allow for any variation in Ae for coordination of different 
metal ions and has led some to question the usefulness of this 
technique.21 This is an important point which we address in some 
detail in a separate paper; however, for the purposes of this study, 
we have determined the molar Ae per phenol bound to Th4+ from 
spectroscopic data on the thorium complex of ethylenebis(o-
hydroxyphenylglycine) (Figure 1), abbreviated as EHPG.18 Based 
on these results, we discuss the degree and manner of binding of 
Th(IV) by transferrin. 

Experimental Section 
Materials. Purified human serum transferrin (M, = 77 OOO)23 was 

purchased from Sigma and further purified by gel permeation chroma
tography on Sephadex G-25 (Pharmacia) using 0.1 M NaClO4, 0.05 M 
Tris, pH 7.4, as an eluent. The fractions containing transferrin were 
combined and rechromatographed by using a 0.05 M solution of the 
appropriate buffer, either MES,18 Tris,18 or HEPES.18 Fractions with 
an absorbance at 280 nm > 1.3 were combined and stored at 4 0C. For 
spectroscopic studies, aliquots of apotransferrin were diluted and quan-
titated from the absorbance at 280 nm by using an « of 92 300 cm"1 

M"1.23 Monoferric transferrin was prepared as previously described by 
D. C. Harris,24 using MES rather than succinate buffer. The EHPG 
(90%) was purchased from Sigma and purified by dissolving the material 
in dilute base and precipitating the ligand by acidifying to pH 4 with the 
addition of HCl. The molecular weight of the purified ligand was de
termined by potentiometric titration with standardized KOH. 

Thorium stock solutions (0.01 M) were prepared from ThCl4 and were 
adjusted to a final acidity of 0.02 M HCl by the addition of standardized 
acid. The actual Th4+ concentration was determined by complexometric 
titration with EDTA18 using xylenol orange as an indicator.25 Dilute 
solutions of Th(NTA)2 were prepared by adding 2 equiv of NTA18 to 
aliquots of the stock ThCl4 and diluting to volume. 

Apparatus, Spectra were recorded on a Cary 118 spectrophotometer 
at 25 0C. Routine pH measurements were made with a Beckman Model 
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POTENTIOMETRIC TITRATION CURVE 
FOR Th4+: EHPG 
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Figure 2. Potentiometric equilibrium curves of EHPG alone and a 1:1 
solution of EHPG and Th(N03)4 (ionic strength = 0.100 (KNO3); t = 
25 0C). 

104 pH meter equipped with a combination microelectrode which could 
be inserted directly into the cuvettes. For proton-release studies, pH was 
recorded to the nearest 0.001 pH unit with a Corning Model 130 pH 
meter equipped with separate glass and saturated calomel electrodes. 
This meter was also used for the potentiometric equilibrium titrations of 
EHPG and 1:1 EHPG-Th4+ solutions. The meter was standardized to 
read hydrogen ion concentration directly, not activity, as described 
elsewhere.26 

Procedures. A buffered transferrin solution was split between the 
reference and sample cuvettes. The Th(NTA)2 was added to the sample 
cuvette in 10-30-/xL aliquots by using a 2.0-mL Gilmont Micrometer 
buret, and matching volumes of distilled water were added to the refer
ence cuvette. It was determined that free NTA had no significant ab-
sorbance over the wavelength range of interest. The absorbance mea
sured after each addition of thorium was divided by the total ligand 
concentration to give Ae. Titration curves were then constructed by 
plotting Ae vs. r, the ratio of total metal to total ligand. The slope of such 
a plot is equal to the molar Ae of the thorium complex. 

Proton-release studies were conducted by adding aliquots of 4.24 X 
10'3 M Th(NTA)2 to a pH 8.6 self-buffered 2.12 X 10"5 M transferrin 
solution and then readjusting the pH back to 8.6 by the addition of 4.16 
X 10"3 M KOH. Corrections were made for the free acid (0.29 H + / 
Th4+) contained in the Th(NTA)2 solution and for the partial protonation 
of the tertiary amine of the dissociated NTA (1.86 H+/Th4 +) by using 
the ligand protonation constants of Martell and Smith.27 

