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ABSTRACT: The interaction between glutathione disulfide,
GSSG, the redox partner and dimer of the intracellular detoxifica-
tion agent glutathione, GSH, and hexavalent uranium, U(VI), were
extensively studied by solution NMR (in D20), complemented by
time-resolved laser-induced fluorescence (TRLFS) and IR spec-
troscopies. As expected for the hard Lewis acid U(VI), coordina-
tion facilitates by the ligands’ O-donor carboxyl groups. However,
owing to the adjacent cationic a-amino group, the glutamyl-COO
reveal monodentate binding, while the COO of the glycyl residues
show bidentate coordination. The log K value for the reaction
UO2%* + H3GSSG™ — UO2(H3GSSG)* (pH 3, 0.1 M NaClOs) was
determined for the first time, being 4.81 + 0.08; extrapolation to in-
finite dilution gave log K® = 5.24 + 0.08. U(VI) and GSSG form
precipitates in the whole pD range studied (2 — 8), showing least
solubility for 4 < pD < 6.5. Thus, particularly GSSG — hereby rep-
resenting also other peptides and small proteins — affects the mo-
bility of U(VI), strongly depending on speciation of either compo-
nent.

INTRODUCTION

The tripeptide glutathione, GSH, consists of the amino acids L-glu-
tamic acid (Glu), L-cysteine (Cys), and glycine (Gly). A remarka-
ble feature of GSH is its isopeptide linkage between the Glu side
chain carboxyl group and the Cys a-amino group, rendering the
peptide’s N-terminus to possess an adjacent a-carboxyl group (Fig-
ure 1, top). GSH is a ubiquitous antioxidant found in human, ani-
mal, and plant cells as well as in archaea and bacteria.*® In mam-
malian cells concentrations as high as 12 mM are reported.* To-
gether with its oxidized counterpart and dimer glutathione disul-
fide, GSSG (Figure 1, bottom), both molecules are paramount for
intracellular redox state maintenance.

Radionuclide influxes into the environment are diverse. Naturally
occurring radioactive material (NORM) like Th, U, and Ra can dis-
solve into ground water merely by weathering of soils and rocks.
Technologically enhanced NORM originating from ore mining and
processing, geothermal engineering, oil and gas production, drink-
ing and wastewater treatment, as well as fertilizer production, can
also migrate into the biogeosphere. Moreover, U is still an im-
portant source for electrical power supply as the main constituent
of nuclear fuel® 8 and, therefore, key element of the U processing
cycle.” Finally, environmental problems also arise from nuclear in-
cidents and the military use of ammunition containing depleted ura-
nium.® ® Comprehensive examination of radionuclide interaction
with the environment is mandatory as they can enter the food chain
and cause detrimental effects.

Irrespective of naturally occurring conditions, understanding the
chemical and physical basics driving radionuclide behavior by
studying straightforward model systems in controlled setting, and
upon variation of selected parameters, the influence of the various
effects can be assessed individually. This approach is essential to
understand the processes on a molecular level and to predict a sys-
tem’s behavior for changing conditions.

Under aqueous aerobic conditions uranium typically occurs in hex-
avalent state, U(VI), in general forming water soluble and, thus,
mobile species. As a prominent and characteristic feature in +V and
+V1 oxidation states, in aqueous phase uranium (and other acti-
nides) form linear dioxo cations (D), that is actinyl ions (AnO2™),
with ligand coordination limited to the equatorial plane. In contrast,
under reducing conditions U is present in its tetravalent state, form-
ing spherical U** ions.
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Figure 1. Generic structures of glutathione (GSH) and glutathione
disulfide (GSSG) depicted as completely protonated species, with
constituting amino acids L-glutamic acid (Glu), L-cysteine (Cys),
and glycine (Gly), and positions therein as indicated.

