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1. Introduction

Actinides are a series of elements stretching from thorium (Z = 90) to lawrencium (Z = 103).
Actinium (Z = 89) is also often included in the series. The pseudoelement symbol An is often
used when referring to actinides. The characteristic property of an actinide is the filling of
the seven 5f orbitals. In this regard the actinides are similar to another series of f-block
elements, the lanthanides. The chemistry of actinides, however, is much more complex
than that of lanthanides. Furthermore, actinides are radioactive without exception.

(Choppin et al. 2013; Lehto & Hou 2010)

The actinides present in the environment can be categorized as either anthropogenic or
natural. Anthropogenic actinides are artificial actinide nuclides created by man. Natural
actinides belong to one of three natural radioactive decay chains. These decay chains
originate from two isotopes of uranium (***U and 238U) or a single isotope of thorium (*32Th)
and terminate in stable isotopes of lead. The chain-initiating actinides possess half-lives
comparable to or even in excess of the age of the earth, and have been present since
earth’s formation. Such radionuclides are called primordial radionuclides. (Choppin et al.

2013; Eisenbud & Gesell 1997; Lehto & Hou 2010)

Since the discovery of nuclear fission by Hahn, Strassman, and Meitner mankind has
harnessed the power of the nucleus for both power generation and destruction. Both of
these activities have resulted in the release of anthropogenic and natural actinides into the
environment (Eikenberg et al. 2004). The major and most relevant source of environmental
actinides from 1945 to 1980 was the atmospheric test detonations of nuclear weapons
(Beck & Bennett 2002; UNSCEAR 2000). Since the cessation of atmospheric nuclear weapon
tests in 1980 actinides have been released in nuclear power plant accidents at Chernobyl
and Fukushima (Hogberg 2013; Steinhauser et al. 2014; UNSCEAR 2008; Zheng et al. 2012).
Other notable releases of actinides have occurred at plutonium production, nuclear fuel
reprocessing, and waste storage facilities (Garland & Wakeford 2007; Hunt & Smith 1999;
Jones 2008; Nikipelov et al. 1989), during atmospheric burn-up of nuclear power

generators carried on satellites (Krey 1967; Krey et al. 1979; USDOE 1978), and in incidents



involving bomber aircraft armed with nuclear weapons (Garcia-Olivares & Iranzo 1997;

Ikdheimonen et al. 2002; Montero & Sanchez 2001; USAF 1970).

Actinides are of special health interest due to the significant amounts handled in both
power generation and the nuclear weapons industry, as well as their presence in global
fallout and use in munitions (Choppin et al. 2013). Actinides are inherently harmful due to
their metallotoxic and radioactive nature and no element of the actinide series is known to
have an essential biochemical function in man, animals or plants. The very long-lived
natural isotopes of thorium and uranium present both a chemical and radiological hazard,
whereas the toxicity of the other actinides that possess shorter half-lives is dominated by
the radiotoxicity component. (Karpas 2015; Nesmerak 2013) Indeed, the majority of long-
term radiotoxicity of spent nuclear fuel originates from plutonium and minor actinides,
which has implications regarding the long-term storage of spent nuclear fuel (Stacey 2007).
To further highlight the health-threatening potential of actinides, the majority of the
common radionuclides belonging to the very high radiotoxicity group are actinides (Piciu
2012). The investigation of actinide uptake and tissue retention in biological systems has
been a major focus of actinide biology research as both subjects have implications for the

protection of workers and the public (Durbin 2006).

1.1. Chemical properties of actinides

The electronic structure of actinides is based on the radon electron core in addition to
which the 7s, 6d, and 5f orbitals are filled to varying degrees depending on the actinide and
its oxidation state (Cotton 2006). Actinide cations are hard Lewis acids as defined by
Pearson (Pearson 1963; Wiberg et al. 2001). Actinides form a multitude of complexes with
halides, carbonates, chalcogens, and other ligands. Many oxides of actinides are known,
often multiple per actinide. (Cotton 2006) Actinides tend to undergo hydrolysis, the
intensity of which is dependent on the chemical form of the actinide (Lehto & Hou 2010).
The coordination chemistry of actinides is rich and a coordination number higher than 6 is
the norm for actinide coordination complexes. The organometallic chemistry of actinides
is in like manner abundant. (Cotton 2006) Furthermore, some actinide complexes are

catalysts in homogenous catalysis (Karmel et al. 2015).



In many respects, the chemistry of actinides bears a resemblance to lanthanide chemistry.
As with lanthanides, the dominant oxidation state from americium to lawrencium at the
end of the series is +lll (Cotton 2006). Thermodynamic properties and trends are relatively
similar between analogous actinides and lanthanides and the hydration properties are
likewise similar between the two series (D’Angelo et al. 2013; David 1986).
Electronegativities of actinides and lanthanides are comparable and distinct from other
groups of elements (Pauling 1988). In addition, a trend resembling the lanthanide
contraction phenomenon is observed in the actinide series: the ionic radii of actinide ions
of the same oxidation state decrease with increasing atomic number (Lehto & Hou 2010).
lonic radii of actinides and lanthanides of the same oxidation state and coordination

number are shown in Figure 1.1.
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Figure 1.1. lonic radii of actinides (red diamonds) and lanthanides (blue squares). Radii shown are
for +l1l oxidation state ions in coordination number of either 6 (filled symbols) or 8 (empty symbols).
Values are from David (1986).



1.1.1. Differences between actinides and lanthanides

Although similarities exist between the actinides and lanthanides, differences between the
two series are known to exist as well. The differences stem from relativistic effects that
have appreciably more impact on actinides than lanthanides. Unlike lighter elements, the
velocity of electrons of heavy elements starts to approach the speed of light to a significant
extent. This in turn increases the mass of the electrons in a phenomenon known as
relativistic mass increase. (Kaltsoyannis & Scott 1999) Relativistic effects cause the s shells
to contract. Contraction of a lesser magnitude is seen with p shells. The contraction of s
and p shells shields the d and f shells from the nuclear charge, hence these shells tend to
expand and destabilize. As actinides are the heavier of the two sets of elements, they
experience stronger relativistic effects and the 5f orbitals of actinides are relatively larger
than the 4f orbitals of lanthanides. This leads to weaker nuclear binding of actinide 5f
electrons and increased chemical activity. (Cotton 2006) However, as the atomic number
and nuclear charge increase across the actinide series, the 5f orbitals begin to contract and
retreat into the radon electron core. As a results of this, the behavior of late actinides is

more lanthanide-like than the early actinides’ (Orchard 2003).

The consequences of stronger relativistic effects are multifold. A bigger range of oxidation
states is available to the actinides, especially the early actinides. The ground-state electron
configurations between actinides and lanthanides differ early in the series. As the actinide
5f orbitals are relatively higher in energy than the lanthanide 4f orbitals, they start to fill
later in the series: the electronic structure of thorium is [Rn]6d?7s? instead of [Rn]5f16d'7s?,
as could be expected from the electronic structure of the analogous lanthanide, cerium. In
addition, the energy difference between the outermost d and f orbitals is smaller in
actinides, and early actinides up to neptunium all have at least one d electron in their
ground-state electron configurations. Compared to lanthanides, actinides form covalent
bonds more readily, especially in the case of ions such as AnO,* and AnO2%*. (Cotton 2006)
The crystal structures of metallic early actinides are unlike the lanthanides’ and appear
more like that of the 3d transition metals (Edelstein et al. 2011). Crystal field effects are
stronger for the early actinides than for their corresponding lanthanides (Orchard 2003).
Relative to lanthanides, actinides show an increase in spin-orbit coupling (Kaltsoyannis &

Scott 1999).



1.1.2. Oxidation states

The 5f electrons of actinides are shielded by the outer 6d and 7s orbitals in a fashion similar
to the 4f electrons of lanthanides. The radial distribution of the 5f electrons in early
actinides is such that the shielding of 5f electrons is smaller in magnitude than the shielding
of 4f electrons (Edelstein 1995). This leads to 5f, 6d, and 7s electrons of early actinides
being near-degenerate, thus making the 5f electrons available to participate in chemical
bonding. (Lehto & Hou 2010) As a result, a wider range of available oxidation states is
observed for the early actinides relative to lanthanides or late actinides. The behavior of
early actinides resembles that of transition metals in that the highest available oxidation
state is dictated by the number of electrons that can be taken out from the outermost
orbitals. Later in the series, when the near-degeneracy of 5f, 6d, and 7s orbitals is
abrogated, the +lll state is established as the most common oxidation state. (Cotton 2006)

The oxidation states of actinides are listed in Table 1.1.

Table 1.1. The oxidation states of actinides. A filled circle indicates that the oxidation state is
common and an empty circle indicates that the oxidation state is known. Data are from Cotton
(2006), MacDonald et al. (2013), Windorff et al. (2017), and Dutkiewicz et al. (2017).
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Actinides in oxidation states +V and +VI do not appear as free cations but as so-called
actinyl ions, AnO;* and AnO,?*, respectively. Under acidic conditions, some unstable
oxidation states of actinides may undergo disproportionation, in which the unstable
species are transformed into other species. Plutonium is an especially interesting example
of the disproportionation phenomenon, as even the most stable oxidation state of +IV
disproportionates into +Ill and, possibly via a transient +V intermediate, +VI states. (Lehto

& Hou 2010)

1.2. Spectroscopic properties of actinides

1.2.1. Spin-orbit coupling

An electron has an inherent spin angular momentum, characterized by the spin quantum
number s, of %. Should the azimuthal quantum number / be non-zero, the electron also
possesses an orbital angular momentum. Both phenomena generate magnetic momenta
and the interaction of these momenta is referred to as spin-orbit coupling. The summation
of the spin and orbital momenta vectors gives the total angular momentum quantum

number, j. (Atkins & De Paula 2010)

In a system with multiple electrons residing outside the closed shells, the coupling of all the
spin and orbital angular momenta has to be considered. This is facilitated by the Russell-
Saunders coupling scheme, also known as LS-coupling (Haigh 1995), in which vector sums
of orbital and spin angular momenta of electrons are formed separately to yield L and S,
respectively. Russell-Saunders coupling is based on the assumption of weak spin-orbit
coupling relative to Coulomb interactions. (Atkins & De Paula 2010) The Russell-Saunders
scheme is commonly used for lanthanides (de Bettencourt-Dias 2014). The Clebsch-Gordan

series gives the permitted values of L and S (Atkins & De Paula 2010).



For a two electron system with azimuthal quantum numbers /; and /> and spin quantum

numbers s; and s, possible values of L and S are

L=ll+lz,ll+lz_1,...,”1_12' (1)

S=51+52,51+52_1,...,|Sl_52| (2)

Subsequent coupling of L and S gives the total angular momentum J, with allowed values

again given by the Clebsch-Gordan series (Engel & Reid 2014).

J=L+SL+S—1,..,|L—S| (3)

Whereas the quantum number j conveys the information concerning the orientation of spin
and orbital angular momenta relative to one another for a single electron, the quantum

number J conveys the same information for multiple electrons (Atkins & De Paula 2010).

1.2.2. Term symbols

The L, S, and J values of different configurations are given by term symbols. Term symbols
take the form of 2**1L,. The multiplicity of a term is represented by a number, the result of
25+1. Pairing up all the electrons abolishes net spin and means that S = 0. This leads to 25+1
equaling 1 and so a singlet term. Similarly, a single, unpaired electron with S =s =7 leads
to a doublet term as in this case 25 + 1 = 2. Furthermore, two unpaired electrons leads to a

triplet state as S=1and 25+ 1 = 3, and so on. (Atkins & De Paula 2014)

The total orbital angular momentum L is represented by a capital letter, as listed in Table
1.2. S and L define the term of a configuration. Spin-orbit coupling splits terms into levels,
which are represented by the possible values of J. (Engel & Reid 2014) The splitting of terms
into levels gives rise to the fine structure in a spectrum (Atkins & De Paula 2010). In a term

symbol, the numerical values of J given by (3) are used denote the different levels of a term.



Table 1.2. The letters used to denote L in term symbols. After F the letters are assigned in
alphabetical order. Note that the letter J is not used. (Weller et al. 2014)

Value of L 0 1 2 3 4 5 6 7
Letter S P D F G H | K

1.2.3. Relative energies of terms and levels

A set of three empirical rules govern the relative energies of different terms and levels of a
configuration. Referred to as Hund’s rules after their discoverer, Friedrich Hund, the rules
facilitate the prediction of the term that is lowest in energy and the level of lowest energy

within a term. (Engel & Reid 2014)

Rules one and two deal with the relative energies of terms, whereas rule three concerns
the relative energies of levels. Rule one states that the term with the highest spin
multiplicity is the lowest in energy. Rule two sets forth that if multiple terms share the same
spin multiplicity value, then the term that is lowest in energy is the one with the highest
orbital angular momentum. And finally, rule three states that if a partially filled subshell is
precisely or more than half full, the level that has the lowest energy is the one with the
highest value of J. Conversely, if the subshell is less than half full then the level of lowest

energy is the one with the lowest J value. (Engel & Reid 2014)

1.2.4. jj-coupling and intermediate coupling
The strength of spin-orbit coupling is dictated by the nuclear charge and therefore spin-
orbit interaction is stronger in heavier atoms. For this reason the Russell-Saunders coupling

scheme fails when the Z of an atom is large. (Atkins & De Paula 2010)

A better scheme for heavy atoms with strong spin-orbit couplings, like actinides, is jj-
coupling, in which the spin and orbital momenta are coupled separately for each individual
electron in partially filled subshells to yield an electron-specific total angular momentum j.
The electron specific total angular momenta are then coupled, which gives the resultant

grand total angular momentum J. (Haigh 1995)



No atom displays pure Russell-Saunders or jj-coupling. Rather, all atoms adhere to both
schemes to varying degrees: light atoms more to Russell-Saunders coupling, heavy atoms
more to jj-coupling. Although jj-coupling is the more fitting scheme for heavy atoms,
different energies of heavy atoms can still be labeled using term symbols compliant with
the Russell-Saunders coupling scheme, as a correspondence exists between the two
schemes. (Atkins & De Paula 2010) However, the best scheme to represent the 5f states is
the intermediate coupling scheme that accounts for both the electrostatic and spin-orbit
interactions (Moore & van der Laan 2009). In intermediate coupling, the eigenstates are
derived from linear combinations of different Russell-Saunders terms that possess the

same total angular momentum J (Dodson & Zia 2012).

1.3. Curium

Curium, the 96th element of the periodic table, is named in honor of Marie and Pierre Curie.
As curium does not occur in nature, all terrestrial curium is anthropogenic. The first isotope
of curium to be produced was 242Cm in 1944 by Seaborg, James, and Ghiorso by way of
bombarding 23°Pu with helium ions (He?*) in a cyclotron. (Lumetta et al. 2011) Another
route to 242Cm discovered early was successive neutron captures by plutonium followed by
B--decay to first produce an intermediate americium nuclide 2**Am, which upon neutron

capture and subsequent B -decay transmutes to 2*2Cm (Choppin et al. 2013).

Curium is the heaviest element that is available in gram amounts. Isotopes 24°Cm, 2**Cm,
and 2%8Cm are available in quantities that allow a more thorough chemical investigation.
However, the rarity of 2*Cm and high specific radioactivities of 2*Cm and 2**Cm place
constraints on the characterization of curium chemistry. In all, 14 isotopes of curium are
known, with their mass numbers ranging from 238 to 251. (Lumetta et al. 2011) The nuclear

properties of curium isotopes are listed in Table 1.3.

1.3.1. Oxidation states of curium
In contrast to earlier actinides, the +lIl oxidation state of curium is very stable and resistant

to oxidation and reduction. The stability is postulated to arise from a half-filled 5f orbital



(5f7), a relatively stable electron configuration. Due to its stability, the chemical behavior

of Cm(lll) resembles that of lanthanides. (Lumetta et al. 2011)

Table 1.3. The known isotopes of curium and their associated half-lives and decay modes with

intensities. € = electron capture, SF = spontaneous fission. Data are from Audi et al. (2017).