Results 
EHPG Titrations. Previous studies have described the EHPG 

complexation and protonation equilibria with the first-row tran
sition metals.28'29 No data have been reported on actinide com
plexes, although a lanthanide complex has recently been exam
ined.30 Therefore, potentiometric equilibrium curves were re
corded for the Th4+-EHPG to determine the pH range over which 
both phenolic groups of the ligand are coordinated to thorium. 
Results for the free ligand and for the 1:1 metal-ligand solution 
are shown in Figure 2. A zwitterionic H2L ligand, EHPG, is 
protonated at the two amines and the two phenolic oxygens. The 
two buffer regions from a = 0 to a = 2, where a is the ratio of 
total hydrogen to total ligand, represent the deprotonation of the 
two amino groups, which have p#a 's of 6.32 and 8.64.29 The 

(26) Harris, W. R.; Raymond, K. N. J. Am. Chem. Soc. 1979, 101, 
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Figure 3. Difference UV spectra of Th4+ + EHPG vs. EHPG alone, 
where r is the ratio of added thorium to total ligand ([EHPG] = 1.6 X 
10"4; 0.10 M MES; pH 6.0). 

reported ptfa's for the two phenols are 10.24 and 11.68,29 so as 
expected there are no discernable features in the titration curve 
beyond a = 2. 

The addition OfTh4+ to an EHPG solution results in the almost 
complete displacement of the four dissociable ligand protons. 
Thus, the metal-ligand titration curve from a = 0 to a — 4 is 
essentially that of a strong acid. A colorless solid, presumably 
thorium hydroxide, precipitates shortly past the break at a = 4. 
These results indicate that EHPG is most likely hexadentate, with 
both phenols coordinated to Th4+ over the pH range 2.5-7. 

EHPG Spectra. Difference UV spectra at pH 6 for Th4 +-
EHPG vs. EHPG alone are shown in Figure 3. There are three 
extremes: two maxima at 292 and 238 nm and a single minimum 
at 269 nm. A plot of Ae vs. r, the ratio of added thorium to total 
EHPG, is shown in Figure 4. The plot has a sharp break near 
r = 1, confirming the presumed 1:1 ligand stoichiometry of the 
thorium-EHPG complex, with a final Ae of 17 360 cm"1 M-1. 
Since this total Ae represents the coordination of two phenols, the 
molar Ae per phenolic group is 8680 cm"1 M"1. 

Transferrin Spectra. Difference UV spectra of the thorium-
transferrin complex vs. apotransferrin are shown in Figure 5. As 
in the EHPG difference spectra, there are maxima at 292 and 
240 nm; but the transferrin spectra do not have the minimum at 
260 nm seen in the Th-EHPG system. A plot of Ae at 240 nm 
vs. r for pH 7.2 is shown in Figure 6. The data are linear up 
to an r value of ~ 1.3 and then curve downward, eventually leveling 
off at r = 2.0 and a Ae = 24700 M"1 cm-1. The two linear 
segments extrapolate to an intersection of r «1.55. 

Curvature in a spectrophotometric titration curve such as that 
seen in Figure 5 is usually indicative of weak complexation. Since 
the thorium must be added as the (NTA)2 chelate, it is possible 
that as the titration progresses, the free NTA which accumulates 
in solution begins to compete effectively with transferrin for the 
Th(IV). However, if this were the case, one would expect Ae to 
continue to increase beyond r = 2, since the two transferrin-binding 
sites should eventually be filled by the addition of excess Th-
(NTA)2. Instead, Ae levels off at r = 2, which is consistent with 
strong complexation of Th4+ by transferrin. 

To determine if NTA does compete with the apotransferrin for 
thorium at pH 7.2, we recorded a second set of difference spectra 
in the presence of a tenfold excess of NTA. At any point in the 
titration curve, the excess ligand has almost no effect on Ae, 
proving that competition from NTA is not a significant factor 
over most of the titration. There may be some competition at the 
end of the titration, when the ratio of free NTA to vacant 
transferrin binding sites rises to 20-30. 
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Figure 4. Difference UV titration curve for Th4+ + EHPG at pH 6.0. 
Data reflect the coordination of two phenolic groups per Th4+: at X = 
238 nm, Ae(phenol) = 8680 M"1 cm"1; at X = 292 nm, Ae(phenol) = 2330 
M"1 cm"1. 

The effect of pH on thorium binding was also examined. As 
the pH decreases from 7.2, the maximum value of Ae decreases 
sharply. Titration curves from pH 7.2 to 6.0 are shown in Figure 
6 and from pH 9.5 to 8 in Figure 7. The curves at lower pH do 
not level off as sharply; it appears that the NTA is able to compete 
with transferrin better under these more acidic conditions. This 
was confirmed by repeating the titration at pH 6.25 with a tenfold 
excess of NTA, which resulted in a significant decrease in Ae value 
at r values greater than 1.0. 