Because of its diverse functional groups, GSH can act as both re-
ductant and complexation agent, being involved in numerous pro-
cesses for the conjugation of xenobiotics and the detoxification of
reactive oxygen species and heavy metal ions.2%-13 U(VI) uptake
into cells causes a reduction of U(VI) to U(IV),** accompanied by
increased GSSG levels, also known as oxidative stress,'>17 Alt-
hough GSSG bears no reduced SH group, it is still capable of heavy
metal complexation owing to its COO and NH: functionalities. In
vivo, actinides are bound to and transported with a protein fraction,
viz. metal-transferrin complexes, as well as a fraction of low-mass
molecules like amino acids and carboxylates.'®?° GSH and GSSG



are both widespread and abundant biomolecules of high importance
as being critical parts in cell regulation and detoxification mecha-
nisms. Studying their interaction with actinides is of great interest,
extending into spectroscopic characterizations as model molecules.
Most papers investigating GSH and GSSG metal ion interaction,
i.e., structures and thermodynamic constants, focused on transition
metal ions,?"?® whereas only few studies address U(VI) interac-
tion.14 2932 Thus, for U(VI) in aqueous solution in general, and by
complementary spectroscopies in particular, the present study al-
lows critical insights into complex structures and speciation. The
herein presented results concentrate on GSSG as the ligand, for dis-
cussion and comparison GSH related results are included, or pro-
vided as Supporting Information (SI). These studies also comple-
ment the recently published formation of hyperstoichiometric
UO2+x phases after a redox reaction in the GSH/GSSG-U(VI) sys-
tem.3

For species distribution diagrams for the applied components, refer
to Figures S1 and S2, Sl. Table 1 shows literature pKa values for
both ligands. Note that GSSG reveals the double amount of car-
boxyl and amino functionalities (I and 1) since being the dimerized
species.

Furthermore, GSSG’s two GS moieties are spectroscopically
equivalent because of a Cz axis through its S-S bond, as also ob-
served in the X-ray structre,3* upon which both moieties generate
an identical set of 'H NMR signals. Since GSH and GSSG com-
prise chiral Glu and Cys, and prochiral Gly, all methylene groups
are diastereotopic. Thus, the latter possess chemically distinct hy-
drogen atoms, consequently causing different *H NMR signals.

Table 1. Logarithmic deprotonation constants of GSH® and
GSSG3* (25 °C, 0.15 M KCI).

pKa
ligand COOH SH NHs*
Glu Gly
GSH 2.22+0.01 352+0.01 8.78+0.01 9.65+0.01
GSSG () 16x01 3.15+0.02 - 8.83+0.01
(1) 2.23+0.03 3.85+0.01 - 9.53 £0.02

EXPERIMENTAL SECTION

Materials

Caution: Uranium is a radioactive material! All preparation steps
were performed with safety precautions according to both radio-
and chemotoxicity of natural uranium (U-nat.). 200 mM stock so-
lutions of U(VI) were prepared by dissolution of 1.3096 g
UO3-2.3H20 (U-nat, A=25.5kBq g ') in 20 mL 0.5 M DCI. Sam-
ple series (variations of pD and metal-to-ligand ratio, M/L) were
obtained by mixture of proper aliquots of the U(V1) stock solution
and freshly prepared stock solutions of either GSH or GSSG under
continuous stirring with pD control (Xylem Analytics WTW ino-
Lab® pH Level 1 and pH 540 GLP pH-meters with Schott Instru-
ments Blue Line 16 pH electrodes), and adjustment towards final
pD (2-8 for GSSG, 2-10 for GSH), with pD = pH + 0.4.57- 3 Sam-
ples of varying pD were prepared with 10 and 100 mM total GSSG
concentration, and M/L of 0.5 and 0.05 for either series. A series of
varying M/L in the range 0.05 — 10 was prepared at constant pD =
2. GSH samples were prepared with 6.7 mM ligand concentration
and M/L of 0.5 and 2 for pD-dependent series, as well as varying
[U(VI] for constant pD values of 2, 5, and 8. Since GSH-U(VI)
samples are subject to redox reaction studies, GSH containing sam-
ples were handled under N2 atmosphere in a glovebox, and trans-

ferred to 5 mm screw-cap NMR tubes (Deutero). Since both com-
ponents are already present in their oxidized form, GSSG-U(VI)
samples were prepared and handled under ambient conditions.
Because of precipitation, after pD adjustment and equilibration un-
der continued stirring, the suspensions were centrifuged for 15 min
at 14400 x g (Beckman Coulter Avanti j-20 XP centrifuge, for
GSH samples) or for 1 h at 5500 x g (Sigma 3K18 centrifuge,
GSSG samples). Resulting supernatants were carefully removed by
a pipette and, where necessary, pD values were adjusted prior to
solution NMR spectroscopy.