Decay modes and

Mass number Half-life intensities (%)
238 2,2h €=7;a=23,84;SF=0,048
239 2,5h B*=100; a=6,2 x 1073
240 27 d a=100;£<0,5
241 32,8d €=99a=1
242 162,8 d o =100
243 29,1a a=100;€=0,29
244 18,1a o =100
245 8,25 ka o =100
246 4,706 ka a = 100; SF = 0,02615
247 15,6 Ma a =100
248 348 ka o =91,61; SF = 8,39
249 64,15 min B~ =100
250 about 8,3 ka SF=74;,0=18;3 =8
251 16,8 min B~ =100

Oxidation states other than +lIl do exist, however. Oxidation of Cm(lIl) to Cm(IV) requires
very strong oxidizing agents and only two compounds of curium in the tetravalent state are
known (Lumetta et al. 2011). Curium dioxide, CmO,, can be produced via air ignition of
some Cm(lll) species (Asprey et al. 1955). The synthesis of curium tetrafluoride, CmFa,
involves fluorination of curium trifluoride with fluorine gas (Asprey et al. 1957). Aqueous
CmF4 requires the inclusion of 15 M CsF and is not stable due to radiolytic reduction of
Cm(IV) to Cm(lll) (Keenan 1961). Transient Cm(IV) and Cm(ll) states have been detected by

subjecting Cm(lll) to pulse radiolysis in aqueous perchlorate media (Sullivan et al. 1976).

10



No isolated Cm(ll) compounds are known (Lumetta et al. 2011) and data for curium

oxidation states greater than +1V are sparse (Lehto & Hou 2010).

1.3.2. Electronic structure and properties of curium

Curium has the ground electron configuration of [Rn]5f’6d7s? and upon ionization to
Cm(IN) it sheds the s and d electrons to attain a half-filled f shell configuration [Rn]5f’.
Curium’s ground and trivalent cation electron configurations are identical with its
lanthanide analogue, gadolinium ([Xe]4f’5d'6s? for Gd(0), [Xe]4f’ for Gd(lll)), except that

the outermost shell numbers are one smaller in Gd. (Cotton 2006)

Hund’s rules state that the term with the highest spin multiplicity is the ground term (Engel
& Reid 2014). For Cm(lll), and for Gd(lll), the highest multiplicity is attained when all seven
of the f electrons are unpaired. As every suborbital of the f orbital is now filled with a single,
unpaired electron, there is no effective orbital angular momentum and so the ground term
is expected to be 8S7/2. However, the strong spin-orbit coupling in Cm(Ill) mixes other J =
7/2 states into the ground state. While the ground term of Gd(lll) is about 97 % of 2S7,
parentage, the larger spin-orbit coupling in Cm(lll) mixes excited states into the ground
manifold and splits the ground term. (Edelstein et al. 2006) This results in the ground term
85’72 having about 78 % 28S;/, parentage with other states, mostly éP;/, at 19 %, mixed in

(Lindqvist-Reis et al. 2006).

As the maximum multiplicity ground state is relatively stable, the energy required to excite
one of the equivalent, unpaired f electrons to the next highest multiplet is relatively high.
Therefore, in both Cm(lll) and Gd(lll), a large energy gap is formed between the ground
octet state and excited sextet states as the result of electrostatic interactions between the
equivalent electrons of the half-filled f shell. In free Gd(Ill) ion with a spatially more
compact 4f shell, the gap is over 30 000 cm™. However, in free Cm(lll) ion the greater extent
of the 5f shell reduces the intensity of electron-electron interactions, resulting in a smaller
gap of about 16 800 cm™. (Edelstein et al. 2006) In trivalent aquo ions the gap is 32 200
cm™! for Gd (Carnall et al. 1968a) and 17 095 cm™ for Cm (Carnall & Rajnak 1975). Another
reason for the smaller transition energy between the ground and first excited multiplets in

Cm(lll) is the greater spin-orbit coupling in Cm (Edelstein et al. 2006). The free-ion energy
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levels of Gd3*(ag) and Cm3*(aq) are presented in Figure 1.2. Conveniently, the first excited
multiplet of Cm(lll) resides in the visible region and the large energy difference across the

gap gives rise to strong fluorescence (Edelstein et al. 2006).
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Figure 1.2. Experimental free-ion energy levels of the Gd(lll) and Cm(lIl) aquo ions up to 42 500
cm™, Values for Gd**(aq) and Cm3*(aq) are from Carnall et al. (1968a) and Carnall & Rajnak (1975),
respectively.

1.3.3. Cm(lll) spectroscopy

As curium is often present or available only in trace amounts, very high sensitivity is
required from the methods applied in its study. Many commonly used spectroscopic
techniques, such as conventional optical spectroscopy, fail to fulfill the sensitivity

requirement. (Edelstein et al. 2006) The application of laser-based methods to observe 5f-
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transitions in actinides was suggested by Beitz and Hessler in 1980 and time-resolved laser
fluorescence spectroscopy (TRLFS), in particular, was found to be a suitable technique for
the study of Cm(lll), with an estimated limit of detection in the sub-nanomolar range (Beitz
& Hessler 1980). Experimental TRLFS detection limits of 1,8 x 107! (Beitz et al. 1988) and 3
x 107! (Kim et al. 1991) molar Cm(lll) have since been reported. In addition, TRLFS is very

capable of discrimination between chemical species (Nouhi et al. 2018).

The absorption spectrum of the Cm(lll) aquo ion is dominated by three intense f-f
transitions from the 85’7/> ground state Z to three separate excited states. These three
absorption lines were originally identified as the F, G, and H bands. (Carnall & Rajnak 1975)
Excitation of Cm(lll) to any of these states is followed by nonradiative decay to a ®D’;; state,
the A band. The nonradiative decay path is thought to involve predominantly electronic-
to-vibrational energy transfer from the Cm3* to the surrounding water molecules (Beitz
1991). A radiative decay from the excited A state to the ground state Z results in an emission
at 593,9 nm (Figure 1.3). No emissions from the higher excited states are observed. (Beitz

& Hessler 1980) The fluorescence process is summarized in Figure 1.4.

Fluorescence intensity
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Figure 1.3. The ®D’7,, > 85’5/, emission band of the Cm(lll) aquo ion.
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Figure 1.4. Overview of the fluorescence process in Cm3*(aq). The dominant absorption lines arising
from the F, G, and H states are shown on the left. Their relation to the emissive excited state A and
the ground state Z is shown in the center. The J values of A and Z states are shown to the right of
their respective free ion level bars. The overall fluorescence process is shown on the right.
Excitation of the system is followed by a nonradiative decay process that takes the system down to
the emissive excited A state. The remainder of the absorbed energy is then lost through emission
of electromagnetic radiation, following which the system is again at ground state. In TRLFS, the
energy required for excitation is supplied by a pump laser. Figure adapted and modified from Beitz
(1991) and Kim et al. (1991).

The radiative decay rate constant of the Cm(lll) aquo ion has been directly measured and
the radiative lifetime of 65 us has been shown to be temperature and isotope effect
independent (Tian et al. 2011; Wimmer, Klenze et al. 1992). Using D,O as the solvent
instead of H,0 results in the removal of OH oscillators from the first coordination shell of
Cm3* and extends the fluorescence lifetime to 1270 ps (Kimura & Choppin 1994). The
fluorescence quantum vyield of Cm(lll) in H,O was first estimated to be 0,03, with later

measurements suggesting that the quantum vyield is temperature-dependent and has a
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value ranging from 0,0323 to 0,0289 at temperatures 10 and 85 °C, respectively (Beitz &
Hessler 1980; Tian et al. 2011). Some processes may alter the fluorescence intensity of
Cm(lll). Reduction in intensity may occur through transfer of energy to low-lying levels of
other ions or ligands. On the other hand, energy transfer from an excited ligand to Cm(lll)

may give rise to sensitized and markedly more intense fluorescence. (Edelstein et al. 2006)

A crystal field splits both the 85’7/, ground state and the 6D’7; excited state of the Cm(lll)
aquo ion into four crystal field levels. An emission spectrum is expected to red-shift should
the strength of the crystal field increase. (Lindqvist-Reis et al. 2006) Whereas the ground
state splitting of the Cm(lll) aquo ion is thought to be negligibly small (Carnall & Rajnak
1975), the excited state is split by several hundred cm™. The crystal field splitting is
dependent on the strength of the crystal field in a manner where a strong field strength
results in large splitting. This behavior is showcased in Figure 1.5. The quantity N’,, derived
from the scalar crystal field strength parameter N,, is used for comparison of crystal field
magnitudes and is a good indicator of splitting magnitude. At room temperature, the
lowest crystal field level of the excited multiplet is the most populated and transitions from
this level are the most prominent in an emission spectrum. Transitions from the higher
crystal field levels that are populated to a lesser extent result in an asymmetrical

broadening of the emission spectrum by unresolved hot bands. (Edelstein et al. 2006)

The inner-sphere coordination environment has a profound impact on metal ion
fluorescence, and changes in the coordination environment can lead to changes in spectral
shape, decay lifetimes and fluorescence intensity. The differentiation between chemical
species using TRLFS is based on monitoring and recording these alterations. (Collins et al.
2011) The emission spectra of organic or inorganic complexes of Cm(lll) are red-shifted
relative to the aquo ion in an aqueous environment (Edelstein et al. 2006). The
spectroscopic characteristics of some Cm(lll) species are listed in Table 1.4. Whereas the
changes in excitation and emission spectra are probably of prime importance and interest,
measurement and analysis of the lifetime of fluorescence arising from Cm(lll) yields some

useful information as well.
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Figure 1.5. Splitting of the ground state 5’7/, and the excited state ®D’.; into crystal field levels in,
relatively, weak and strong crystal fields. Data for [Y(H20)s](CF3SOs); is from Lindqvist-Reis et al.
(2009) and data for [Y(H20)s]Cl-15-crown-5 is from Lindqvist-Reis et al. (2006).

The number of water molecules in the first coordination shell can be estimated using the

empirical Kimura equation

0 = 0,65 X kops[C(11)] — 0.88 (4)

where kops[Cm(lll)] is the decay constant, equal to the reciprocal of the observed

fluorescence lifetime (in ms).
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Table 1.4. Spectroscopic characteristics of selected aqueous Cm(lll) species. Data are from Wimmer
et al. (1992).

Excitation wavelengths Emission wavelength Fluorescence
Species
(nm) (nm) lifetime (ps)
Cm3* 375,4 381,3 396,5 593,8 65
CmOH? 376,0 381,6 397,5 598,8 72
Cm(OH).* 377,4 384,2 399,2 603,5 80
CmCOs* 376,5 382,5 397,5 598,0 85
Cm(CO3)2~ 377,5 384,5 398,9 605,9 105
Cm(COs3)s*~  377,5 384,1 3999 607,6 215

The inherent uncertainty of hydration numbers calculated using (4) is 0,5 water
molecules. (Kimura & Choppin 1994) Decay lifetimes can be useful in qualitative analysis if
the spectra of the different species overlap. The fluorescence lifetimes of Cm(lll) species
are usually in the microsecond range (Kimura et al. 1996). Thus, a time-gate can be used to
separate the fluorescence signals originating from Cm(lll) and most organic compounds, as
the fluorescence lifetimes of the latter tend to be shorter. (Collins et al. 2011) TRLFS
permits the determination of thermodynamic data, as the fluorescence quantification and
speciation information provided by TRLFS can be used to calculate thermodynamic
parameters (Edelstein et al. 2006). The spectroscopic properties of selected aqueous

Cm(lll) species are listed in Table 1.4.

1.3.4. Spectroscopic properties of the trivalent actinide analogue Eu(lll)

Europium (Eu) is an element belonging to the lanthanide series. With a ground electron
configuration of [Xe]4f’6s?, it is the lanthanide congener of americium. While +lll is the only
relevant oxidation state for most lanthanides, europium is stable also at oxidation state +ll,
as the loss of two electrons results in a half-filled 4f shell. Perhaps unsurprisingly then, the
+11 oxidation state of europium is the most stable of the series. At oxidation states +Il and
+l11, the electronic configuration of Eu is [Xe]4f” and [Xe]4f®, respectively. (Cotton 2006) It

is the most reactive element of the lanthanide series (Moreno 2011). The behavior of
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trivalent lanthanides mirrors that of trivalent actinides, and Eu(lll) in particular is commonly

used as a trivalent actinide analogue (Lehto & Hou 2010).

Hund’s rules dictate that the ground term level of Eu(lll) is ’Fo. However, unlike in Cm(Ill),
where the &S ground term is split only to a relatively minor degree, the ’F ground term of
Eu(lll) is extensively split into J states. The split “Fo—s states in free ion Eu(lll) are calculated
to be separated by energies from a few hundred to up to about thousand cm™. (Binnemans

2015) Splitting of similar magnitudes has been observed in Eu3*(aq) (Carnall et al. 1968b).

The luminescence spectrum of Eu(lll) is significantly more complex than that of Cm(lll) due
to the splitting of the ground term. For spectroscopic purposes Eu(lll) is often excited to
the °Ls level, the most intense absorption transition of Eu(lll) in the UV-Vis region.
Subsequently, some of the excitation energy is lost through non-radiative mechanisms and
Eu(lll) adopts the °Do level, which is non-degenerate. From here, most or all of the
remaining excitation energy is lost in a radiative emission to the different ground term
levels, giving rise to multiple possible transitions of different energies. Transitions from >D
term levels other than Do term are possible, but uncommon. (Binnemans 2015) The
general features of °Do - ’F, transitions are summarized in Table 1.5. The fluorescence

process scheme for Eu3*(aq) is presented in Figure 1.6.

Table 1.5. Summary of the °Do - ’F, emissive transitions of Eu(lll). Data are from Binnemans (2015).
vw = very weak, w = weak, m = medium, s = strong, vs = very strong.

Transition Wavelength range (nm) Relative intensity
Do > "Fo 570-585 vw to's

Do > 'R, 585-600 s

Do > 'F2 610-630 stovs

Do > F3 640-660 vw to w

°Do = ’Fa 680-710 mtos

>Do > ’Fs 740-770 VW

°Do = ’Fe 810-840 vw to m
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Figure 1.6. The absorption bands, energy levels and fluorescence process of Eu3*(aq). Approximate,
relative absorption bands up to 30 000 cm™ are shown on the left whereas the free ion levels up to
40 000 cm™ are shown on the right. The >Ls < “Fo excitation is shown as a solid, black arrow, the °Ls
- 5Dy non-radiative relaxation as a dotted arrow, and the Do = ’F, emissive transitions as red
arrows. Data are from (Carnall et al. 1968b).

Eu(lll) is a convenient spectroscopic probe due to the high luminescence intensity of its
compounds facilitated by the large >Do > ’F, energy gap. The crystal field may split the
energy levels by a couple hundred cm™ or less and the spacing of the ’F, levels guarantees
that in the vast majority of cases there is no overlap of crystal field levels of different Do
- ’F; emission bands. In addition, only a small number of crystal field levels are possible
for the important °Do - ’Fo-> transitions. The crystal field levels are of use in assessing the
point group symmetry of Eu(lll), as in principle it is possible to establish the point group
from the number of observed crystal field components of a transition, though a small

crystal field splitting and overlap of peaks often make it difficult. (Binnemans 2015)
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Of the transitions listed in Table 1.5, °Do - F1 and °Do - ’F are particularly interesting.
The strong °Do - “F1 transition is largely independent of the environment and the integral
of the transition intensity may be used to normalize Eu(lll) spectra. (Binnemans 2015) The
>Do - ’F; transition, on the other hand, is hypersensitive and thus very attuned to the
microenvironment of the fluorescing Eu(lll) ion. This feature is of use in Eu(lll) speciation,
as the intensity of the transition increases upon complexation. (Plancque et al. 2003) The
>Do = ’F, transition intensity is dependent on ligand polarizability in a fashion where the
intensity is very strong in the presence of highly polarizable ligands, and vice versa. In
addition, the °Do - ’F; transition intensity may be utilized as a measure of Eu(lll) site
asymmetry, as the intensity of the transition in a centrosymmetric environment is usually
weak (Binnemans 2015). The lifetime of Eu(lll) fluorescence is sensitive to the immediate
environment akin to Cm(lll) and the determination of the number of first hydration shell

water molecules can be estimated with the empirical equation

N0 = 1,07 X kops[Eu(1lD)] — 0.62 (5)

where kops[Eu(lll)] is the fluorescence decay constant, the reciprocal of the fluorescence
lifetime (in ms), and the inherent uncertainty of the equation is +0,5 water molecules

(Kimura & Choppin 1994).