Observed Ae values at r = 2 as a function of pH from pH 6 
to pH 9.5 are shown in Figure 8. As discussed above, the decrease 
in Ae below pH 7 is due to a shift in the effective binding constants 
of NTA and transferrin, such that NTA begins to compete 
strongly with transferrin for the thorium. The titration curves 
at high pH indicate that two thorium ions are still tightly bound 
over the pH range; therefore the decrease in Ae must reflect a 
decrease in the number of tyrosyl residues bound per thorium. 
The Ae at pH 9.5 is 16000 M"1 cm"1, which would correspond 
to only one tyrosine per thorium. 

Monoferric Transferrin Spectra. Monoferric transferrin was 
prepared by the method of D. C. Harris,24 such that the 1 equiv 
of iron was bound exclusively at the C-terminal binding site.31 

This complex was then titrated with Th(NTA)2 to give the curve 
shown in Figure 9. As expected, only a single equivalent of 

(31) Historically, the two nonequivalent binding sites have been referred 
to as "A" and "B". Williams has now shown that the "A" iron-binding site 
is located in the C-terminal region of the protein, while the "B" site is in the 
N-terminal region. For a more detailed description see ref. 32-36. 

330 

Figure 5. Difference UV spectra of Th4+ + apotransferrin vs. apo-
transferrin at pH 7.2, where r is the ratio of [Th4+]Z[Tr] ([Tr] = 1.0 X 
10"5 M; 0.10 M Tris; pH 7.2). The thorium was added as Th(NTA)2. 
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thorium is bound. Since we have observed that iron is more tightly 
bound than thorium, it is not likely that the thorium is displacing 
the iron from the C-terminal site. Thus, the thorium is presumably 
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Figure 8. Values of Ae at r = 2.0 as a function of pH. The right-hand 
ordinate shows the apparent number of coordinated tyrosyl groups based 
on Ac = 8630 cm"1 M"1 per coordinated tyrosine. 
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Figure 9. Difference UV titration curve for Th(NTA)2 + monoferric 
transferrin vs. monoferric transferrin. The monoferric transferrin con
tains the Fe3+ in the "A" (C-terminal) binding site ([Tr-Fe] = 1.4 X 10"* 
M; 0.1 MTris;pH 7.4). 

occupying the vacant N-terminal site. The initial slope of the 
monoferric transferrin curve in Figure 9 is ~8000, indicating the 
coordination of a single tyrosyl residue. 

Proton-Release Studies. At low r values, ~2.6 protons are 
displaced per thorium. This ratio gradually drops to a constant 
value of 2.0 at high r values. NTA will bind 1.86 H + ions per 
addition of thorium(IV), whereas complexation of the metal by 
transferrin in the second binding site should liberate two protons 
per thorium. For this reason, a sharp leveling of the titration is 
not observed. The total number of protons released has been 
calculated from the total volume of KOH at a [Th4+]/[Tr] ratio 
of 2. A total of 4.5 protons are released by the coordination of 
two thorium ions to apotransferrin. The number of protons ex
pected to be released is pH dependent, as the number of tyrosines 
bound to the metal decrease at high pH. A correction based on 
this observation is discussed below. Thus, the proton-release 
studies also indicate that the thorium-binding sites are inequivalent. 
Actual data and detailed reduction procedures are given in the 
supplementary material. 

Discussion 
Given the value of 8680 M'1 cm"1 for each coordinated phenol, 

the Ae of 25 000 measured for the dithorium transferrin corre
sponds to three coordinated tyrosyl residues. Thus, the thorium 
binding at sites A and B31 must be nonequivalent, with two tyr
osines at one site and a single tyrosine at the second site. It is 
this intrinsic inequivalence in the two binding sites, rather than 
weak complexation, which is responsible for the curvature seen 
in the spectrophotometric titration curves. Furthermore, the shape 
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Figure 10. Calculated difference UV titration curves assuming the sti
pulated relative affinities for the "A" and "B" binding sites, as well as 
individual Ae values of 17 000 and 8500 for thorium binding at the "A" 
(C-terminal) and "B" (N-terminal) sites, respectively. 

of these curves is affected by the relative binding strengths of the 
two sites. This is illustrated in Figure 10, which shows calculated 
titration curves, assuming complete binding OfTh4+ by transferrin, 
for three different ratios of metal binding at the two sites, one 
with Ae of 17000 and the other with Ae of 8500. 