The supernatants were analyzed regarding their [U(V1)] by means
of ICP-MS (Elan 9000, Perkin Elmer). Selected corresponding pre-
cipitates were re-dispersed, washed three times with 1 M NaCl so-
lution and repeatedly centrifuged, discarding the thereby accruing
supernatants, and after lyophilization further analyzed by FT-IR
spectroscopy. Fractions of both supernatants and precipitates ob-
tained from the GSSG-U(VI) NMR sample preparation were used
for time-resolved laser-induced fluorescence spectroscopy
(TRLFS). The precipitates collected after (initial) centrifugation
were re-dispersed by ultrasonication, then iteratively washed twice
with 1 M NaClOxs solution and centrifuged (with supernatants dis-
carded). Both the washed bright yellow precipitates dispersed in
1 M NaClOs and the decanted supernatants were transferred to
plastic cuvettes, deep-frozen by liquid N2, and subsequently inves-
tigated by TRLFS, showing consistent results regardless of prepa-
ration procedure.

Samples intended for stability constant determination by TRLFS
(at 25 °C) were prepared using Milli-Q water. Aliquots of a 98 mM
UO2(Cl0O4)2 stock solution were further diluted and admixed to ap-
propriate amounts of a 0.8 mM GSSG stock solution under contin-
uous stirring, with 0.1 M NaClOs (p.a., Merck) for total ionic
strength maintenance. The ligand titration series at constant pH = 3
contained 500 M U(VI) and 0, 5, 10, 40, 70, 100, 150, or 200 uM
GSSG. pH was adjusted by NaOH and HCIO4 utilizing the above
stated equipment. pH measurement with potentially chloride (a lu-
minescence quencher) leaking electrodes was performed with a
second set of samples obtained by halving the initial samples’ vol-
ume to obtain two subsets of identical volume and composition.
The required amounts of NaOH and HCIO4, respectively, were then
applied to adjust the pH in the TRLFS samples.

Methods

NMR spectroscopy. GSSG spectra were obtained on a Varian Unity
Inova 400 (9.4 T) spectrometer with resonance frequencies of
400.1 and 100.6 MHz for *H and 3C, respectively, using a 5 mm
direct detection broadband probe. Spectra of GSH were acquired
on an Agilent DD2 600 spectrometer (14.1T; 599.8 and
150.8 MHz *H and 3C resonance frequencies, respectively), using
a 5 mm oneNMR™ probe. Occasionally the water signal was sup-
pressed by a 2 s pre-saturation pulse with offset on the water reso-
nance, the latter depending on sample composition and pD; C
spectra were acquired with H broadband decoupling, 3C{*H}. 'H
and *3C chemical shifts are reported relative to the methyl signal
(01, dc 0.0 ppm) of DSS (sodium 2,2-dimethyl-2-silapentane-5-sul-
fonate, Aldrich, 97%)

Luminescence spectroscopy. U(VI1) luminescence was induced by
a Nd:YAG laser system (Minilite, Continuum) using pulses at
266 nm excitation wavelength, 10 Hz repetition rate, and of 500 xJ
averaged energy. The emitted luminescence light was collected
perpendicular to the direction of excitation, focused into a spectro-
graph and an ICCD camera system (both Horiba Jobin Yvon) in the
range 400-650 nm with a resolution of 0.3 nm. Time-resolved
spectra were recorded by acquisition of 100 spectra at delay times
between 0 and 1500 ps, with increments of 50 ps, and the initial
delay set to 0.1 ps. A cryostat (Oerlikon Leybold) was used for
temperature stability at 153 K (=120 °C). The deep-frozen U(VI)—



GSSG supernatants and precipitates were removed from their plas-
tic cuvettes and then, as an ice cube, transferred to an in-house built
sample holder (metal block with a sample insertion hole and three
windows for laser irradiation and luminescence emission detec-
tion).

Factor Analysis. Parallel factor analysis 3% 4% was used for TRLFS
data deconvolution. Accordingly, the N-way toolbox for matlab*!
was used as previously described for other TRLFS data.*>44
FT-IR spectroscopy. Obtained U(VI) precipitates were prepared as
KBr discs for IR spectra acquisition with a Perkin EImer Spektrum
2000 spectrometer in the range between 6000 and 500 cm™..