1.3.5. The Cm(lll) aquo ion

The hydration number of trivalent actinide aquo ions is predicted to be either eight or nine
with a gradual transition from nine to eight taking place from Cm to Es (David & Vokhmin
2003). Therefore, a hydration number of nine or eight is expected for Cm3*(aq). Quantum
chemical studies and molecular dynamics simulations have indicated that the first
hydration shell of Cm3*(aq) consists of nine water molecules with an additional 21 water
molecules in the second hydration shell (Yang & Bursten 2006). Single-crystal x-ray
diffraction investigation of a curium triflate salt suggested a structure in which nine water
molecules in a tricapped trigonal-prismatic geometry are in coordination with a central
Cm3*ion (Lindqvist-Reis et al. 2007). Nonahydration of Cm3*(aq) in solution has also been

suggested by extended X-ray absorption fine structure (EXAFS) and high energy X-ray
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scattering (HEXS) experiments. The prismatic waters are thought to reside closer to the
central Cm3* jon than the capping water molecules. (Skanthakumar et al. 2007) In like
manner, luminescence studies have indicated a hydration number of nine (Kimura &
Choppin 1994; Kimura et al. 1996). The Cm(lll) aquo ion has been suggested to exist as an
equilibrium species. At room temperature most of the Cm(lll) is nonahydrated and a
smaller fraction is present as the octahydrated species. Raising the temperature shifts the
equilibrium towards the octahydrated species. (Lindqvist-Reis et al. 2005) A schematic
representation of nonahydrated Cm3*(aq) is shown in Figure 1.7. In contrast to curium, the
aquo ion of the analogous lanthanide, gadolinium, is octahydrated as the transition from
nona- to octahydration comes earlier in the lanthanide series (Rizkalla & Choppin 1991;

Steele & Wertz 1976).

Figure 1.7. A schematic representation of the nonahydrated Cm3'(aq) ion. Curium is shown in
purple, oxygen in red and hydrogen in white. Adapted and modified from Skanthakumar et al.
(2007)

1.3.6. Aqueous chemistry of curium
As oxidation states other than +lll are highly unstable, nearly all curium chemistry in

solution involves Cm(lll). Curium chemistry in solvents other than water is not very well
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characterized, except for chemistry with environmental implications or relevant to
chemical separations. The reactions and behavior of Cm(lll) in aqueous solutions are similar
to those of other trivalent actinides. Especially the higher fluorides, iodates, phosphates,
hydroxides, and oxalates of Cm(lll) are sparingly soluble in water, whereas the iodides,
chlorides, sulfates, nitrates and perchlorates are water-soluble. As a hard metal ion, curium
forms complexes far more readily with non-polarizable donors like fluoride and oxygen
than with polarizable donors such as sulfur and chloride. (Lumetta et al. 2011) Reported
stability constants of selected aqueous complexes of Cm(lll) are given in Table 1.6 at the

end of this chapter.

Complexation with inorganic ligands

As a trivalent actinide ion, the formation of relatively strong hydrolysis complexes of Cm(lIl)
is expected (Altmaier et al. 2013). Indeed, Cm(lll) readily undergoes hydrolysis reactions
under aqueous conditions (Mohapatra & Khopkar 1989). Both the monohydroxo Cm(OH)?*
and the dihydroxo Cm(OH).* hydrolysis species have been characterized in solution. The
formation of the monohydroxo species reportedly starts at around pH 6 and reaches its
maximum relative concentration at about pH 8. The dihydroxo species is first observed
when the pH is raised above 7. From about pH 8 upwards, the only relevant species are the
two hydrolysis species, and from about pH 10 upwards, only the dihydroxo species is
present in the solution. (Wimmer, Klenze et al. 1992) The distribution of Cm3*(aq),
Cm(OH)?**, and Cm(OH)>* as a function of pH is shown in Figure 1.8. Increasing
concentrations of sodium chloride in aqueous solution shift the pH at which the hydrolysis
reactions initiate to lower pH values, and thus promote hydrolysis (Fanghanel et al. 1994).
The trihydroxo species Cm(OH)s is a quantitative precipitant and the characterization of the
hydrolysis species in solution is, in general, marred by solubility issues (Penneman &
Keenan 1960; Wimmer, Klenze et al. 1992). High concentrations of CaCl, are, however, able
to bring hydrolysis species up to the hexahydroxo Cm(OH)63~ into solution, possibly through
the formation of ternary Ca-Cm(lll)-OH complexes, under basic conditions (Rabung et al.

2009).
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Figure 1.8. The distribution of Cm3*(aq), Cm(OH)%, and Cm(OH),* as a function of pH. The lines
drawn are approximations and are not the result of curve fitting. Data are from Wimmer et al.
(1992).

As the carbonate anion is classified as a hard base and ligand (House 2013), strong
complexation with curium can be expected. A curium bicarbonate complex and curium
carbonate species up to the tetracarbonate Cm(C0Os)4>~ have been characterized (Vercouter
et al. 2005; Wimmer, Kim et al. 1992). The formation of mixed hydroxo carbonates has
been suggested for americium, but no evidence of mixed hydroxo carbonates of curium
exists despite the relatively similar formation constants of the curium monohydroxo and
monocarbonate species. (Fanghanel et al. 1998) It is postulated that Cm(lIl) might, under
certain conditions, form a Cm3(COs); precipitate with carbonate, a reaction observed with

Am(lll) (Meinrath & Kim 1991).

Cm(lll) forms relatively strong complexes with fluoride, a hard base (Aziz & Lyle 1969). As

with the study of hydrolysis products of Cm(lll), the study of higher fluoride complexes in
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solution is made difficult by precipitation of curium as CmFs(s), and so only CmF?* has been
properly characterized in aqueous solvent. The magnitude of the curium-fluoride
complexation constant is dependent on the ionic strength of the solvent. (Aas et al. 1999)
Relative to fluoride, chloride forms noticeably weaker inner sphere complexes with Cm(lll).
The formation of CmCI?* and CmCl,* species has been established experimentally (Khopkar
& Mathur 1980). Elevated CaCl, concentrations appear to promote the formation of the
chlorido complexes. (Fanghanel et al. 1995) However, the formation of curium chlorido
complexes becomes relevant only at high chloride concentrations due to the weakness of
the chloride ion ligand (Konnecke et al. 1997). In addition, the formation of inner sphere
chlorido complexes is suggested by a gradual drop in the hydration number when Cm(lll) is
in HCI solutions of above 5 molar, as the lost coordinating water molecules are suspected
to be replaced by chloride ions (Kimura et al. 1998). Curium nitrate complexes have been
characterized in nitric acid and ammonium nitrate media (Khopkar & Mathur 1980). In
HNOs solutions the hydration number decreases as in HCl solutions, but the hydration
number starts to drop immediately with the addition of HNO3s, suggesting the formation of
curium nitrato complexes. Aqueous complexes between curium and sulfate are known (de
Carvalho & Choppin 1967; Khopkar & Mathur 1980). Sulfato complexes of curium have
been characterized up to the trisulfato complex Cm(SO4)33~ (Skerencak et al. 2013).
However, the trisulfato complex is stable only at very high concentrations of sulfate and no
evidence of the tetrasulfato species has been found. (McDowell & Coleman 1972; Paviet et
al. 1996) The phosphate complexes CmH2P04%* and CmHPO,4* are formed under acidic
conditions. In addition, Cm-phosphate colloids are generated in conjunction with the
formation of CmHPO4*. (Moll et al. 2011) The thiocyanate complexes CmSCN?* and
Cm(SCN);* have been reported (Khopkar & Mathur 1974).

Complexation with organic ligands

Complexation reactions between Cm(lll) and different organic ligands are of interest due
to their presence in high level radioactive waste (HLW) solutions (Campbell et al. 1994,
Toste et al. 1995; Toste 2001). In addition, low molecular weight organic ligands are present
in geological formations that have been put forward as potential host rocks for radioactive
waste disposal (Courdouan et al. 2007a; Courdouan et al. 2007b). Small organic molecules

containing carboxylic acid groups act as hard ligands and should eagerly form complexes
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with Cm(lll). Indeed, multiple complexes of Cm(Ill) and carboxylic acid ligands have been
characterized, such as acetate (Frohlich et al. 2014; Grenthe 1963), oxalate (Thakur et al.
2006), and citrate (Mathur et al. 2007). In the case of citric acid, the alcohol group may
deprotonate and partake in complexation. (Heller et al. 2012) Humic and fulvic acids (HA
and FA, respectively), both of which are important environmental organic ligands, form
complexes with Cm(lll) (Buckau et al. 1992; Czerwinski et al. 1996; Kim et al. 1991; Moulin
Valérie et al. 1992). These two acids and other ligands that are paramount to the behavior

of curium in the environment will be discussed in more detail in the following chapter.

Water-soluble as well as water-insoluble heterocyclic N-donor ligands have been
investigated with regard to their potential application in Ln/An partitioning, where they
prefer complexation with actinides over lanthanides (Panak & Geist 2013). It is thought that
the interactions between these ligands and 5f orbitals of actinides are more covalent in
nature than the interactions with the 4f orbitals of lanthanides, and that this might account
for the An selectivity of these ligands. (Hudson et al. 2013) Complexation of curium with
hydrophilic 2,6-bis(1,2,3-triazin-3-yl)-pyridine (BTP) derivative N-donor partitioning ligands
has been reported (Ruff et al. 2012; Trumm et al. 2016).

The chemistry of Cm(Ill) with chelating agents such as ethylenediaminetetraacetatic acid
(EDTA) is of interest due to their potential and actual use in nuclear decontamination
operations (Flora & Pachauri 2010; Means & Alexander 1981; Spoor 1977). The Cm(lll)-
EDTA system in particular has been investigated in detail and EDTA is known to form strong
complexes with curium (Thakur, Conca et al. 2009). Based on the structures of analogous
Ln-EDTA complexes, the hexadentate EDTA can be expected to chelate Cm(lll) with four
carboxylates and two nitrogens (Sakagami et al. 1999). In a binary complex, the remaining
coordination sites of Cm(lll) are occupied by water, resulting in a total coordination number
of nine (Mathur et al. 2006). Chelation by EDTA appears to protect Cm(lll) from hydrolysis,
as hydrolysis reactions of Cm(lll) in the Cm(EDTA)~ complex initiate at elevated pH values
relative to Cm3*(aq) (Griffiths et al. 2013; Thakur, Conca et al. 2009). A similar phenomenon
has been observed for iron and its EDTA complex (Mili¢ et al. 1989). Multiple ternary
complexes of Cm(lll), EDTA, and an additional ligand have been characterized. The studied

additional ligands include carbonate and many small, organic ligands known to co-exist
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with EDTA and Cm(lll) in nuclear waste and other solutions (Griffiths et al. 2013; Mathur et
al. 2007; Thakur, Pathak et al. 2009; Thakur et al. 2006). As a testament to the Cm(lll)
complexation potential of EDTA, it appears to outcompete another ubiquitous chelator,
nitrilotriacetatic acid (NTA), for Cm(lll) binding. In a ternary complex the usually
tetradentate NTA is left to bind Cm in a tridentate manner while EDTA binding to Cm is
unaffected. Some of the other chelators studied with regard to Cm(lll) complexation are
diaminocyclohexanetetraacetatic acid (CDTA), propanoldiaminetetraacetatic acid (PDTA),
(Thakur, Conca et al. 2009), and diethylenetriaminepentaacetatic acid (DTPA). DTPA is an
especially interesting chelator as it has also been proposed as a potential decontamination
therapy agent and is thought to be critical in the separation of trivalent actinides and
lanthanides in the Trivalent Actinide Lanthanide Separation with Phosphorus-reagent
Extraction from Aqueous Komplexes (TALSPEAK) process (Gray et al. 1995; Spoor 1977).
(Tian et al. 2015)

Table 1.6. Stability constants of selected complexes formed between Cm(lll) and small molecules.
TRLFS = Time-resolved laser fluorescence spectroscopy, RT = Room Temperature.

Stability constant(s)
Ligand Conditions Reference
(log1o scale)

B11 6,44 Fanghanel et al.
OH~ TRLFS, /=0
B12 12,30 (1994)
B11 6,67 TRLFS, 1=0,1M,T = Wimmer, Klenze et
OH~
Bi 12,06  25°C al. (1992)
B11 7,11
B12 13,00 Fanghéanel et al.
CO3* TRLFS, /=0, T=25°C
B3 15,20 (1999)
Bia 13,00
CO3* B11 6,65 TRLFS, /=0,1 M Wimmer et al. (1992)
Fanghanel et al.
HCOs3~ B11 1,9 TRLFS, /=1 m
(1999)
F- B11 3,16 TRLFS, /=0 Aas et al. (1999)
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Table 1.6. (continued)

Stability constant(s)

Ligand Conditions Reference
(log1o scale)
B11 3,34
Extraction, pH 3,6, | =
F B12 6,18 Aziz & Lyle (1969)
0,50
Bis 9,08
B11 0,20 Khopkar & Mathur
Cl- Extraction, /=1,0
B12 -0,05 (1980)
B11 -1,70 TRLFS, /=6,8m, T = Fanghanel et al.
Cl-
B12 -3,15 25 °C (1995)
B11 0,23 Konnecke et al.
Cl- TRLFS, /=0, T=25°C
B12 -0,70 (1997)
B11 0,3 Extraction, /=1, T = Khopkar & Mathur
NO3~
B12 0,1 30°C (1980)
B11 0,93
S042- TRLFS, /=3 m Paviet et al. (1996)
B12 0,61
, B11 1,3 Extraction, pH = 3,0, / de Carvalho &
S04~
B12 1,9 =2,0,T=25°C Choppin (1967)
B11 0,18 Extraction, /I=1M, T Khopkar & Mathur
SCN-
B12 0,61 =30°C (1974)
Extraction, /=0,1 M,
EDTA B11 17,86 Thakur et al. (2009)
T=25°C
Extraction, / = 6,60 m, Cernochova et al.
EDTA B11 16,06
T=25°C (2009)
Extraction, / = 6,60 m,
NTA B11 10,82 Mathur et al. (2006)
T=25°C
Fluorometry, /=1,0
DTPA B11 21,67 Tian et al. (2015)
M, T=25°C
B11 5,90 Extraction, / = 6,60 m,
Citrate Mathur et al. (2007)
B12 10,30 T=25°C
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Table 1.6. (continued)

Stability constant(s)

Ligand Conditions Reference
(log1o scale)

B11 9,3
Citrate TRLFS, /=0, T=RT Heller et al. (2012)

B12 13,2

B11 5,34 Extraction, / = 6,60 m,
Oxalate Thakur et al. (2006)

B12 8,61 T=25°C

Czerwinski et al.
Humate B11 6,52 TRLFS, /=0
(1996)

Humate B11 6,22 TRLFS, /=0,1 M Wimmer et al. (1992)
Fulvate B11 5,90 TRLFS, /=0,1 M Buckau et al. (1992)

1.3.7. Curium in the geosphere

Most of the curium encountered in nature today has been generated by atmospheric
detonations of nuclear weapons. In addition, spatially confined contaminations have
occurred as the result of accidental or intentional discharges. The highest concentrations
of environmental curium are found near discharge sites. Sources of discharge include
nuclear fuel reprocessing plants, waste disposal sites and nuclear power plants. The
Chernobyl incident for one is known to have contaminated hundreds of square kilometers
with radionuclides, including curium. (Atwood 2010) Hundreds of kilograms of curium have
been produced in nuclear reactors to date and the global inventory of curium is expected
to increase hand-in-hand with the growth of the nuclear power industry (Runde & Neu

2006).

The behavior of actinides in the environment is extremely complex and multifaceted, with
many different mechanisms and both physical and chemical phenomena at play. To add to
the complexity, every environment is unique. Environmental parameters affecting actinide
behavior include, but are not limited to, redox potential, rock and mineral composition, soil
composition, the presence and flow of water, organic and inorganic ligands, and
temperature. (Runde 2000) Furthermore, depending on the environmental variables, it is

possible for a specific ligand to form actinide complexes of different types or phases
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(Atwood 2010). Some environmental phenomena affecting actinide behavior in the
environment are shown in Figure 1.9. For curium the scheme is somewhat less complex
than for the earlier actinides, as curium is stable only as Cm(lll) and so redox reactions are

not pertinent.

Redox reactions

Bioavailability o.......o

Complexation

Figure 1.9. Some chemical and physical phenomena affecting the behavior of actinides in the

environment. Oxidation state is one of the determinants of environmental behavior of actinides
and redox reactions may take place depending on the local redox potential, resulting in behavioral
changes. Complexation with organic or inorganic ligands can inhibit surface reactions with rocks
and minerals and thus keep the actinide in solution. Migration through the solution phase can be
facilitated by sorption onto colloids and solution species of an actinide may precipitate and form
solid compounds. Sorption onto minerals, rocks and particulates is particularly important at low
actinide concentrations and incorporation into the aforementioned materials may take place
through diffusion or coprecipitation. Actinides can sorb onto or be taken in by microbes, both of
which may affect the mobility of an actinide. Actinides taken in by a microbe may subsequently
undergo redox reactions catalyzed by the cellular machinery. (Runde 2000)

As a hard Lewis acid, curium strongly adsorbs onto mineral and rock surfaces.
Iron(oxy)hydroxides, clay minerals, carbonate minerals, phosphates, and oxides are
thought to be the rocks and minerals chiefly responsible for curium retention. (Atwood

2010) In addition to surface adsorption, curium is known to incorporate into the bulk crystal

29



structure of minerals (Cavellec et al. 1998; Stumpf et al. 2006; Stumpf & Fanghanel 2002).
Interactions between Cm(lll) and clay minerals (Huittinen et al. 2010; Schnurr et al. 2015),
silica (Chung et al. 1998), aluminum hydroxides and oxides (Huittinen et al. 2009; Stumpf
et al. 2001; Thomas et al. 2009), feldspar (Silvia et al. 2009), phosphate minerals (Cavellec
et al. 1998), and calcite (Stumpf et al. 2006; Stumpf & Fanghadnel 2002), among other

substances, have been confirmed in direct experiments.