If the relative binding affinities were so different that the 
addition of an aliquot of Th(NTA)2 resulted in 100% binding at 
the Ae = 17000 site, then curve 1 in Figure 10 results. For this 
curve there is a linear segment from r = 0 to r = 1 with a slope 
of 17000. From r = 1 to r = 2, only the second (Ae = 8500) sites 
are available to the thorium, so the slope over this range is 8500. 

If the relative binding affinities of the two sites were such that 
thorium complexation at the sites overlapped, the shape of the 
titration curve changes. Curve 2 is calculated by assuming a 75:25 
ratio of thorium binding at the two sites. The initial linear segment 
has a slope of 15250—which is simply the weighted average of 
Ae for each site. The linear portion of this curve extends to r = 
1.33, since the excess Th(NTA)2 must be added to saturate the 
first site. The second linear segment in curve 2 again represents 
binding at the second site, so the slope is still 8500. 

Only if the thorium is evenly distributed between the two sites 
would there be a single straight line from r = 0 to r = 2, as shown 
by curve 3. Since the two transferrin-binding sites do not have 
the same number of tyrosines coordinated to Th4+, it is highly 
unlikely that their binding affinities would be identical. Thus one 
would expect curvature in Ae vs. r plots for transferrin. 

The distribution ratio of thorium between the two binding sites 
also affects the r value at which extrapolations of the initial linear 
segment and the flat line past /• = 2 intersect. This value varies 
from r = 1.5 for exclusive binding at the first site to r = 2 for 
an even distribution between the two sites. The observed inter
section in the transferrin system is —1.55, indicating an ap
proximate 90:10 ratio between the two sites. This is consistent 
with the observed slope of the initial segments which are ~ 
15 000-16000. The data are not suitable for a quantitative 
calculation of the relative binding affinities; however, it is clear 
that the two-tyrosine site has a significantly greater affinity for 
Th4+ than does the one-tyrosine site. 

The NTA competition studies have shown that the decrease 
in Ae below pH 7 is due to the decrease in the number of thorium 
ions bound to transferrin. This probably reflects increased com
petition from hydrogen ion for the very basic phenolic oxygens. 
Since the overall basicity of the NTA is much less, this ligand 
retains its effectiveness at lower pHs. Thus, as the pH decreases, 
there is an increase in the relative binding strength of NTA vs. 
transferrin. This is not a surprising result, since even iron binding 
by transferrin is considerably weakened at pH 6.24 

The data in Figure 8 show that Ae also decreases at high pH, 
even though the titration curves indicate that two thorium ions 
are tightly bound to transferrin. The Ae at pH 9.5 is only 16000 
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Figure 11. Plots of the observed Ae of dimetallotransferrin as a function 
of the metal ionic radius (assuming coordination numbers of six and 
eight). The number of tyrosines is calculated on the basis of a value of 
8680 cm"1 M"1 per coordinated phenolic group. The point for Pu(IV) 
is placed on the curve at the appropriate ionic radius; no experimental 
Ae has been measured. 

M"1 cm-1, corresponding to one coordinated tyrosine per thorium. 
These changes are presumably due to a conformational change 
in the tertiary structure of transferrin which alters one of the 
metal-binding sites. Chasteen et al. have reported that at pH 7.5 
there are two sets of EPR resonances for divanadyl transferrin, 
due to magnetically nonequivalent environments, which they have 
assigned to "A" and "B" sites (C- and N-terminal, respectively).37 

Above pH 9, where two VO2+ ions remain bound, only one set 
of EPR resonances are observed, which correspond to the N-
terminal site. It was proposed that this C-to-N-terminal con
formational change is coupled to the ionization of a noncoordi-
nating protein functional group with a pAfa of ~ 10. It has also 
been shown that both divanadyl and diferric transferrin readily 
lose the metal ion from the N-terminal site when the pH is de
creased.37 

We propose that this same conformational change converts the 
two-tyrosine thorium site to a one-tyrosine site, thus reducing the 
total number of coordinated tyrosine groups from three to two. 
This requires that the two-tyrosine site correspond to the C-ter-
minal site. To establish the actual relationship between the 
different metal ion sites, we titrated monoferric transferrin with 
Th(NTA)2. Monoferric transferrin prepared at pH 6 contains 
at least 90% of the iron in the C-terminal binding site,24 leaving 
the N-terminal site open for thorium. The thorium titration was 
then carried out at pH 7.2. The observed Ae was ~8000, which 
corresponds to the coordination of a single tyrosyl residue. Thus 
the N-terminal site does correspond to the one-tyrosine site, while 
the C-terminal site corresponds to the two-tyrosine site. That is, 
it appears that the changes in the Ae of thorium transferrin at 
higher pH reflect the same C-terminal to N-terminal confor
mational change reported earlier by Chasteen for the vanadyl 
system?1 In addition, at low pH thorium is lost primarily from 
the N-terminal site, as is observed for both the vanadyl and iron 
systems}1 