RESULTS

Upon exceeding pD 3 during sample preparation, a solid phase pre-
cipitated. After centrifugation, both the aqueous and the solid phase
were treated and considered separately in the following. Note that,
for internal consistency, the FT-IR and TRLF spectra are denoted
by that pD for which both precipitate (although washed with H20)
and supernatant were obtained.

Solution studies

NMR spectroscopy with GSSG. All NMR spectra in this work are
characterized by mole fraction weighted average signals, indicating
a ligand exchange fast on the NMR time scale. The complexes are
hence considered kinetically labile. Therefore, upon successive ad-
dition of metal ion or increasing pD, the free ligand concentration
decreases and that of the ligand bound to U(VI) increases. Corre-
spondingly, the observed signals shift toward those chemical shift
values respectively associated with the complex.

At pD 2 the interaction between U(VI) and GSSG is primarily de-
termined by the Glu carboxyl group as revealed by both 'H and
1BC{'H} NMR spectra in Figures 2 and 3, respectively. Upon in-
creasing [U(VI)], the H signals associated with the Glu residue
show the largest U(VI) complexation-induced chemical shift
changes, Aud = dsample — dblank. The Gly o H signal exhibits some
significant shift (and broadening) only for the highest [U(VI)]. In
contrast, signals due to the Cys residue are shifted upfield, hence
showing negative Audn, and are in principle the least affected. Cor-
responding numerical values are given in Table S1, SI. For pD 2
nearly all initial U(VI) and GSSG remain dissolved. However, al-
ready at pD > 3 only parts of both dissolved GSSG and U(VI) are
present in solution. Notably, for a series initially 10 mM in GSSG
and 100 mM in U(VI), at pD 4 and 5 no ligand signals are detecta-
ble, cf. Figure S3, Sl. The precipitate obtained during sample prep-
aration therefore contains U(VI1)-bound GSSG.

Figure 3 depicts the carboxyl region of GSSG, with the blanks’
spectra shown in black and those of the initially L/IM = 2 sample
solutions given in red. For better visibility, related signals are re-
spectively colored. H,C-HMBC spectra (not shown) ensured cor-
rect carboxyl and carbonyl 13C signal assignment. Note that the
blank’s signals themselves shift because of GSSG’s pD-dependent
speciation and, to a lesser extent, conformation. Thus, it is im-
portant to compare spectra of U(VI) containing sample and blank
for the same given pD value to appraise the U(V1)-induced effects.
Already at pD = 2 UO2%*interacts strongly with Glu COO as in-
ferred from 0.93 ppm Audc (see solid arrow), while Gly COO’s
Audc is only 0.27 ppm. At pD 3 and 4, however, the respective val-
ues amount to 0.20 and 0.13 ppm for Glu COO, and 0.76 ppm for
Gly COO (either pD, dashed arrows). As of pD 5, for both carboxyl
carbons the observed Audc decrease to values of 151 through
77 ppb for Gly COO, and 85 ppb for Glu COO, with the signals of
the latter exhibiting broadening over the whole pD range. Addition-
ally, the carbonyl carbons associated with the peptide bonds,
Glu CO and Cys CO, show slight shifts downfield in the presence
of U(VI) relative to the corresponding blanks. An analogous set of

spectra recorded for the L/M = 20 sample series as well as the cor-
responding spectra of the aliphatic carbons are given in Figures S4
and S5, SI, showing similar but smaller site-dependent effects.
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Figure 2. *H NMR spectra for pD 2 solutions initially 20 mM in
GSSG and at different [U(V1)]. Spectra are labelled with the actual
concentrations (in mM). Only regions of interest are depicted, with
lines drawn for better visibility. The signals on the right are verti-
cally magnified by a factor of 2.
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Figure 3. GSSG carboxyl region of pD-dependent 3C{*H} NMR
spectra of the blanks shown in black and of U(V1) solutions given
in red, with initial concentrations of 150 mM GSSG and 75 mM
U(VI). Signals are color coded for clarity.
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Figure 4. Species distribution of 500 pM U(VI) and 200 pM GSSG
in 0.1 M NaClOa4 solution (25 °C, N2 atmosphere), calculated with
HySS2009,* using the log K values of UO2(H3GSSG)* (this work,
dashed line), GSSG,% and the most updated U(V1) thermodynamic
data from NEA TDB.*6