Experimental solubilities of curium in natural ground waters are in the nano to picomolar
range, depending on the composition of the ground water (Bruno et al. 1997).
Unsurprisingly then, the concentration of aqueous curium in natural aquifers is usually low
(Atwood 2010). In the absence of other ligands the behavior of trivalent actinides, including
curium, in agueous environments is mostly governed by hydroxide and carbonate ions, the
most relevant environmental ligands (Runde 2000). The speciation of curium in natural
ground waters has been probed by direct experiments, where curium has been added to
ground water samples. In a study where ground waters from Gorleben, Germany were
used, the speciation of curium is dominated by carbonate and humic acid species with a
small fraction of free aquo ion present. In water samples with high organic content, only
the CmHA species could be seen. No hydrolysis species were observed under any of the
tested conditions. (Wimmer, Kim et al. 1992) Another study in which ground water samples
from the same area were used suggested that ternary complexes of carbonate or
hydroxide, humic acid, and curium are formed, specifically in the form of monohydroxo or
monocarbonato humate complexes. Between the carbonate and the hydroxide ions, the
former appears to form the more stable ternary complexes, and so the speciation is
dominated by Cm(COs)HA. (Panak et al. 1996) A comparative study found no major
differences in curium complexation between humic acids derived from dissimilar sources
(Shin et al. 1995). Therefore, it is reasonable to assume that the results discussed above
may apply in ground waters other than those used in the experiments. The transport of
curium in aqueous solutions is thought to be facilitated in part by adsorption onto colloids
or other mobile bodies (Atwood 2010). Another factor capable of affecting the mobility and
solid-water distribution of curium in natural aquifers is the adsorption of humic and fulvic
acids onto minerals, which creates scaffolds for the formation of ternary curium-HA/FA-

mineral complexes (Takahashi et al. 2002; Wang et al. 2009).
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Microbial activity may influence the behavior of actinides directly and/or indirectly. Direct
mechanisms include uptake and enzymatic reduction or oxidation by microbes, or sorption
onto microbial cell surface layers. Indirect mechanisms involve microbial secretion of acids,
strongly complexing ligands, and reactive intermediate compounds that go on to oxidize or
reduce actinides. (Bruynesteyn 1989; Francis 1998; Francis et al. 1998; J. R. Lloyd et al.
2002) Sorption of Cm(lll) onto cellular surfaces of microbes and algae have been reported.
In one study, curium was found to associate with the cell envelope of a gram-negative,
sulfate-reducing bacterium, Desulfovibrio dspéensis strain DSM 106317, in a pH-dependent
manner. However, no uptake of curium by the cells was observed. (Moll et al. 2004) Curium
was found to sorb onto the alga Chlorella vulgaris and the interaction site was inferred to
reside within the cellulose layer of the algal cell wall (Ozaki et al. 2003). In another study
the interaction of curium with different archae, algae and both gram-positive and gram-
negative bacteria under acidic conditions was investigated. Curium sorbs onto every tested
organism with no evidence of cellular uptake. Sorption was again determined to be pH-
dependent, with pH affecting both the distribution coefficient and the kinetics of sorption.
Curiously, desorption of curium from some algae and archae was observed over time.
These incidents were attributed to the production of exudates that contained high affinity
ligands by the organisms. (Takuo et al. 2009) Indeed, compounds secreted by microbes
have been found to complex curium in direct experiments in which pyoverdin and
hydroxamate class bacterial siderophores were seen to form highly stable complexes with

curium (Moll, Glorius et al. 2008; Moll, Johnsson et al. 2008).

Most environmental curium resides in soils and sediments (Atwood 2010). Migration of
surface-deposited curium through soil layers is thought to be slow, as indicated by soil core
sample analyses of curium fallout from Chernobyl (Mboulou et al. 1998). One possible
route for curium to enter humans is through digestion of contaminated vegetation.
Therefore, any information on curium uptake by agricultural crops and other plants is of
interest. In most cases, the uptake of transuranium elements by the roots of plants is
thought to be low, and lower plants are expected to accumulate significantly more
radionuclides than higher plants (Ben-Bolie et al. 2014). An early study compared the
uptake of Np, Pu, Am, and Cm by weeds, cereals, and legumes in a setting that simulated a

natural environment. The concentration ratios, the quotient of radionuclide concentration
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in the plant divided by radionuclide concentration in soil, were estimated to be 0,4 for Np,
0,002 for Am and Cm, and 0,0001 for Pu. Interestingly, radionuclide concentrations in seeds
and peas were significantly lower than in other parts of the plant. (Schreckhise & Cline

1980)

1.3.8. Curiumin man

The protection of workers handling radioactive material is naturally of paramount
importance, and the establishment of maximum allowed intake limits for every individual
radionuclide is the basis of biological actinide research (Stone 1951). To this end, the in vivo
behavior of many different radionuclides has been studied in multiple model organisms for
different timescales. The effect of intake route has likewise been studied. For radiation
protection purposes the data on biokinetics and toxicology are particularly interesting and

important. (Durbin 2006)

For obvious reasons the behavior of curium in the human body has not been a subject of
systematic study. Instead, the in vivo distribution and retention of trivalent curium has
been studied in rodents, canines, and primates. In a study in which rats were exposed to
Cm(Ill), most of the curium that was injected was seen to rapidly migrate to the liver and
skeleton (Table 1.7). The liver fraction, however, decreased over time. At the end of the
256 day observation period, while about three quarters of the administered curium had
been excreted by the animal, the vast majority of the curium retained in the tissues was in
the bone fraction. Interestingly, no uptake of curium introduced via a stomach tube was
observed, suggesting that curium is not taken up by the gastrointestinal tract (Scott et al.
1949) In a canine study, the liver and the skeleton were again seen to be the primary targets
of intravenously administered curium (Table 1.8). Interestingly, the retention of curium by
the liver was seen to be much greater in the dogs compared to the rats, while the rate of
excretion was slower. (R. D. Lloyd et al. 1974) In another canine study in which curium was
administered via inhalation the curium was seen to migrate from the lungs to the skeleton
and the liver in a matter of days, and these fractions then remained constant for the full

256 day duration of the study. (McClellan et al. 1972)
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Table 1.7. Recovery- and absorption-corrected distribution of intramuscularly delivered curium in
rodents at 1, 4, 16, 64, and 256 days post-injection. Values represent the average of measurements
from three rats. Calculated from values presented in Scott et al. (1949).

Days post-injection

1 4 16 64 256
Liver 59,6 40,2 20,9 2,8 1,1
Bone 25,1 29,4 29,7 27,2 21,9
% of
injected Skin 1,9 1,4 1,1 0,4 0,1
dose - Muscle 2,2 1,3 1,9 1,2 0,5
retained in
tissues Other 6,6 7,7 3,2 1,4 0,8
Total 95,4 80,0 56,8 33,0 24,4
% of Urine 1,7 1,3 5,9 1,7 6,0
injected Feces 2,9 18,7 37,3 65,3 69,6
dose
excreted Total 4,6 20,0 43,2 67,0 75,6

Table 1.8. Distribution of intravenously delivered curium in canines at 6, 13, and 20 days post-

injection. Each time point represents a single dog. Calculated from values presented in Lloyd et al.
(1974).

Days post-injection

6 13 20

Liver 39,4 34,5 34,4

Skeleton 36,5 44,7 42,7

% of injected Pelt 2,1 2,2 1,5
d tained

Ose retaine Muscle 2,3 2,4 1,8

in tissues

Other 9,0 6,7 6,6

Total 89,3 90,5 87,0

Urine 8,6 6,6 11,0

% of injected Feces 2,1 2,9 2,0
dose excreted

Total 10,7 9,5 13,0
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A study in which primates were injected with curium supports the canine and rodent study
results in that the liver and the skeleton are the primary tissues of curium deposition in
mammals. The elimination of curium from the primate skeleton was seen to be slow, with
a half-life of several years, while the half-life of curium in the liver was on the order of 40
days. In addition, rapid clearance of injected curium from the blood fraction was reported.
(Lo Sasso et al. 1981) This is in good agreement with the curium plasma clearance rate

reported for rats (Turner & Taylor 1968).

While in vivo curium distribution data from humans may be lacking, the interaction of
curium with many isolated components of the human and other mammalian bodies as well
as with the constituents of different body fluids has been studied. Among small
biomolecules, the nucleotide adenosine triphosphate (ATP) and amino acids threonine and
phoshothreonine have been shown to complex curium (Moll et al. 2005; Moll & Bernhard
2007). In natural urine samples, curium is found to complex with citrate present in urine if
the pH is slightly acidic. In near-neutral pH urine, however, another ternary complex of yet
unknown composition is thought to be present. (Heller et al. 2011) A ternary complex
between curium, carbonate, and phosphate dominate the speciation of curium in saliva.
The excess negative charge of the complex is thought to be balanced out by calcium. A
significant portion of curium not accounted for by the aforementioned ternary complex in
saliva is bound to the digestive enzyme a-amylase (Amy). (Barkleit et al. 2017) The
interaction between curium and a-amylase in the absence of other interfering ligands has
been reported and it is suggested that Cm(lll) interacts with Amy at the carboxyl groups of
glutamate and aspartate residues. It has been proposed that two complexes are formed

with Cm(lll):a-amylase stoichiometries 1:1 and 1:3. (Barkleit et al. 2016)

Blood, an extracellular fluid, consists of cells and the aqueous liquid in which the cells are
suspended. The liquid component is commonly referred to as plasma. (Reddi 2014) Blood
serum, on the other hand, is blood plasma with fibrinogen and other clotting-related
factors removed (Harris & Winter 2012). The main components of blood plasma are
presented in Table 1.9. As in any near-neutral aqueous medium containing organic and
inorganic ligands, the behavior of curium in blood is expected to be a balancing act between

hydrolysis and complexation. The vast majority of curium in blood is thought to be
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associated with the plasma and not the cellular components of blood. (Taylor 1998) Citrate,
present in plasma at 135 uM concentration (Mycielska et al. 2009), is thought to be the

only plasma ligand capable of outcompeting hydrolysis in the case of curium (Durbin 2006).

Table 1.9. The mean, normal plasma concentrations of main blood plasma constituents. Values are
from Reddi (2014).

Constituent Normal plasma concentration (mM)
Na* 142
K* 4
Ca?* 2,5
Cl- 104
HCOs3~ 25
HPO4% and H,PO4~ 1,3
Organic acids 5,5
Proteins 0,9

In addition to the relatively small organic and inorganic molecules, proteins are available in
plasma for curium complexation. Indeed, experiments with rats have indicated that the
majority of intravenous curium is protein-bound and that the uptake of intravenous curium
by plasma proteins is rapid. Globulins, a protein fraction accounting for about 42 % of the
total plasma protein mass (Domino et al. 1975), appear to be the favored protein

complexation partners of curium in plasma. (Turner & Taylor 1968)

Of the globulins, serum transferrin (TF) is of particular interest with regard to curium and
actinide complexation in general. Transferrin is a 79,6 kDa (Sun et al. 1999), 679 residue
glycoprotein that structurally consists of two lobes linked together by a short peptide

(Wally et al. 2006). The structure of human serum transferrin is depicted in Figure 1.10.
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Figure 1.10. The structure of human transferrin. The N-terminal lobe is shown in green, the linker
peptide in blue, and the C-terminal lobe in orange. Two Fe(lll) ions are resolved in the structure and
are shown here as grey spheres, one in each lobe. Rendered from Protein Data Bank (PDB) ID 3QYT.

The physiological function of TF is the facilitation of iron transport, which it accomplishes
by binding a single Fe(lll) ion at each of the two lobes. The iron ions are then internalized
into cells through a transferrin receptor (TFR) mediated mechanism. (Sun et al. 1999) As
transferrin is capable of internalizing trivalent iron from the blood stream into cells, it is
relevant to question whether TF might play a part in internalization of Cm(lll) as well. What
is known is that curium appears to interact with TF. Direct laser spectroscopic experiments
show Cm(lll) interacting with both the full-length TF and a recombinant construct
comprised of only the N-terminal lobe of TF. Binding is thought to take place at the Fe(lll)
binding sites of both lobes and at a yet unspecified, additional binding site. (Bauer et al.
2014; Bauer et al. 2015) In vitro interaction between curium-loaded TF and TFR has been
reported (Sturzbecher-Hoehne et al. 2013), but results showing cellular uptake of curium

through the TF-TFR mechanism are yet to be published.
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1.4. Human serum albumin

Human serum albumin (HSA) is a monomeric protein of 585 amino acids with a molecular
mass of about 66,5 kDa found mainly in blood plasma. HSA is expressed in the liver and
from there it is introduced into the blood stream. It leaves the intravascular space by either
passing through the walls of fenestrated or sinusoidal capillaries or via a receptor-mediated
mechanism. Numerous putative albumin receptors have been identified (Merlot et al.
2014). With a plasma concentration level of circa 600 pM, it is the most ubiquitous plasma
protein. It is of vital importance in maintaining the colloid osmotic pressure of plasma and
the central contributor to the vascular Gibbs-Donnan effect. (Kragh-Hansen 2016) It can
carry an astonishing number of different exogenous and endogenous ligands and act as a
depot for ligand molecules. It is known to affect the pharmacokinetics and
pharmacodynamics of drugs. (Mauro et al. 2008; Yamasaki et al. 2013) The ligand binding
scheme of HSA is very complex and is modulated by pH and allosterically by fatty acids and
drug molecules (Birkett et al. 1977; Gabriella et al. 2007; Solomon et al. 1968; Wilting et al.
1980a; Wilting et al. 1980b). Due to its many titratable acidic and basic amino acid residues
it is very soluble in aqueous media and may act as a buffering agent in blood (Kragh-Hansen
2016). In addition, HSA is known to possess catalytic and antioxidant properties (Anraku et
al. 2013; Kragh-Hansen 2013; Marjolaine et al. 2008). Furthermore, HSA is a highly useful

disease biomarker (Fanali, di Masi et al. 2012).

1.4.1. The structure of human serum albumin

Structurally, HSA is comprised of three homologous domains (I-111) that form a heart-shaped
assembly (Figure 1.11). Each of the three domains is further comprised of two helical
subdomains (A and B) that share common structural motifs and are connected by a random
coil. (He & Carter 1992; Mauro et al. 2008; Sugio et al. 1999) HSA is about 67 % a-helical
and contains no B-sheets (Kragh-Hansen 2016). The three dimensional conformation is held
together by a total of 17 disulfide bridges (Markus & Karush 1957). In fact, HSA has but a
single free sulfhydryl group located at position Cys37 (Sugio et al. 1999). A lone tryptophan
residue is located at position 214 (Dugaiczyk et al. 1982). The structural conformation of
HSA undergoes transitions with changing pH. At pH values under 2,7, an extended (E)
conformation is adopted. From pH 2,7 up to 4,3, a fast-migrating (F) form is the dominant

conformation. A neutral (N) conformation is assumed at pH range 4,3 to 8,0.
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Figure 1.11. The structure of human serum albumin. Domains |, Il and IIl are shown in green, blue
and orange, respectively. Cysteine residue sidechains are drawn as stick models in which carbon
atoms are shown in cyan and sulfur atoms in yellow. Rendered from PDB ID 1A06.

And finally, above pH 8,0, HSA adopts a basic (B) conformation. (Fanali, di Masi et al. 2012)
The N-B transition is thought to arise from the changes in protonation states of histidine
residues (Bos et al. 1989). The overall structure of HSA in neutral and basic conformations

is nevertheless similar (Handing et al. 2016).