Luk15 has reported Ae values for a series of transferrin lan-
thanide complexes which indicate that there is a size restriction 
for transferrin binding of very large cations. The observed lan-
thanide Ae values at r = 2 are plotted as a function of ionic radius 
in Figure 11, where it can be seen that the thorium results are 
consistent with the lanthanide data.38 Similar plots are obtained 

(32) Evans, R. W.; Williams, J. Biochem. J. 1978, 173, 543-52. 
(33) Butterworth, R. M.; Gibson, J. F.; Williams, J. Biochem. J. 1975,149, 

559-63. 
(34) Williams, J. Biochem. J. 1974, 141, 745-52. 
(35) Williams, J. Biochem. J. 1975, 149, 237-44. 
(36) Williams, J.; Evans, R. W.; Moreton, K. Biochem. J. 1978, 173, 

535-42. 
(37) Chasteen, N. D.; White, L. K.; Campbell, R. F. Biochemistry 1977, 

16, 363-8. 

whether one assumes that the metals are either six- or eight-co
ordinate. The smaller lanthanides appear to coordinate four 
tyrosines, presumably two at each site. However, as the ionic 
radius increases, there is a sharp decrease in Ae. With thorium 
there are two distinct sites, the one-and-two-tyrosine sites, which 
give a total Ae of 25 000. Luk's results indicate that only one Nd3+ 

ion is bound to transferrin and that the binding involves two 
tyrosines. An early lanthanide, Nd3+ is apparently too large to 
fit into the N-terminal site. For the still larger Pr3+ ion, even the 
C-terminal site binding is weakened, so that Ae drops further. 

This critical size dependence has important implications for 
this study, since we have used Th4+ as a model for Pu4+. Because 
the ionic radius of Pu4+ is ~0.07 A smaller than Th4+38 and 
because the curve in Figure 11 breaks so sharply, this difference 
in size could substantially alter the nature of the transferrin binding 
of Pu4+ compared to Th4+. However, we must point out the 
titration curves reported for the lanthanides by Luk15 suggest that 
there may have been unrecognized difficulties with hydrolysis and 
nonspecific binding to transferrin. We have repeated the holmium 
transferrin titration by using Ho(NTA)2 as the titrant rather than 
HoCl3 and obtained a Ae significantly less than that reported by 
Luk. Although the basic conclusions discussed above regarding 
size discrimination are probably valid, the uncertainty in the 
lanthanide data is such that it is imprudent to make predictions 
on the basis of small differences in ionic radii. 

The proton-release studies also reflect the inequivalence of the 
two thorium-binding sites, with a total of 4.5 protons being released 
by the coordination of two thorium ions. Since the data were 
collected at pH 8.6 (well below the typical pATa of tyrosine), 
coordination of each tyrosyl group must involve the release of a 
proton. The observed Ae of 24 000 for dithorium transferrin at 
pH 8.6 corresponds to only ~2.8 coordinated tyrosines. Thus 
coordination of tyrosine accounts for 2.8 of the 4.5 protons released 
upon complexation of thorium by transferrin. This leaves roughly 
two protons which must be accounted for. It is generally accepted 
that histidine residues are also present in the metal-binding site 
of transferrin,39,40 but since the pH was well above the imidazole 
p/Ta of histidine, it is unlikely that these are the source of the 
additional one proton per thorium. Instead, protons are probably 
produced by the hydrolysis of coordinated water molecules. This 
explanation is consistent with the well-known hydrolytic tendencies 
of Th4+,41 especially considering that it is highly unlikely that 
transferrin provides sufficient ligating groups to occupy all the 
available coordination sites of thorium. Given that water molecules 
are coordinated to Th4+, complex hydrolysis is expected at pH 
8.6. Thus with this model, one expects a total of 4.8 protons 
released from transferrin at pH 8.6. The observation of 4.5 protons 
released is in good agreement with the predicted value of 4.8. 