Luminescence spectroscopy with GSSG. The U(VI) luminescence
intensity (500 uM U(VI), pH 3, 25 °C) decreases with increasing
GSSG concentration while the position of the emission band are the
same for the entire concentration series. This static quenching is
caused by the formation of a non-luminescent complex with a sim-
ultaneous decrease in the concentration of luminescent free metal
ions. Such data could be interpreted using the Stern-Volmer rela-
tion, lo/l = 1 + Ksv [Q]. Here lo is the intensity without quencher,
Ksv the Stern-Volmer constant, and [Q] the quencher concentra-
tion. The slope Ksy of the line (lo/l 1) vs. [GSSG] defines the as-
sociation constant K of the quenched complex based on the mass
action law.3% 47 We determined the log K for the UO2(H3:GSSG)*
complex as 4.81 + 0.08. This corresponds to a log i1 =
27.02+012 (25 °C, 0.1 M NaClOs) for the reaction
UO2?* + H3GSSG™ — UO2(H3GSSG)* (see Figure S6, Sl). These
values were then extrapolated to infinite dilution, applying the Da-
vies equation,*® accordingly yielding log K® = 5.24 +0.08 and
log f°131 = 29.38 £ 0.12. A correspondingly calculated speciation
diagram is shown in Figure 4.
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Figure 5. Scaled luminescence-based speciation of U(VI) in the
GSSG system from pD 3 through 7 as determined by cryo-TRLFS
(left panel), and PARAFAC-extracted emission spectra (right
panel) as obtained from the supernatants (A and B) and the
precipitates (C and D). Color coding is associated with the species
described in Table 2.

Table 2. Luminescence spectroscopic data obtained from cryo-
TRLFS of the supernatants and precipitates, together with spe-
cies assignment related to the graphs depicted in Figure 5. Main
peaks are given in bold.

Species Peak positions  Luminescence
(nm) lifetime (us)
Supernatant
UO20H* (aq) 494-515-539- 125+5
(=) 565-592
U(VI)—carbonate (aq) 482-501-522- 810+ 30
( ) 544-568
U(VI)-GSSG (aq) 491-511-534- 160 £ 20
(=) 558-584
U(VI)-GSSG-OH (aq)  489-510-531- 200+ 15
( ) 555-579
Precipitate
U(VI)-GSSG (s) 495-516-540- 120+ 15
(=) 565-594
U(VI)-GSSG-OH (s) 508-530-553- 70+ 10
(=) 578-606

The soluble fraction of the U(VI)-GSSG system was then charac-
terized by cryo-TRLFS. It is well known that several quenched
U(VI)-complexes become luminescent upon deep freezing. Indeed,
four different U(VI)-species could be identified at 153 K. Data de-
convolution results (PARAFAC) are shown in Figure 5A and 5B,
and Table 2. Four U(VI) species were extracted from the superna-
tant TRLFS data (top). Based on their emission spectra and lumi-
nescence lifetimes (Figures S7-S8, Sl, and Table 2) the species
were assigned to the 1:1 hydroxo species,*® UO20H* (green), a
U(VI)—carbonate species* (yellow), and two U(VI)-GSSG com-
plexes. The U(VI)-GSSG complex predominating in the acidic pD
range corresponds to the binary complex quenched at room tem-
perature (magenta), while as of pD = 5 a further, ternary U(VI)-
GSSG-OH complex forms (light blue). The spectral shape and red-
shifted main transition of the latter is indicative for a polynuclear
species.®-52 These findings are in excellent agreement with the
NMR results, corroborating the nature of this complex being a ter-
nary U(VI) hydroxo GSSG complex.

NMR spectroscopy with GSH. Owing to both structural and chem-
ical similarity to GSSG, in the presence of U(VI) GSH’s NMR sig-
nals in principle exhibit comparable qualitative effects, e.g., in-
duced signal shifts and line broadenings. The respective spectra and
corresponding graphical evaluation, together with further remarks,
are provided as Supporting Information (Figures S9-S17, SI). That
is, for the lowest pD values the Glu residue related signals are
shifted the strongest, whereas for pD > 3 the Gly o 'H signal reveals
the largest Audn, and the magnitude of the Cys Audn are smallest
overall. Corresponding Audn Vvs. pD plots reveal similar features for
either of the M/L = 2 and M/L = 0.5 series, with spectra of the for-
mer showing a stronger response. For both series, |Audn| values in-
crease upon increasing pD up to = 3.5. However, the curves evince
anotable decline in the |Audn| values (Figure S17, SI, dashed lines),
observed above pD 3.5 and 3.25 for M/L = 0.5 and 2, respectively.
Spectra obtained for pD > 6 show only minor U(VI)-induced ef-
fects. For the U(VI)-GSH samples showed remarkable precipita-
tion, acquisition of GSH 13C NMR spectra was waived.