1.4.2. Fatty acid binding properties of HSA

HSA is known to possess the binding capacity for up to seven long-chain fatty acid
molecules at locations shown in Figure 1.12 (Mauro et al. 2008). One of the sites resides in
sub-domain IB, one in a cleft between IA and IIA, two in IlIA, and one in IlIB (Curry et al.
1998). A sixth site is located at the interface between sub-domains IIA and 1IB, and the
seventh binding site is located in subdomain lIA, homologous to but smaller than the one
found in llIA. Most of the sites have a basic amino acid residue in place to interact with the

carboxylate group of the fatty acid. All of the seven sites are known to bind, at minimum,
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saturated fatty acids ranging in length from C10:0 to C18:0. Some sites are capable of
accommodating multiple medium chain length (C10:0) fatty acids. In addition, two
medium-chain binding sites are located at the crevice between domains Il and lll. Binding
of fatty acids brings about a change in the overall conformation of HSA, with domains | and
[Il deviating significantly from their relative positions in defatted HSA (Bhattacharya et al.
2000) The chain length of a fatty acid affects its HSA binding properties: longer chain fatty
acids seem to have higher affinity towards HSA, possibly explained by the importance of
hydrophobic effects in HSA-fatty acid interactions (Kragh-Hansen et al. 2006). The
interactions between fatty acids and HSA are important and of interest, as they are known
to modulate, among other things, the metal (Lu et al. 2012; Stewart et al. 2003), drug
(Petitpas et al. 2001; Sudlow et al. 1976; Yamasaki et al. 2017), and heme binding
properties of HSA (Fanali et al. 2005).

Figure 1.12. The structure of HSA with seven palmitate molecules (C16:0) bound at the seven
principal long-to-medium length fatty acid binding sites. Color scheme for HSA is the same as in
Figure 1.11. The structure of HSA is shown as a transparent model for clarity. Palmitates are shown
as space-filling models in which dark grey spheres represent carbons and red represent oxygen.
Rendered from PDB ID 1E7H.
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1.4.3. Drug binding properties of HSA

Although other drug binding sites exist on HSA, two are of major importance: the so-called
Sites | and Il (Sudlow et al. 1975). Indeed, some of the other, minor sites may act as
secondary binding sites for drug molecules that preferably bind at the two major sites.
Structurally, the sites are preformed hydrophobic cavities with specific areas densely
packed with polar residues (Ghuman et al. 2005). Site | resides in subdomain lIA, whereas
Site Il can be found in subdomain IlIA (He & Carter 1992; Mauro et al. 2008). Site | is
composed of multiple subsites, each capable of binding their own, unique ligands with high
affinity (Yamasaki et al. 1996). Warfarin, phenylbutazone, and iodipamide are examples of
Site | binding drugs (Yamasaki et al. 1996). Site Il shares some structural similarities with
Site |, but is smaller, with only a single sub-compartment. In addition, whereas site | has
two areas of polar residues, site Il appears to have only one. (Ghuman et al. 2005) Examples
of Site Il binding drugs include benzodiazepines and ibuprofen (Maruyama et al. 1985;

Sudlow et al. 1976).

1.4.4. Metal ion binding properties of HSA

Most mammalian albumins have four principal metal binding sites and HSA is no exception
in this regard. The sites are structurally distinct and have unique metal ion specificity
profiles. The four metal binding sites are the N-Terminal Site (NTS), the cysteine residue at

position 34, the Multi-Metal Binding Site (MBS), and the so-called Site B. (Bal et al. 2013)

The N-Terminal Site

The N-Terminal Site is the primary binding site for Cu(ll) and Ni(ll) on HSA and is an Amino-
Terminal Copper and Nickel (ATCUN) binding motif (Fanali, di Masi et al. 2012; Harford &
Sarkar 1997; Laussac & Sarker 1984). The site is not resolved in crystal structures of intact
HSA and is thought to be unstructured in nature (Handing et al. 2016; He & Carter 1992).
This has led to a situation where much of the work on the geometry and conformation of
the site is based on model peptide and HSA fragment studies (Bal et al. 2013). Both Cu(ll)
and Ni(ll) form square-planar complexes with the first three N-terminal residues of HSA:
Aspartic acid, alanine and histidine. Structural studies on mimetic peptides complexed with
Cu(ll) indicate the presence of an apically coordinated water molecule (Christelle et al.

2011). Co(ll) is known to bind at the same site, although in a distorted octahedral geometry
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(Mothes & Faller 2007). Co(ll), however, also binds at two additional sites in HSA and of the
three sites, NTS has the lowest affinity towards Co(ll) (Sokotowska et al. 2009). The site also
binds V(IV)O (Correia et al. 2012). Specifically, the chemical entities involved in the
complexation are the N-terminal primary amine No. of Aspl, the deprotonated peptide
bond No amides of Ala2 and His3, and the Nx of His3 sidechain imidazole (Sadler et al.
1994) Axial coordination of metal centers complexed at NTS by the carboxyl group located
in the sidechain of Asp1 has been suggested by some (Laussac & Sarker 1984), but disputed
by others (Valko et al. 1999). Both Cu(ll) and Ni(ll), however, bind to an NTS mimetic
peptide of sequence Gly-Gly-His (Zhang et al. 2000), indicating that the Asp1 sidechain is
not essential for binding. An imidazole sidechain at position 3 is thought to be paramount
for specific binding of Cu(ll) and Ni(ll) (Ramasubbu et al. 2005). This argument is backed by
reports that both dog (DSA) and chicken serum albumins (CSA) that lack a histidine at
position 3 are incapable of specific Cu(ll) or Ni(ll) binding at the NTS (Appleton & Sarkar
1971; Dixon & Sarkar 1974; Predki et al. 1992). Others, however, have claimed that DSA, in
which His3 is substituted with tyrosine, is capable of specific Cu(ll) high affinity binding at
the N-terminus, and that the chelating role of the His3 imidazole group may be overtaken
by non-nitrogenous residues from the main body of the protein (Masuoka & Saltman 1994;
Valko et al. 1999). The indirect, structural involvement of the lysine residue at position 4 in
the complex formation has been postulated (Sadler et al. 1994), though it is doubtful to be
essential, as tripeptides lacking a Lys4 are capable of binding Co(ll), Ni(ll), and Cu(ll) (Bar-
Or et al. 2001; Valko et al. 1999). A schematic structure of the HSA NTS is shown in Figure
1.13 and selected metal-specific binding constants for the NTS under physiological-like

conditions are listed in Table 1.10.

Cys34

The only free-thiol cysteine residue in HSA is found at position 34. The residue is located in
a turn between two helices and is partially inaccessible to solvent (He & Carter 1992). The
reactivity of Cys34 is controlled by spatially nearby amino acids and structural features of
HSA. The pK, of the thiol is suggested to be around 8 (Bonanata et al. 2017; Ottavia et al.
2011; Stewart et al. 2005). About one fourth of serum albumin in healthy male adults is
modified at Cys34, likely conjugated to other thiols like cysteine and glutathione or oxidized

to higher sulfur oxidation products (Hayashi et al. 2000), and do not, therefore, contain a
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Figure 1.13. A schematic representation of the HSA NTS in complex with a divalent metal cation.
The first three amino acids of HSA are shown.

Table 1.10. Reported metal binding constants for NTS under physiological-like conditions.

Metal log K Reference

Cu(Il) 12 Roézga et al. (2007)
Ni(l1) 6,8 Sokotowska et al. (2002)
Co(Il) 3,6 Sokotowska et al. (2009)
V(IV)O 9,1 Correia et al. (2012)

free thiol (Masaru et al. 1985). Other Cys34 modifications include, for example, S-
nitrosylation (Stamler et al. 1992). The residue is thought to be the primary binding site of
some Au(l) complexes and possibly a secondary binding site for Pt(ll) from the platinum-
based drug, cisplatin (lvanov et al. 1998; Shaw 1989). The binding of Ag(l) has been
postulated based on the presence of vibration bands corresponding to Ag-S bond formation
in Raman spectroscopy (Shen et al. 2003). Given the high reactivity of mercury towards
biological thiols (Vallee & Ulmer 1972), it is perhaps not surprising that Cys34 has been put
forward as the primary binding site of Hg(ll) on HSA (Li et al. 2007).
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The Multi-metal Binding Site

The MBS is the main binding site for Zn(ll) residing between domains | and Il. The structure
of the MBS with a bound zinc ion is shown in Figure 1.14. Divalent zinc is bound to the site
in a tetrahedral fashion. The primary complexing ligands at the site are the sidechains of
His67, His247, Asp249, and a solvent water molecule. In addition, Asn99 sidechain amide
involvement in Zn(ll) complexation was previously suggested (Stewart et al. 2003), but
crystal structure analysis of the ZnHSA complex appears to rule out direct involvement of
the residue. (Handing et al. 2016) The complexing water molecule is thought to be
replaceable by a chloride ion at sufficiently high chloride concentrations (Stewart et al.
2003) The site was originally identified in 113Cd NMR studies and referred to as Site A (Sadler
& Viles 1996). It was discovered that Cd(ll) shares the binding site with Zn(ll), as zinc
appears to displace cadmium from the site (Stewart et al. 2003). Besides Zn(Il) and Cd(ll),
the site has been reported to bind Cu(ll), Ni(ll), Mn(ll), and V(IV)O (Bal et al. 1998; Correia
et al. 2012; Fanali, Cao et al. 2012). Of the three Co(ll) binding sites on HSA, the MBS has

¥

/ . " Y
Figure 1.14. The structure of the Multi-metal Binding Site. Color scheme for HSA is the same as in
Figure 1.11. The sidechains of His67, His247 and Asp249 are drawn as stick models in which carbon
is cyan, nitrogen is blue, and oxygen is red. The tetragonally coordinated Zn?* ion and the oxygen
atoms of resolved water molecules are drawn as gray and red space-filling spheres, respectively.
Rendered from PDB ID 51JF.
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the second highest affinity towards the metal (Sokotowska et al. 2009). Metal binding at
the MBS appears to be allosterically modulated by fatty acids, as the complexation behavior
of both Zn(ll) and Cd(ll) has been shown to be affected by the presence of fatty acids
(Kassaar et al. 2015; Sadler & Viles 1996). Selected metal-specific binding constants for the

MBS under physiological-like conditions are listed in Table 1.11.

Table 1.11. Reported metal binding constants for MBS under physiological-like conditions. Cu(ll) log
K is for a ternary complex with buffer components.

Metal log K Reference

Cu(ln) 8,0 Sokotowska et al. (2010)
Ni(ll) 4,9 Sokotowska et al. (2002)
Co(ll) 4,0 Sokotowska et al. (2009)
Zn(l1) 7,0 Giroux & Henkin (1972)

Site B

Akin to the MBS, site B was first identified in 113Cd NMR experiments as another HSA site
capable of binding Cd(ll). While the location of site B on HSA and the exact nature of the
complexing ligands are unclear, based on the chemical shifts it has been postulated that
the site is rich in oxygen-containing ligands, likely Asp and Glu residues, and that it contains
most a single nitrogenous ligand. (Sadler & Viles 1996) Site B is purportedly the highest
affinity binding site of Co(ll) in HSA with a log K of 5,0 at 298 K (Sokotowska et al. 2009).

Binding of actinides by HSA

Interactions between HSA and multiple different actinides and lanthanides have been
reported and some of the available binding constants are summarized in Table 1.12.
Binding of U(VI) by HSA has been described in many published articles (Ali et al. 2016;
Michon et al. 2010; Montavon et al. 2009), though the site or sites of interaction are
unknown. NTS may serve as a U(VI) interaction site, as an NTS mimetic DAHK peptide,
representing the first four amino acid residues of HSA, forms ternary complexes with uranyl

and carbonate (Huang et al. 2005). However, the HSA analogue bovine serum albumin
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(BSA), with an N-terminal sequence of DTHK, appears to not bind U(VI) at the NTS. Instead,
U(VI) seems to bind BSA at two non-equivalent binding sites and is displaced by Zn(ll) and
Ni(ll) ions. (Duff & Kumar 2006) Contrary to the two reported binding sites on BSA, the
reported stoichiometries for U(VI)-HSA interaction range from 1:1 to 5:1 (Ali et al. 2016;
Michon et al. 2010).

Table 1.12. Reported An-HSA and Ln-HSA binding constants.

Metal log K Method Conditions Reference
Fluorescence
u(vl) 4,3 T=298K,pH 7,4 Ali et al. (2016)
guenching
K1 6,1 Fluorescence Michon et al.
u(vl) T=295K,pH7,4
K> 4,8 quenching (2010)
Competition 1=0,T=296K, Montavon et al.
uU(vl) 10,8
titration pH 7,4 (2009)
Fluorescence
Th(IV) 4,1 T=298K,pH 7,4 Ali et al. (2016)
guenching
Equilibrium  /=0,15, T=310K, Schomacker et al.
Eu(lll) 6,4

dialysis pH 7,4 (1988)

Quantitative binding information for An-HSA interactions other than U(VI)-HSA is sparse.
Among tetravalent actinides, both plutonium and thorium reportedly bind to HSA. In
serum, despite the noticeably higher concentration, HSA is outcompeted by transferrin for
Pu(lV) binding, and studies with isolated proteins suggest only very limited Pu(lV)
association with HSA (Chipperfield & Taylor 1968; Stover et al. 1968), suggesting that the
binding affinity is low. The interaction between Th(IV) and HSA appears to result in a drastic
alteration of HSA secondary structure when Th(IV) is present in excess of HSA. Th(IV) seems
to have affinity towards the less structured regions of HSA, as the number of Th(lV) in
interaction with HSA increases in tandem with increasing Th(IV) concentration and thus
increasing degree of structural change. (Ali et al. 2016) Of the trivalent actinides,

association of Am(Ill) with HSA has been suggested based on the overlapping elution
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profiles of Am(lll) and HSA after human serum spiked with Am(lll) was subjected to gel
filtration (Boocock & Popplewell 1966). Binding of the trivalent actinide analog Eu(lll) by

HSA has been reported and characterized (Schomaécker et al. 1988).

46



2. Experimental

2.1. Aims of the study

Actinides are known to be hazardous to human health due to their metallotoxic and
radioactive nature (Nesmerak 2013). Internal decontamination by actinides may occur
should an unprotected person inhale, ingest, or be wounded by radioactive material.
Wounds, cuts, and burns can allow actinides to bypass the epithelial barrier and enter the
circulatory system. (Kumar et al. 2010) Most blood-borne actinides are transported in the
plasma fraction of blood (Taylor 1998). The high concentration of human serum albumin
(HSA) in blood plasma makes it tempting to speculate that it might act as a complexation
partner for actinides in blood. In spite of this potential, the interaction of HSA with trivalent

actinides has so far been studied only superficially at a qualitative level.

Internal decontamination therapies aim to both reduce the absorption of radionuclides and
to enhance their elimination via excretion mechanisms. The distribution of a radionuclide
in the body is dependent on the physical and chemical properties of the radionuclide, and
these properties therefore dictate the type of decontamination therapy to be used. For
actinides, the chelating agent diethylenetriaminepentaacetatic acid (DTPA) is used to

enhance the rate of excretion. (Dominguez-Gadea & Cerezo 2011)

The aim of the present study was to identify and characterize the interaction between
human serum albumin and trivalent curium in an effort to produce results that are relevant
to the development of internal radionuclide decontamination therapies. Cm(lll) was
selected to represent the trivalent actinides due to its excellent optical properties
(Edelstein et al. 2006). Time-resolved laser fluorescence spectroscopy (TRLFS) was primarily
used to study the Cm-HSA system. TRLFS is a very sensitive spectroscopic method that
allows both the investigation of Cm(lll) fluorescence at trace level concentrations and the
acquisition of speciation information (Beitz 1991; Collins et al. 2011). To address the
premise of the study, determination of the speciation behavior of Cm(lll) in the presence
of HSA at room and physiological temperature was deemed paramount. Other parameters
of interest were determined to be the stability constant of the complex and the kinetics

and thermodynamics of the complexation reaction. The fluorescence lifetime of Cm(lll) can
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also reveal interesting information regarding the chemical environment of the ion and was
therefore investigated. In addition, efforts were made to identify the Cm-HSA interaction
locus using both TRLFS and nuclear magnetic resonance (NMR) techniques. As Cm(lll) is not
a feasible option for NMR studies where high metal concentrations are required, the
trivalent actinide analogue Eu(lll) was used instead. The complexation of Eu(lll) in the Eu-

HSA system was also determined using TRLFS.

2.2. Materials and methods

Unless stated otherwise, all chemicals were purchased from Merck or Sigma-Aldrich and
used as received. The solutions used were prepared with ultrapure water as the solvent
(Millipore, 18,2 MQ cm). All data analysis was performed using the OriginPro software

suite.