Bates et al. have demonstrated that the affinity of bicarbonate 
to act as the synergistic anion in the ferric transferrin complex 
is much greater than that of NTA.42 It has been presumed here 
that bicarbonate is the synergistic anion in the thorium transferrin 
complex, since this has invariably proven to be the case for all 
other metal ions unless special precautions are made to exclude 
HCO3". It is therefore possible that the complex actually binds 
CO3

2" and that the two extra protons released upon thorium 
complexation are due to the deprotonation of HCO3". Based upon 
the anion-binding studies with other metals, as well as data with 
oxalate substituted for bicarbonate as the synergistic anion,21 we 
do not favor this explanation, but the data reported here would 
not contradict such a proposal. 

The apparent hydrolysis of both metal ions in dithorium 
transferrin is significant in view of the continuing uncertainty about 
the identities of the ligating groups in diferric transferrin. The 
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release of six protons upon complexation of two ferric ions to 
transferrin is often attributed to the coordination of three phenolic 
groups per ferric ion.21'22'43 However, interpretation of difference 
UV spectra of diferric transferrin, based on the absolute magnitude 
of Ae, are more consistent with the coordination of only two 
phenolic groups per iron(III).20 Because of the similarity in the 
hydrolytic tendencies of Fe3+ and Th4+, one must strongly consider 
the possibility that two of the six protons released by complexation 
of iron(IH) are due to hydrolysis of the ferric ion rather than 
deprotonation of a protein functional group. We propose that ions 
which are strong Lewis acids, such as Fe3+, Ga3+, or Al3+, hy
drolyze, whereas weaker acid ions, such as Cd2+ or Zn2+, are not 
prone to hydrolysis. 

One could argue that because of its large size and poor fit into 
the transferrin-binding site, thorium is more exposed to solvent 
and thus more likely to hydrolyze than iron. However, Koenig 
and Schillinger45 have reported 1H NMR data which indicate that 
at least one water molecule is directly coordinated to each metal 
ion in diferric transferrin. Numerous studies on simple complexes 
clearly show that ferric ion has a very strong tendency to hydrolyze 
when the ligand is less than six-coordinate and one or more of 
the regular octahedral sites is occupied by H2O. Common hy
drolysis constants for the reaction FeX5H2O + OH" -*• FeX5OH 
+ H2O are on the order 10-M(T5 in such situations. Ferric EDTA 
is seven-coordinate, including four carboxylate anions, yet exhibits 
a hydrolysis constant of 10"749. Thus based on the known solution 
chemistry of Fe3+, one might expect the iron in diferric transferrin 
to hydrolyze at neutral pH. The three protons released upon 
complexation of ferric ion would then correspond to deprotonation 
of two tyrosines and the hydrolysis of one water molecule. 

Summary 
At physiological pH transferrin binds two thorium ions at 

nonequivalent sites. The stronger binding site has two tyrosines 
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(45) Koenig, S. H.; Schillinger, W. E. J. Biol. Chem. 1969, 244, 6520-6. 

coordinated to thorium and corresponds to the C-terminal site 
in the native ferric protein complex. The weaker thorium-binding 
site has only one coordinated tyrosine and corresponds to the 
N-terminal site. The nonequivalence of the two sites results in 
curved spectrophotometric titration plots. 

The smaller number of coordinated tyrosines at the N-terminal 
site is due to the large ionic radius of Th4+. It appears that the 
N-terminal site is slightly smaller than the C-terminal site and 
cannot readily accommodate cations larger than Eu3+. This size 
discrimination may be important when comparing Th4+ com
plexation to the binding of the slightly smaller Pu4+ ion. 

At pH values below 7, the binding affinity of transferrin for 
Th4+ decreases rapidly, such that by pH 6, only about 0.3 thorium 
ions are bound to transferrin when the metal is added as the 
(NTA)2 complex. The N-terminal site is more strongly affected 
by acidic conditions, so that the binding at pH 6 is probably 
entirely at the C-terminal site. Above pH 9 there is a confor
mational change in the protein which converts the C-terminal site 
(two tyrosine) into a second N-terminal site (one tyrosine). The 
spectrophotometric titration curve for this species is linear, as 
expected for equivalent sites. 

In addition to the three protons displayed from the coordinated 
tyrosine residues, the binding of two thorium ions releases two 
additional protons at pH 8.6; these are ascribed to metal ion 
hydrolysis reactions. Thus thorium is actually bound as a mo-
nohydroxo species. It is suggested that diferric transferrin may 
undergo an analogous reaction and that the three protons displaced 
by each ferric ion could represent two tyrosyl protons and one H+ 

from hydrolysis of coordinated water rather than the coordination 
of three tyrosines. 
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