Precipitate studies

Luminescence spectroscopy with GSSG. The conclusive GSSG so-
lution analysis is further expanded by investigations of the U(VI)-
GSSG precipitates, with the PARAFAC deconvolution results
shown in Figure 5 C and D (vide supra), and the associated lumi-
nescence decays and spectral analyses given in Table 2 and Figure
S8, Sl. In contrast to the supernatant, the precipitate is adequately
described with only two species. The first species (brown) resem-
bles the supernatant’s binary U(V1)-GSSG (aq) complex in spec-
tral shape and luminescence lifetime, which can be explained by a
comparable U(VI) environment. The spectral shift of 4 nm is at-
tributed to the formation of an amorphous solid phase. As of pD 5,
the second species present (cyan) again features a red-shifted spec-
trum of distinctive appearance, hence ascribed to a polynuclear
U(VI)-GSSG-OH (s) ternary complex (cf. Figure 5 B and D, and
Table 2). Observation of polynuclear GSSG complex species for
both the supernatant and the precipitate correlates with the emer-
gence of polynuclear hydrolysis species in this pD range. These hy-
drolysis species act most likely as the precursor for the U(VI)-
GSSG-OH ternary complex.
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Figure 6. FT-IR spectra (KBr disc) of the precipitates obtained
from suspensions initially 150 mM in GSSG and 7.5 mM in U(VI)
for pD 2 through 8, highlighting characteristic spectral regions:
stretching vibrations of OH, NH, and CH/CH2 (green), C=0
(orange), and UO:z2 (pink); dashed lines indicate band positions for
pure-inorganic U(VI) phases (see text).

FT-IR spectroscopy with GSSG. The IR spectra (Figure 6) can be
subdivided into three regions of interest: stretching vibrations of
OH, NH, and CH/CHz2 (green), C=0 (orange), and UOz2 (pink). By
means of the second derivatives a better spectral resolution could
be achieved. Evaluation of the FT-IR spectra obtained from the
bright yellow precipitates clearly reveals features associated with
both GSSG and U(VI). Basically, all spectra are very similar
among one another, showing only gradual changes upon increasing
pD. For a detailed band assignment, refer to Table S3, SI. Particu-
larly for pD 2 (and pD 4) the (weak) shoulder at 1736 cm indi-
cates that GSSG’s Gly carboxyl groups are still (partially) proto-
nated. For the whole pD range sampled, the antisymmetric and
symmetric stretching carboxylate vibrations, vas and vs, of unbound

COO are respectively found at 1592 + 4 and 1396 + 1 cm . Fea-
tures associated with U(V1)-bound COO, vas and vs are observed at
1578 + 3 and 1472 = 2 cm™* (Gly) and 1637 + 2 and 1375 + 3 cm!
(Glu), respectively. Given figures denote mean values and the pD-
dependent range of the band position. Moreover, the Glu—-Cys and
Cys—Gly amide | bands are observed at 1682 + 1 and 1654 + 1 cm~
1, showing hypsochromic shifts of 20 and 27 cm™2, respectively,
relative to the free ligand.>® The antisymmetric stretching vibration
of the uranyl unit, vs(UQOz), is observed between 916 and 906 cm*
for pD 2-8, respectively (vertical solid line in Figure 6).

DISCUSSION

NMR measurements demonstrated that already at acidic conditions
such as pD 2 GSSG (and GSH) interact strongly with UO2?* as de-
duced from remarkable Aud (Figures 2 and 3). For both GSSG and
GSH, at the lowest pD values the complexation-induced effects are
largest for the Glu residue, whereas for pD > 3 the Gly residue as-
sociated signals reveal stronger shifts.