2.2.1. Purification of HSA

All protein that was used in experiments was subjected to a gel filtration prior to use. The
gel filtration was performed using a glass column packed with Sephadex G-25 column
material (GE Healthcare). TRIS buffer (10 mM TRIS, 150 mM NacCl) was used to equilibrate
the column and the protein was dissolved in it before introduction into the column. Elution
fractions containing the protein were identified by running TLC. The plates were dipped in
a KMnOg solution and protein-containing fractions identified from the yellowish spots seen
at the site of sample application. The fractions were pooled and concentrated using an
Amicon Centrifugal Filter Unit (30 kDa MWCO). The concentrated protein was then clarified
by 15 minute centrifugation at maximum rpm in a benchtop centrifuge. The protein
concentration was determined by measuring absorbance at 280 nm using an extinction

coefficient of 38 553 M~ cm™ for HSA (Gill & von Hippel 1989; Schénenberger 1955).

For metal competition measurements, the interfering TRIS buffer was removed from the
HSA stock solution with three cycles of buffer exchange against 150 mM NaCl solution
utilizing the same centrifugal filter units that were used in sample concentration. The

concentration of the protein sample was re-established after the buffer exchange.
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2.2.2. Sample preparation

The Cm(lIl) stock solution used was 3,33 x 107® M in HCIO4 and of isotopic composition 89,7
% 2%8Cm, 9,4 % 2*6Cm, and < 1 % 2*3Cm, 2**Cm, 2%°Cm, and #*’Cm. The Eu(lll) stock used was
1,065 x 1073 M in 0,01 M HClOa4. All TRLFS samples were prepared in a sealable 1 cm path
length quartz cuvette. All measurements were performed at room temperature (296 K)
unless stated otherwise. HCl or NaOH solutions of 1, 0,1, or 0,01 M concentration were

used for pH adjustment.

Curium-containing samples that were used in pH titrations, kinetic studies, and
determination of thermodynamic parameters were prepared by mixing together curium
stock solution, purified HSA and TRIS buffer in a quartz cuvette to yield a 1 ml total volume
with 1 x 1077 M (30 pl) Cm and 5 x 107 M HSA. Sample pH was then adjusted to the required
pH. For pH titrations two samples were prepared, both initially adjusted to pH 7,4. One was
then made more acidic in a stepwise fashion while the other was made more basic to cover
a pH range of 3,5 — 11,5. Samples used in the fluorescence lifetime measurements were
prepared similarly, except that HSA concentrations of either 5 x 107 M or 1 x 10> M were

used.

For titration of Cm(lll) with HSA a 1 ml sample of Cm(lll) stock solution and TRIS buffer with
a final Cm(Ill) concentration of 1 x 10~ M was used. Solution pH was then adjusted to 8,0
and HSA stock solution added in a stepwise fashion until a final concentration of 7,08 x 107°
M was reached. The pH was monitored after every HSA addition step and adjusted to 8,0 if

it was found to deviate from it.

The metals used in competition assays (Zn, Cd, and Cu) were purchased as dichlorides and
solubilized in 150 mM NaCl solution. A sample containing 5 x 10°® M HSA and 1 x 1077 M
Cm(Ill) was then prepared and pH adjusted to 8,5. Metal solutions were then added in a

stepwise fashion. pH was monitored and re-adjusted if necessary after every titration step.
For pH titrations with Eu(lll) and HSA, final concentrations of 1,0 x 10~ M Eu(lll) and 1,8 x

10> M HSA in TRIS buffer were used. Two initial samples of 1 ml total volume and pH 7,4

were prepared, one to cover the acidic and the other to cover the basic pH conditions in
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the pH range 3,5 — 11,5. For HSA titration of Eu(lll), a sample with an initial total volume of
500 pl and a Eu(lll) concentration of 5 x 107 M in TRIS buffer at pH 8,0 was used. HSA stock
solution was then added in a stepwise fashion until a concentration of 2,7 x 10™* M was

reached.

For NMR Eu-HSA studies a sample with a total volume of 600 pl containing 1 mM HSA and
10 % D,0 with TRIS buffer as the main solvent was prepared. The sample pH was adjusted
to 8,0 (not corrected for D,0). After measurement of the HSA spectrum, 1 molar equivalent
(1 mM) of Eu(lll) from the stock solution was added and the pH re-adjusted to 8,0. After
the 1:1 HSA:Eu spectrum was acquired, a second molar equivalent of Eu(lll) was added, the

pH re-adjusted to 8,0 and the 1:2 HSA:Eu spectrum measured.

2.2.3. Time-resolved laser fluorescence spectroscopy

A laser, an acronym standing for light amplification by stimulated emission of radiation, is
an apparatus in which radiation of a certain frequency is used to stimulate an excited state
to emit a photon of corresponding energy. Lasers can produce high power, monochromatic,

coherent, pulsed, and collimated light beams. (Atkins & De Paula 2010)

Positive-feedback is a quintessential feature of a laser: the more photons of the
appropriate frequency are present, the more photons of same frequency can be stimulated
to be emitted. A metastable excited state is required for a laser to function. The metastable
state must have a lifetime long enough to allow for the stimulation of photon emission. In
addition, the metastable state must be more populated than the ground state if there is to
be net emission of radiation. As the opposite is true at thermal equilibrium, a population
inversion, after which the metastable excited state is more populated than the ground
state, needs to be achieved. This is achieved using flash of light of high intensity, so-called
pumping. Commonly, the lasing medium is excited to an intermediate state, which then
decays to the metastable state in a non-radiative fashion. The metastable state then decays
to the ground state in the stimulated emission. A laser operating under such principles is
called a three-level laser. If the excited metastable state decays in the stimulated emission
to an excited state of lower energy, which then subsequently non-radiatively decays to

ground, the laser is then called a four-level laser. (Atkins & De Paula 2010)
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A common type of laser is the neodymium laser. In a Nd-YAG laser, low concentrations of
Nd3*ions are deposited in yttrium aluminum garnet (YAG, Y3Als012). Nd-YAG lasers are four-
level lasers. The most common emission band of Nd-YAG lasers is at 1064 nm, but light with
a wavelength that is a quotient of 1064 nm, such as 532 and 355 nm, can be produced with
high-order harmonic generation (Lewenstein et al. 1994). The transitions involved in the

operation of a Nd-YAG laser are presented in Figure 2.1. (Atkins & De Paula 2010)

Non-radiative
decay

‘F

Pump
Laser action

1064 nm 4

Non-radiative
decay

Figure 2.1. The transitions involved in the operation of a Nd-YAG laser. The levels are those of Nd3*,
Data are from Atkins & De Paula (2010).

One application of lasers is in the spectroscopic technique time-resolved laser fluorescence
spectroscopy. In TRLFS, a laser is used to excite target molecules, atoms or ions. The
fluorescent light emitted by the excited entities is then collected. As the intensity of
fluorescence is dependent on the intensity of the excitation source, the fluorescence
intensity produced by TRLFS is greater than the fluorescence intensities obtained using
more conventional fluorescence spectroscopic methods. This in turn leads to increased
sensitivity of TRLFS compared to conventional techniques. (Chatwal & Anand 2008).
Observing the fluorescence emitted by the sample as a function of time allows for the
determination of fluorescence lifetimes. In addition, interfering fluorescence from sources

other than the chemical entity under study may be filtered out (Collins et al. 2011).
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A TRLFS instrument typically consists of a laser system, a spectrograph, and a detector. The
types of lasers used include Nd-YAG, nitrogen gas, Ti-sapphire, and excimer lasers. In
tunable laser systems the laser is used to pump an optical parametric oscillator or a dye
(Hansch 1972). The emitted fluorescence is measured using a spectrograph, which may
have multiple different gratings, and an intensified charged-couple device (ICCD). The time
delay between the laser pulse and the ICCD operation is provided by an optical delay circuit

or a delay generator. (Collins et al. 2011)

For TRLFS investigations in this study, a Nd-YAG (Continuum Surelite Laser) pumped dye
laser system (NARROWSscan D-R Dye Laser) with a 10 Hz repetition rate was used. Excitation
of Cm(lIl) was achieved using a wavelength of 396,6 nm. The sample was inserted into a
cuvette holder that permitted the adjustment of sample temperature. Fluorescence signal
was collected at a 90° angle relative to the excitation light beam. A spectrograph (Shamrock
303i) was used for spectral decomposition using a grating of 1199 lines per millimeter.
Ultimately the spectra were recorded using an ICCD camera (iStar Gen Ill, ANDOR) that was
fitted with an integrated delay controller. A 1 ps delay time window was used to filter out

short-lived fluorescence stemming from organic compounds.

Cm-HSA pH titration spectra series were collected at 296 and 310 K. The spectra that were
measured in order to determine the thermodynamic parameters of the Cm-HSA interaction

were collected in the temperature range 283 — 308 K using 2,5 K steps.

For the measurement of fluorescence lifetimes, a series of spectra were collected in which
the measurement start delay window was cumulatively increased by either 15 or 20 us
after the measurement of every individual spectrum. A total of 50 spectra were collected

per experiment.

2.2.4. Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectroscopy is a technique that is used to investigate
the properties of molecules that contain magnetic nuclei. This is achieved by exposing a
molecule to a strong external magnetic field and observing the frequencies at which the

nuclear spins come into resonance with an electromagnetic field. The Larmor frequency is
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the rate of precession of a magnetic moment, such as the spin angular momentum of a
nucleus, about an external magnetic field. For a spin-% nucleus, the resonance condition
states that for a resonance to occur, the frequency of an electromagnetic field must match
the Larmor frequency. At the magnetic fields commonly applied in NMR, the Larmor
frequencies of nuclei reside in the radiofrequency part of the electromagnetic spectrum,
and so NMR is often referred to as a radiofrequency technique. NMR can be used with any
nonzero spin nuclei and is most commonly applied to investigate protons (*H). (Atkins & De

Paula 2010)

An NMR spectrometer consists of a suitable radiofrequency sources and a magnet capable
of producing a very intense and homogenous magnetic field. Modern instruments utilize
radiofrequency pulses of different frequencies to cover a frequency range, allowing the
acquisition of spectra from multiple different kinds of nuclei. This in in contrast with earlier
“continuous-wave” instruments, in which the frequency of the radiation was fixed and
instruments usually had to be dedicated to a single type of nucleus. (Mortimer 2000)
Magnetic field strengths in excess of 10 T can be attained in modern instruments. Within
the instrument, the sample, in an NMR tube, is spun like a top at a fast rate to average out
any magnetic inhomogeneities. With samples that contain large molecules the spinning
may however lead to irreproducible results. The sample is usually kept at room
temperature or alternatively in an enclosure that allows the adjustment of sample
temperature. The superconducting magnet responsible for the magnetic field operates and

is kept at liquid helium temperature (4 K). (Atkins & De Paula 2010)

The electrons surrounding the nucleus in interaction with the external magnetic field
dampen the local magnetic field experienced by the nucleus. The magnitude of the
magnetic field perceived by the nucleus is therefore relative to the specific electron density
that surrounds the nucleus. This gives rise to the phenomenon of chemical shielding: the
experienced magnitude of the magnetic field is different for chemically nonequivalent
nuclei due to their different electron densities. As the Larmor frequency, and therefore also
the resonance frequency for spin-% nuclei, is dependent on the effective magnetic field, it
too is affected by the chemical shielding. The resonance frequencies of nuclei are expressed

using an empirical quantity known as the chemical shift: the resonance frequencies of
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protons and 3C are related to those of tetramethylsilane (TMS) to yield chemical shift
values. As the resonance frequencies are relative to the magnetic field, using a standard
such as TMS permits the comparison of resonance frequencies, and therefore of spectra as
well, acquired from different instruments. The chemical shifts are commonly expressed in
parts per million (ppm). (Nanny et al. 1997) Chemical shielding and chemical shift are
inversely related: when the chemical shielding of a nucleus decreases, its chemical shift
increases. Nuclei with large chemical shifts are said to be strongly deshielded. Electron-
withdrawing elements, such as oxygen in many organic compounds, tend to deshield
neighboring nuclei through reduction of the electron density surrounding the neighbors.
The chemical environment of a nucleus can in some cases be estimated by comparing its
chemical shift to the typical values acquired for nuclei at specific chemical environments.
In addition, in an NMR spectrum the resonances from equivalent nuclei are added up and
so the relative amounts of different types of chemical environments experienced by nuclei

can be derived from the integrals of resonances. (Atkins & De Paula 2010)

In this study, a Bruker Avance 11 400 spectrometer was used, with a H operation frequency
of 400,18 MHz, to a acquire the NMR spectra. All spectra were collected at 300 K. A
broadband inverse z-gradient probe (BBI) optimized for proton detection was used. The
chemical shifts were referenced internally to TMS using the lock signal of the D;0. The
signal arising from the water molecules present in the solvent was suppressed using a
WATERGATE pulse sequence (Piotto et al. 1992; Sklenar et al. 1993). Spectra were acquired
with 32k data points and zero-filled to 64k points. The exponential window functions used

had a line broadening factor of 0,05 Hz.

2.2.5. pH measurement
The setup used for pH measurement consisted of a glass combination electrode (Ross) and
an Orion 520A pH meter (Thermo Scientific). The system was calibrated daily using pH 4, 7,

and 10 standard solutions (Ross).
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2.3. Results and discussion

2.3.1. Interaction between Cm(lll) and HSA at room temperature

To establish whether Cm(lll) interacts with HSA, the spectrum of Cm(lll) in the presence of
HSA was measured in TRIS-buffered aqueous solution and pH range 3,5 — 11,5 at room
temperature using TRLFS. The spectra are shown in Figure 2.2. Initially, two species were
identifiable from the spectra: one with a maximum at 593,8 nm and another with a
maximum at 602,0 nm. Of these, the former was identified as the Cm(lll) aquo ion based
on similarity with the known spectra of the aquo ion and the dominance of the species at
low pH. The latter was postulated to be the CmHSA species, as the features of the emission
band did not correspond to those of Cm(lll) hydrolysis species (Wimmer, Klenze et al. 1992).
The maximum intensity wavelength determined for the CmHSA species relative to the aquo
ion (8,2 nm) is in line with other studies that have reported Cm(lll) complexes with small
biologically relevant organic ligands (Moll et al. 2005; Moll & Bernhard 2007), components
of microbial cells (Moll et al. 2013), and other proteins (Barkleit et al. 2016), but
significantly lower than what is observed for Cm(lll) complexed at the primary Fe(lll)
binding site of human transferrin (26,5 nm). In the article reporting the CmTF complex, it
was postulated that the buried, high coordination environment of the Fe(lll) binding site of
transferrin was responsible for the extraordinary shift in Cm(lll) fluorescence when
complexed at the site. (Bauer et al. 2014) This suggests that the binding of Cm(lll) by HSA
does not occur at a buried high coordination site, but at a partial binding site on the surface

of the protein.

A measured spectrum is the sum of the spectra of its pure components. The presence of
additional species in the Cm-HSA system was suggested by the futility of spectral
deconvolution attempts using just the two species mentioned above. In the case of the Cm-
HSA system, two additional species need to be taken into account on top of the emission
spectra of the Cm(lll) aquo ion and the CmHSA species to allow full deconvolution of
spectra. One species with an emission maximum of 599,3 nm was identified. It was
conjectured that this species might correspond to a solvent species of TRIS and CmOH?*
(Cm-OH/TRIS). The speciation of Cm(lll) in aqueous solution perhaps suggests that the
species might correspond to CmOH?* (Figure 1.8), but the emission band is more

pronounced than what is seen in pure H,O. Therefore, it was postulated that the species is
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Figure 2.2. The spectra of the Cm-HSA system measured in TRIS buffer at room temperature and at
specified pH values in the pH range 3,5 — 11,5. [Cm(I)] = 1 x 10”7 M, [HSA] =5 x 10™® M.

not representative of pure CmOH?*, and that likely an interaction involving the TRIS buffer
molecule exists. It also became clear that an additional species was present at pH values
greater than 9,0, as a reduction in fluorescence intensity coupled with a bathochromic shift
was observed beyond that pH. The reduction of fluorescence intensity in response to rising
pH was deemed not great enough to represent the formation of the second hydrolysis
species Cm(OH),*, and was thought to arise from the formation of one or more ternary Cm-
HSA-OH species. The spectrum at pH 11,5, which comprised of a single slightly asymmetric
emission band with a maximum at 603,3 nm, was selected to represent these species. The

spectra of the four component species are shown in Figure 2.3.
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Figure 2.3. The spectra of the species identified in the Cm-HSA system at room temperature in TRIS
buffer and pH range 3,5 -11,5.

The distribution of species as a function of pH in the Cm-HSA system was possible with the
pure spectra of the four species laid out in Figure 2.3. The distribution of species as a
function of pH for the Cm-HSA system at room temperature is shown in Figure 2.4. The
speciation is dominated by the aquo ion in the pH range 3,5 — 6,7, after which CmHSA
becomes the dominant species. The fraction of the CmHSA species is at its highest at pH
8,7, where all the curium present is in complex with HSA. At pH > 8,7 the fraction of Cm-
HSA-OH is seen to incrementally rise and the CmHSA and Cm-HSA-OH fractions are nigh
equal at pH 9,7. At pH > 9,7 Cm-HSA-OH becomes the dominant species. The fraction of the
Cm-OH/TRIS species is at its maximum at pH 6,7, where it is represents approximately 19

% of the total curium.
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Figure 2.4. Distribution of curium species as a function of pH in the Cm-HSA system in an aqueous
solution at room temperature.

2.3.2. Interaction between Cm(lll) and HSA at physiological temperature

As the primary interest of this study was to help unravel the behavior of curium in blood,
results under experimental conditions resembling physiological conditions are particularly
valuable. After the existence of a CmHSA complex appeared to be proven, it was deemed
to be of interest to investigate the nature and properties of interaction at physiological
temperature. To this end, an otherwise similar pH titration experiment was run at
physiological temperature (310 K, 37 °C). The spectra are presented in Figure 2.5. The
spectra were deconvoluted using the same pure component species spectra used to
deconvolute the room temperature pH titration spectra. The distribution of species as a
function of pH for the Cm-HSA system at physiological temperature is shown in Figure 2.6.
The speciation at physiological temperature resembles that which was determined at room
temperature. However, higher temperature does appear to drive the CmHSA formation to

initiate at a lower pH value relative to room temperature, suggesting that the complexation
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Figure 2.5. Cm(lll) fluorescence spectra acquired in the presence of HSA in TRIS buffer at
physiological temperature and different pH values in the pH range 3,5—10,5. [Cm(Ill)] =1 x 1077 M,
[HSA] = 5 x 107 M.

reaction is endothermic. This results in a higher fraction of CmHSA at physiological pH (7,4)
and physiological temperature (90 %) relative to room temperature (78 %). This is of
interest with regard to speciation of Cm(lll) in blood in vivo, as Cm(lll) complexation with
HSA at physiological pH appears to be more relevant at physiological temperature than

room temperature.

2.3.3. Kinetics of the CmHSA complex

To assess the stability of the CmHSA complex a kinetic study was performed. The
experiment was run at pH 8,7, as speciation analysis had revealed the CmHSA species to be
present at its highest concentration relative to other species at this pH value at room

temperature. HSA was added to a cuvette containing Cm(lll) and a fluorescence spectrum
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Figure 2.6. Distribution of curium species as a function of pH in the Cm-HSA system at physiological
temperature (310 K, 37 °C).

was immediately measured with TRLFS. The same sample cuvette was measured again at
specified time points over a total time period of four hours to see if any observable changes
in the spectrum occur. The spectra are shown in Figure 2.7. No significant changes in the
CmHSA spectrum are observed for the full duration of the experiment, as every acquired
spectrum was practically identical to the first acquired spectrum. The measurements show
that the complexation reaction is fast enough to facilitate immediate measurement after
sample preparation and that the resulting CmHSA complex is stable for time periods long

enough to facilitate the experiments performed in this study.
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Figure 2.7. Kinetic study of the CmHSA complex in TRIS buffer at pH 8,7 and room temperature over
a time frame of one to 240 minutes. The times indicate the time elapsed after the introduction of
HSA into the sample. [Cm(Il1)] =1 x 1077 M, [HSA] =5 x 107® M.

2.3.4. The fluorescence lifetime of CmHSA

The fluorescence lifetime of Cm(lll) can vyield interesting information about the
coordination environment of the metal ion, such as the hydration number and the number
of coordinating ligands in the first coordination sphere. The lifetime of the CmHSA species
was measured at multiple pH values and at Cm:HSA molar ratios of 1:50 and 1:100. When
the natural logarithm of fluorescence intensity was plotted as a function of delay time, it
was seen that the fluorescence decay dataset was not linear, and hence not representative
of a single pure species under any of the conditions used, though the deviation from
linearity was small. A dataset measured at pH 8,0 is provided as an example in Figure 2.8.
It was postulated that the Cm(lll) aquo ion and the Cm(lll) hydrolysis species might
contribute to the deviation. In this vein, fluorescence lifetimes were derived from plots of

fluorescence intensity as a function of delay time using a triexponential decay function. In
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Figure 2.8. Semi-logarithmic plot of total measured counts versus the delay time. A linear fit of the
dataset is shown as a red line. Data were collected at pH 8,0. [Cm(IIl)] =1 x 1077 M, [HSA] =5 x 107®
M.

accordance with the speciation of Cm(lll) (Figure 1.8) and lifetimes of Cm(lll) species (Table
1.4) in aqueous solution (Figure 1.8), the two known parameters inserted into the function
at pH < 8 were 65 ps (Cm(lll) aquo ion) and 72 ps (CmOH?*). At pH > 8,0 the known
parameters inserted were 72 pus (CmOH?*) and 80 ps (Cm(OH);*). The third component was
calculated by the triexponential decay function and was taken to represent the
fluorescence lifetime of CmHSA. The conditions of fluorescence lifetime measurements and
the calculated lifetimes are summarized in Table 2.1. The average of the calculated

lifetimes 152 + 10 us was chosen to represent the CmHSA species fluorescence lifetime.

The number of water molecules in the first coordination sphere was calculated by inserting
the determined fluorescence lifetime of CmHSA into the Kimura equation (4), and a value
of 3,4 + 0,5 was obtained. This suggests that three to four water molecules, and therefore

six to five ligands other than water, are expected in the first coordination sphere of CmHSA.
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Table 1.1. Summary of measurements performed to establish the fluorescence lifetime of the
CmHSA species. All measurements were performed at room temperature and in TRIS buffer. The
concentration of Cm(Ill) was 1 x 1077 M. HSA concentration was either 5 x 10 or 1 x 10~ M. The
average of lifetimes derived using a triexponential decay function was calculated to be 152 + 10 ps.

pH Cm:HSA molar ratio Fluorescence lifetime (us)
6,5 1:50 143
7,0 1:50 151

145
7,4 1:50 146

149
8,0 1:50 149

148
8,5 1:50

149

162
8,5 1:100

154

144
8,7 1:50

158

164
9,0 1:50

164

Lifetimes of 120 and 129 us have been reported for complexes of Cm(lll) with proteins
porcine a-amylase and human transferrin, and these lifetimes correspond with Cm(lll)
hydration numbers 4,5 + 0,5 and 4,2 + 0,5, respectively (Barkleit et al. 2016; Bauer et al.
2014). Relative to these complexes, one additional ligand appears to be involved in Cm(lll)

binding by HSA.

2.3.5. Stoichiometry and the conditional stability constant of CmHSA

To establish the stoichiometry and conditional stability constant of the Cm-HSA interaction,
the dependence of the interaction on HSA concentration in the concentration range 0 —
7,08 x 107 M HSA was studied at pH 8,0. The spectra are shown in Figure 2.9. A gradual
shift from a solvent species with maximum at 598,3 nm towards the CmHSA species at

602,0 nm was observed.
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Figure 2.9. Titration of Cm(lll) with HSA in TRIS buffer at pH 8,0 and room temperature. The Cm:HSA
molar ratios are listed in the figure. [Cm(Il1)] =1 x 10”7 M, [HSA] =0— 7,08 x 107® M.

The formation of the CmHSA complex can be described using the equation

Cm(III) + HSA = CmHSA

(6)

The conditional stability constant K of Cm-HSA interaction is calculable using the equation

[CmHSA]q
[Cm]eq[HSA]eq

Equation (7) may be further transformed into

[CmHSA]q

1
%8 Cm]eq

= log[HSA]¢q + log K
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In equation (8) the logarithms of the concentration ratio [CmHSA]eq/[Cm]eq and the
concentration [HSA]eq are linearly correlated. The slope of the plot of
log([CmHSA]eq/[Cm]eq) versus log[HSA]eq yields the complexation stoichiometry between
Cm(lll) and HSA. To calculate the K value with equation (7), the concentrations of the
species are required. Knowing the total concentration of Cm(lll), the fractions of [CmHSA]eq,
[CM-OH/TRIS]eq, and [Cm(OH),*leq are obtained by spectral deconvolution and the

concentration [HSA]eq and [Cm]eq (at pH 8,0) can be calculated using

[HSA]eq = [HSA]¢or — [CmHSA]eq (9)

[Cm]eq = [Cm]or — [CmHSA]eq — [Cm- OH/TRIS]eq — [Cm(OH) ]¢q (10)

For the purpose of assessment of stoichiometry and the conditional stability constant, the
HSA titration spectra were deconvoluted using previously acquired pure component
spectra of CmHSA, Cm-OH/TRIS, and Cm(OH),*. Spectral deconvolution and equations (9)
and (10) made it possible to determine [Cm]eq, [HSA]eq, and [CmHSA]eq. Conditional log K
values were calculated by taking a base 10 logarithm of K values calculated using equation
(7). An average of the log K values was then taken to yield a conditional pH 8,0 stability
constant log K 6,8 + 0,5. It is assumed here that all present HSA is available for Cm(lll)
binding. This is not likely, however, as HSA contains a multitude of different protonable
sites. HSA likely binds Cm(lll) in only one or few protonation states and the equilibrium
fraction of each of these states is dependent on the pH. Because the exact nature of the
complexing ligands and their pK; values are not known at this time, a pH-independent

stability constant cannot be attained.

The comparison of the calculated log K value with previously published values is difficult as
no stability constants for HSA interaction with trivalent actinides are available in the
literature. Conditional stability constants of HSA with selected lanthanides under
physiological-like conditions (T = 310 K, / = 0,15 M, pH 7,4) that were measured using an
equilibrium dialysis method, have been published by Schomacker et al. (1988). The article
by Schomacker et al. outlines a trend in which increasing the ionic radius of a lanthanide

results in a weaker HSA complex. Eu(lll), an ion that is smaller in radius than Cm(lll) (David
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1986), reportedly formed a HSA complex with a log K of 6,41 + 0,02. Neodymium(lll), with
an ionic radius slightly larger than Cm(lll) (David 1986), on the other hand, formed a HSA
complex with a log K of 5,39 + 0,03. Although the measurement conditions and methods
are not exactly comparable between the present study and the study published by
Schomacker and colleagues, the reported EuHSA log K value and the CmHSA log K
presented here are in the same order of magnitude. The reported NdHSA log K, however,

is over an order of magnitude smaller relative to that of CmHSA.

A plot of log([CmHSA]eq/[Cm]eq) versus log[HSA]eq is shown in Figure 2.10. The slope of the
linear fit has a value of 1,38. The existence of a 1:2 Cm:HSA complex, which would give a
slope of two, is highly improbable, as the steric hindrance stemming from the inclusion of
two molecules of HSA per one Cm(lll) in the complex is likely very high. A reaction
stoichiometry of 1:1, for which a slope of one is to be expected, is therefore much more
feasible. The reason why the slope deviates from 1,00 is most likely the low concentration
of the Cm(lll) aquo ion relative to other species. As the fraction of Cm(lll) aquo ion is low to
begin with, €20 % in all and £ 10 % in most spectra, an error of a percentage point or two
in the fraction leads to a large relative error. The cumulative effect of these errors is then

the deviation of the slope from a value of 1,00.

2.3.6. Thermodynamics of Cm-HSA interaction

In order to acquire the enthalpy and entropy of interaction for the CmHSA complexation
reaction, Cm(lll) fluorescence spectra in the presence of HSA were acquired at different
temperatures while the pH was kept constant. Two datasets were collected, one at pH 7,0
and another at pH 7,4. Spectra were collected in a temperature range 10,0 — 35,0 °C using
2,5 °C temperature steps. The acquired spectra were subsequently deconvoluted using the
pure component spectra for the Cm(lll) aquo ion, Cm-OH/TRIS, and CmHSA from Figure 2.3.

Conditional K values were then calculated using equation (7).
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Figure 2.10. A log-log plot of [CmHSAleq/[Cm]eq versus [HSAle; with data derived from the
deconvolution of spectra acquired from HSA titration of Cm(lll). A linear fit of the data is shown in

red and has a slope of 1,38.

Values of In K and the reciprocal of the measurement temperature (in K) were plotted in

accordance to the linear form of the van’t Hoff equation

|k _AHAS
NE=TRT TR (11)

where R is the gas constant and T is the measurement temperature. The van’t Hoff plot is

shown in Figure 2.11.
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Figure 2.11. A van’t Hoff plot for the Cm-HSA interaction at pH values 7,0 (black) and 7,4 (red) in
the temperature range 10,0 — 35,0 °C (2,5 °C intervals). Both datasets were fitted using a linear fit,
drawn in the figure using the same color as for the respective dataset. All samples were measured
in TRIS buffer. [Cm(II)] =1 x 1077, [HSA] = 5 x 10°°.

The thermodynamic parameters AH and AS were calculated from linear fits of the datasets

using the equations

AH = —R X slope (12)

AS = R X intercept (13)

where R is the gas constant. The thermodynamic parameters acquired from the fits are

given in Table 2.2.
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Table 2.2. The thermodynamic parameters of the Cm-HSA interaction. Errors shown are derived
from the errors for slope and the y-intercept of the linear fits.

pH AH (k) mol™) AS (J Kt mol™?)
7,0 532 287 5
7,4 52+2 290+ 6

The negative slopes of the van’t Hoff plot fits indicate that the interaction is endothermic
and entropy-driven under the measurement conditions that were used. Considering that
the fluorescence lifetime measurements indicate that HSA provides six or five ligands to
bind Cm(lll) in CmHSA, it is likely that the chelate effect and liberation of waters of
hydration are the phenomena responsible for the endothermic nature of the complexation
reaction. Interestingly, Cu(ll) binding at DAHK tetrapeptide, representing the N-Terminal
Site and the Lys4 residue of HSA, is in like manner reported to be entropy-driven (Trapaidze
et al. 2012). In the DAHK peptide thermodynamic study, it was likewise speculated that the
entropy-driven nature of binding is up to the release of water from both the hydrated metal

and the ligand as well as the release of protons from the ligand.

2.3.7. Displacement of Cm(lll) from HSA by divalent metals

One role of HSA in the human body is the binding and transport of, mostly divalent, metal
ions. For many metals, the binding site or sites on HSA are known. Cu(ll) and Ni(ll) are
canonical binders of the N-Terminal Site (NTS), which is comprised of the three first amino
acids of HSA. Zn(Il), Cu(ll), and Cd(ll) bind at the Multi-metal Binding Site (MSB) located in
a cleft between HSA domains | and Il. In addition to binding at the MBS, HSA binds Cd(ll) at
an additional, yet-uncharacterized binding site, Site B. (Bal et al. 2013) To understand the
modalities of the Cm-HSA interaction, it is of interest to know if HSA binds Cm(lll) at any of
the characterized sites. To assess the binding site of Cm(lIl) on HSA, the CmHSA complex
was titrated with three competitor metals: Cu(ll) to assess binding at the NTS and MBS,
Zn(Il) to assess binding at the MBS only, and Cd(ll) to assess binding at the MBS and Site B.
Titration spectra were collected at pH 8,5, where the CmHSA complex is the dominant
species, and in the absence of TRIS, as Cu(ll) and Zn(ll) have been shown to interact with it

(Colombo et al. 1987; Pefia et al. 1990). Prior to the addition of HSA or competitor metals,
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a Cm(lll) solvent spectrum was collected, which at pH 8,5 is dominated by Cm(OH),* (Figure

1.8).

Titration with Cu(ll)

The addition of Cu(ll) has a drastic effect on Cm(lll) fluorescence, as addition of excess Cu(ll)
relative to HSA resulted in a hypsochromic shift towards the maximum intensity
wavelength of the Cm(lll) solvent spectrum (Figure 2.12). At a Cu:HSA ratio of 5:1 and
greater, the maximum intensity wavelength of the Cm(lll) signal is established at 598,5 nm,
very close to that of the Cm(lll) solvent species. This result suggests that Cm(lll) is displaced

by Cu(ll) from HSA, likely because binding ligands are shared between the two metals.

Cm(lll) solvent species

Cm(lll) : HSA : Cu(ll)
—1:0:0
—1:50:0
—1:50:25
1:50:50
1:50:100
—1:50:250

Normalized fluorescence intensity
1

I ' I ' I ' I ' I
580 590 600 610 620 630
Wavelength (nm)

Figure 2.12. The fluorescence spectra of Cm(lll) at different concentrations of HSA and Cu(ll) in a
150 mM NaCl solution at pH 8,5 and room temperature. The relative concentrations of Cm(lll), HSA,
and Cu(ll) for the shown spectra are depicted in the figure. The maximum intensity wavelengths of
the CmHSA and Cm(lll) solvent species are highlighted using dashed lines. Only selected spectra are
shown for clarity. [Cm(IIl)] = 1,0 x 1077 M, [HSA] =0—-5x 10® M, [Cu(ll)] =0-5x 107> M.
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Titration with Zn(ll)

Addition of Zn(ll) in excess relative to the concentration of HSA results in a gradual
bathochromic shift towards a maximum of 604,0 nm (Figure 2.13). No change in Cm(lll)
fluorescence is observed when the concentration of zinc is lower than or equal to the
concentration of HSA. As stated earlier, Cu(ll) and Zn(ll) both bind at the MBS, but Cu(ll)
binds also at the NTS. Based on the titration data, Cu(ll) appears to displace Cm(lll). Zn(ll),
however, does not appear to displace Cm(lll). If Cm(lll) was to bind at the MBS, a
hypsochromic shift similar to what is seen when titrating CmHSA with Cu(ll) would be seen
when titrating CmHSA with Zn(ll). The results, therefore, indicate that HSA binds Cm(lll) at
or near the NTS. The bathochromic shift induced by Zn(ll) might be the result of Zn(ll)
binding at a site close to the NTS. In some crystal structures of equine serum albumin (ESA)
in complex with zinc, a Zn(ll) ion can be seen bound by His9, Asp13, and Asp255 (Handing
et al. 2016). Of the three amino acids, His9 and Asp13 are close to the N-terminus in primary
sequence. These two amino acids are also present in the human serum albumin (Meloun
et al. 1975). It may, therefore, be possible that HSA is also capable of binding Zn(ll) at a site
that consists at least partly of these residues. The proximity of this site to the NTS could
have an impact on the structural features of NTS and hence the fluorescence behavior of
Cm(Ill) complexes at the N-terminus. The reason why the bathochromic shift is seen only
when the concentration of Zn(ll) exceeds that of HSA is probably that the first molar
equivalent of Zn(ll) binds at its primary binding site, the MBS. Any excess Zn(ll) is then

bound at a secondary site or sites.

Titration with Cd(ll)

Competition titration with Cd(ll) resulted in the broadening of the Cm(lll) fluorescence
signal and a partial hypsochromic shift (Figure 2.14). Again, no changes were observed until
the concentration of Cd(ll) exceeded that of HSA, suggesting that the first equivalent of
Cd(Il) binds at a site that is not proximal to the Cm(lIl) complexation site. The reason for
the changes observed in the fluorescence spectrum of Cm(lll) induced by Cd(ll) at higher
concentrations might be Cd(ll) binding at the Site B of HSA, the location of which is
unknown. Based on the Cd(ll) titration spectra, the direct involvement of Site B in

complexation of Cm(lll) can, however, be ruled out.
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Figure 2.13. The fluorescence spectra of Cm(lll) at varying concentrations of HSA and Zn(ll) in a 150
mM NaCl solution at pH 8,5 and room temperature. The relative concentrations of Cm(lIl), HSA, and
Zn(ll) for the shown spectra are depicted in the figure. The maximum intensity wavelengths of the
CmHSA and Cm(Ill) solvent species are highlighted using dashed lines. [Cm(I11)] = 1,0 x 1077 M, [HSA]
=0-5x10"°M, [zn(ll)] =0—1,25 x 102 M.

2.3.8. Interaction of Eu(lll) with HSA

Europium in its trivalent state is often used as an analogue for trivalent actinides. To further
validate the interaction of HSA with Cm(lll) and trivalent f-elements in general, the
spectroscopic behavior of Eu(lll) in the presence of HSA was investigated. Spectra of the
Eu-HSA system in TRIS buffer at room temperature and in the pH range of 3,5 — 11,5 were
collected and selected spectra are presented in Figure 2.15. Two emission bands are
present in the spectra, the Do > ’F; transition between 580 and 600 nm and the °Do = 'F2
transition between 610 and 625 nm. At pH 3,5 the shape of the emission bands as well as
the relative intensity ratio of F2 and F1 bands indicate that Eu(lll) is present as its aquo ion.

The F,/F1 relative intensity is seen to increase with the increase of pH, a phenomenon that
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Figure 2.14. The fluorescence spectra of Cm(lll) at varying concentrations of HSA and Cd(Il) in a 150
mM NaCl solution at pH 8,5 and room temperature. The relative concentrations of Cm(lIl), HSA, and
Cd(Il) for the shown spectra are depicted in the figure. The maximum intensity wavelengths of the
CmHSA and Cm(Ill) solvent species are highlighted using dashed lines. [Cm(I11)] = 1,0 x 1077 M, [HSA]
=0-5x10"°M, [Cd(I)]=0—1,25 x 1072 M.

is commonly interpreted as a sign of complexation and loss of site symmetry (Binnemans
2015). At pH > 6,7 the splitting pattern of the F, band changes, suggesting a change in the
Eu(lll) coordination environment, and two fine structure elements can be seen at 612,5 and
614,6 nm. The feature at 612,5 nm is at its maximum intensity at pH 8,0 and the feature at
614,6 nm at pH 8,7. Both features begin to lose intensity as the pH exceeds their respective
maximum intensity pH values. The increase in F»/F1 ratio and the F, band splitting profile
observed at pH > 6,7, considering that CmHSA is observed to become the predominant

species in the Cm-HSA system at about pH 6,7, indicate complexation of Eu(lll) with HSA.
The distribution of Eu(lll) species in the presence of HSA as a function of pH was not

determined to unambiguity here, as the splitting of emission bands makes it difficult to

determine the number of total species and to obtain spectra of the pure components. To
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further complicate speciation, Eu(lll) reportedly complexes with the buffer molecule TRIS

(Pfefferlé & Blinzli 1989). Therefore the spectra are described in qualitative terms only.

pH

—35
—4,0
—45
—5,0
—353
— 57
— 6,0
— 6,3
6,7
7,0
7,4
7,7
8,0
8,3
8,7
9,0
9,3
— 97
— 10,0

Normalized fluorescence intensity

I ' I ' I ' I ' I ' I
580 590 600 610 620 630
Wavelength (nm)

Figure 2.15. The spectra of Eu-HSA system in TRIS buffer at room temperature in the pH range 3,5
— 10,0. Arrows with wavelengths highlight two prominent features of the split F, emission band
observed at pH > 6,7. [Eu(lll)] = 1,0 x 107 M, [HSA] = 1,8 x 107> M.

Next, to examine the effect of HSA concentration on Eu(lll) fluorescence, Eu(lll) was titrated
with HSA and spectra were collected in TRIS buffer at pH 8,0 and room temperature.
Selected spectra are shown in Figure 2.16. In the absence of HSA, the spectrum represents
a Eu(lll) solvent species in which the aquo ion and hydrolysis species of Eu(lll), and possibly
the Eu-TRIS complex, are the component species (Pfefferlé & Biinzli 1989; Plancque et al.
2003). A clear change in the fluorescence of Eu(lll) is observed immediately with the
introduction of HSA. The F1 emission band at 591,8 nm becomes more symmetric in the

presence of HSA relative to the solvent species. Two F; emission band fine structure
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features appear at 612,5 and 614,6 nm with the addition of HSA. These F; transition
features match the features seen in the pH titration at pH > 6,7, confirming that their origin

is the EUHSA complex.

612,5 nm
614,6 nm

HSA : Eu(lll)

Normalized fluorescence intensity

T = T T T T T T T T T
580 590 600 610 620 630
Wavelength (nm)
Figure 2.16. Titration of Eu(lll) with HSA in TRIS buffer at room temperature and pH 8,0. The Eu:HSA
molar ratios for shown spectra are listed in the figure. Arrows with wavelengths indicate the

positions of the maxima for the F; emission band and the F, band fine structure features of EUHSA.
[Eu(l)] =5 % 10°® M, [HSA] =0-2,7 x 10 M.

2.3.9. Eu(lll) induced transitions in the proton NMR spectrum of HSA

Next, the nature of the Eu-HSA interaction was investigated using NMR. NMR can yield
information on the overall fold of the protein as well as specific binding information based
on changes in the chemical shift or in the intensity of identifiable resonances. Two chemical
shift regions that are of interest in studying protein folding are the amide region at 6 — 10

ppm and the methyl region at -0,5 — 1,5 ppm (McDonald & Phillips 1967; Page et al. 2005).
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In an unfolded protein most if not all backbone amides and the methyl groups of alanine,
valine, leucine, and isoleucine residues are solvent-exposed and therefore have similar
chemical shifts. Because of this, the amide and methyl regions of an unfolded protein
contain few sharp and distinct peaks. A 1D proton spectrum of HSA was obtained in TRIS
buffer at pH 8,0 and 300 K using the WATERGATE pulse sequence (Figure 2.17). The
spectrum was used to assess whether HSA was folded or not. The lack of only a few, sharp
peaks in the amide and methyl regions in the measured proton NMR spectrum of HSA

suggests that the protein is in a folded state.

Figure 2.17. Proton NMR spectrum of HSA measured in TRIS buffer at pH 8,0 and 300 K. The signal
arising from the protons in the water present in the solvent has been suppressed using the
WATERGATE pulse sequence. [HSA] =1 mM.

The chemical shift range that included the histidine C2 protons was of particular interest,
as previous studies have indicated that an NMR resonance at around 7,5 ppm at pH 8,0 can

be attributed to the C2 proton of His3 in HSA and that this resonance is sensitive to Cu(ll)
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complexation at NTS. The sensitivity manifests itself as a considerable decrease of intensity
upon Cu(ll) binding. (Bos et al. 1989). To study the response of the His3 C2 proton
resonance to Eu(lll), proton spectra of HSA in the presence of zero, one or two molar
equivalents of Eu(lll) were measured in TRIS buffer at 300 K and pH 8,0. The 7,3 - 7,9 ppm
range of the spectra is shown in Figure 2.18. A peak is found at about 7,5 ppm in the
absence of Eu(lll). The peak is not however observable when one or two molar equivalents
of Eu(lll) have been added to the sample. The fact that a Eu(lll) sensitive peak is observed
around 7,5 ppm suggests that HSA binds Eu(lll) at the NTS and that the His3 C2 proton

resonance is a valid probe for Eu(lll), and hence also likely An(lll), NTS binding.
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Figure 2.18. Close-up of the 7,3 — 7,9 ppm range of the HSA proton NMR spectrum in the presence
and absence of Eu(lll). All spectra were measured in TRIS buffer at 300 K and pH 8,0 and the
concentration of HSA was 1 mM. The green, red, and blue traces represent spectra acquired in the
presence of zero, one or two millimolar Eu(lll), respectively. The region that includes the His3 C2
proton resonance has been highlighted with a box.

2.3.10. The nature of the CmHSA complex

Based on the Eu(lll) NMR and Cm(lll) competitor metal titration results a model can be
proposed where the HSA binding locus of trivalent lanthanides and actinides resides in the
N-terminus of HSA. This model is supported by published results in which the circular

dichroism (CD) and tryptophan fluorescence spectra of HSA were mostly insensitive to the
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addition of the trivalent lanthanides Ce(lll) and La(lll) (Ali et al. 2016). The reported results
make sense if Ce(lll) and La(lll) bind at an unstructured site protruding out from the protein
(such as the NTS), but not if the binding occurs at a site where binding is coupled to
structural rearrangements. Whereas four ligands are provided by HSA for binding of Cu(ll)
and other divalent transition metals at the NTS (Figure 1.13), the lifetime of CmHSA species
measured in this study suggests that five or six non-water ligands are involved in the
complexation, so one or two additional ligands are required. The coordination geometry of
Cm(IIl) or Eu(lll) bound to HSA will likely deviate from the canonical square planar geometry
of the NTS due to the preferred tricapped trigonal prismatic geometry of these f-element
ions in their nonahydrated forms. Both Cm(lll) and Eu(lll) are hard Lewis acids that prefer
hard donor atoms such as oxygen, whereas the chemical hardness of Cu(ll) is a borderline
case (House 2013; Panak & Geist 2013). Therefore, not just the number but also the
chemical nature of HSA ligands recruited to complex Cm(lll) and Eu(lll) will likely differ from
those involved in Cu(ll) binding at the NTS. Furthermore, both Eu(lll) and Cm(lll) are
trivalent, not divalent like the canonical NTS binding metals, so the involvement of an
additional negatively charged ligand seems likely for charge negation purposes. A possible
additional ligand could be the sidechain carboxyl group of Asp1, the involvement of which
in Cu(ll) and Ni(ll) binding at the NTS has been suggested (Laussac & Sarker 1984). The
sidechain of Lys4, another suggested NTS ligand (Sadler et al. 1994), is likely to be
protonated and positively charged in the pH range in which CmHSA is a relevant species,
and is therefore unlikely to participate in binding (Pace et al. 2009). It may also be possible
that ligands from HSA residues that are distant from the NTS in primary structure but close

to it in tertiary structure are involved in binding.

2.4. Summary and outlook

The interactions between human serum albumin and two trivalent f-elements, the actinide
Cm(lll) and the lanthanide Eu(lll), were investigated with spectroscopic methods in the
present study. The binding of Cm(lll) by HSA was characterized here for the first time. At
room temperature, the CmHSA complex is the dominant species in the pH range 6,7 —9,7.
At physiological temperature and pH, about 90 % of all available Cm(lll) is in the CmHSA

complex. The measured lifetime of the CmHSA species suggests that five or six coordinating
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ligands are present in the first coordination sphere of Cm(lll). A conditional stability
constant log K of 6,8 + 0,5 was determined for complex formation at pH 8,0. The
complexation reaction was determined to be endothermic in nature and entropy-driven.
In addition, it was determined that the HSA binding locus of Cm(lll) and Eu(lll) resides in
the N-terminal end of the protein. Cu(ll), a metal known to bind HSA at the NTS and the
MBS, displaces Cm(lIl) from HSA. No such effect is observed for Zn(ll), a metal that binds
HSA at the MBS, suggesting that the NTS is involved in Cm(lll) binding. Furthermore, a
decrease in NMR resonance assigned to the C2 proton of His3 of HSA is seen upon Eu(lll)
introduction, exactly what is expected to happen upon metal complexation at the NTS.
Based on the competitor metal titration and NMR results a conclusion can be made that

trivalent actinides and lanthanides bind HSA at the N-terminus.

The results presented in this study provide a fertile ground for further studies on the
interaction between trivalent actinides and human serum albumin. Additional experiments
could be performed to further validate the model presented here in which trivalent
actinides bind HSA at the N-terminus. An NTS deletion mutant of HSA (i.e. HSA lacking the
first three amino acids) could be studied using the TRLFS methods outlined in this study to
further validate that the primary binding site of Cm(lll) resides at the NTS and also perhaps
probe whether a secondary binding site exists. If a secondary binding site was to be found,
it could possibly be characterized using the very same methods used here to characterize
the NTS. The role of, for example, Aspl sidechain carboxylate could be examined by
mutating Aspl to an amino acid with a non-charged, non-polar sidechain like glycine or
perhaps alanine. Whether protons are released from the Asp1-Ala2 and Ala2-His3 peptide
bonds upon Cm(lll) binding, as is the case when HSA binds divalent transition metals, could
possibly be resolved with potentiometric titrations. In addition to full length HSA, peptide
analogues of the NTS could be utilized. The behavior of Cm(lIl) fluorescence in the presence
of NTS mimetic short peptides, such as DAH or DAHK, N-methyl amide-conjugated at the
C-terminus to prevent complexation at the C-terminal carboxylate, could be established
using the methods described in this study and compared with the results obtained when
full length HSA was used as the source of ligands. The acquisition of NMR spectra using a
higher field instrument using a trivalent lanthanide of ionic radius comparable to Cm(lll) or

Am(lll) as the binding metal could be beneficial and a metal titration of HSA with more
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steps than the three (zero, one, and two molar equivalents) used here should be
performed. As no structures of HSA, NTS or NTS mimetic peptides with a bound trivalent
metal cation are available, the acquisition of one could help solve the binding geometry
and the nature of ligands involved in the binding of Cm(lll) by the HSA NTS. As peptide
analogues of the NTS have been crystallized in the presence of Cu(ll) (Camerman et al.
1976), the same could be attempted using a trivalent f-element metal cation. Alternatively,
the structure could perhaps be resolved using NMR methods, as long as a diamagnetic
trivalent f-element representative metal such as La(lll) is used, instead of paramagnetic

lanthanides or actinides.

The results also paint a tantalizing picture in which HSA, considering its ubiquity in the
blood, could facilitate the distribution of trivalent actinides in the human blood and body.
To gauge the feasibility of such a scenario, it might be of interest to determine the CmHSA
stability constant under more physiological-like conditions. Furthermore, Cm(lll) could be
introduced into blood samples or a blood simulant, followed by fractionation and analysis

by TRLFS, to assess whether CmHSA is a relevant species in vivo.
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