This qualitative difference in U(VI) complexation is because of the
(cationic) amino group in direct vicinity to the Glu carboxyl, on the
one hand causing Coulomb repulsion to the metal ion.>* On the
other hand, electron withdrawal (-1 effect) from the COO renders
the pKa to be low (easy accessibility) but the carboxyl group to be
less nucleophilic. Complementary, the Gly carboxyl is less acidic,
and thus of reduced accessibility due to competition between D*
and U(VI) for the binding site. Accordingly, at low pD the
Gly COO shows the smaller |Aud|. However, as of pD values com-
parable to its pKa (cf. Table 1), complexation is preferred at this
site.

TRLFS measurements showed that the binary GSSG-U(VI) (aq)
complex, UO2(H3GSSG)*, is non-fluorescing at room-temperature,
but can be detected under cryogenic conditions (153 K). Nonethe-
less, by means of a Stern-Volmer plot its stability constant was de-
termined as logK = 4.81+0.08, according to log ;1 =
27.02+£0.12, at 25 °C in 0.1 M NaClO4 pH 3 media. The corre-
spondingly calculated species distribution diagram (Figure 4) is ex-
cellently in line with the NMR spectral findings from Figure 3, with
the strongest complexation-induced chemical shift changes ob-
served for the existence range of UO2(H3sGSSG)* complex. The
participation of three out of four carboxyl functionalities for com-
plexation mirrors the quite high determined complex stability of
log f°131 = 29.38 £ 0.12. Upon comparison with the stability con-
stant of 2.24 £0.02 (25 °C, 1 M NaClO4) for the U(VI)-GSH 1:1
complex?® (corresponding to a log B121 of 20.67 + 0.04), the herein
determined stability constant for the U(VI)-GSSG 1:1 complex ap-
pears reliable. Based on the higher number of (basic) functional
groups in GSSG as compared to GSH, larger values for both the
association constant and the overall stability constant for U(VI)
complexation by GSSG are plausible.

Upon increasing pD to values above 5, the emission bands associ-
ated with GSSG complexation show a basically altered spectral ap-
pearance, along with a bathochromic shift and a prolonged lifetime
attributed to the formation of polynuclear complexes. Under atmos-
pheric conditions, as of pD > 5 also carbonate species such as
(U02)2C03(0OH)3, UO2(CO3)2*, and UO2(CO3)s* form in aque-
ous solution, according to log 4° of —0.86, 16.61, and 21.84, respec-
tively (cf. also speciation diagram in Figure S1, SI).#6 According to
the remarkably long emission lifetime of 810 + 30 ps, a U(VI)—
carbonate species occurs temporarily (yellow species in Figure 5).
The intermediate presence can be explained by the depletion of dis-
solved ligand at circumneutral conditions owing to precipitation of
GSSG complexes. The concentration of metal and ligand remain-
ing in solution (see Figures S18 and S19, Sl) is insufficient to com-
pete with dissolved carbonate for U(VI) complexation. However,



upon further increasing pD, and thus increasing contents of dis-
solved peptide, the U(VI)—carbonate complex is then displaced by
polynuclear U(V1)-GSSG—-OH species. Regardless of the absolute
GSSG concentration, either series with 20-fold ligand excess shows
the least amounts of dissolved U(V1) around pD 5 (cf. Figure S18,
SI), when GSSG predominates as a dianionic species. The fraction
of formed precipitate decreases, i.e., the quantity of soluble U(VI)
increases upon further addition of base. This result is ascribed to
the formation of anionic polynuclear U(VI1)-GSSG-hydroxo spe-
cies showing an increased solubility.

Interestingly, also 3C NMR spectroscopy can discern the changing
GSSG-U(VI) complex speciation. For both Glu and Gly residues
the observed Aud values are largest for pD < 4 since UO2?* causes
stronger complexation-induced effects than the eventually emerg-
ing U(VI) hydroxo species. Coordination by ligands (Lewis bases)
in general or, as in the present case, successive hydrolysis upon
raising pD, continuously decreases uranium’s Lewis acidity. Ac-
cordingly, the (axial) U-Oyi bonds increase in length accompanied
with a reduced O=U=0 bond force constant as reflected by batho-
chromic shifts of the symmetric vi1 and antisymmetric vs UO2
stretching modes in vibrational spectroscopies.®%® Therefore, as
the electron density around the probed nuclei correlates with the
chemical shift, coordination to (polynuclear) U(V1) hydrolysis spe-
cies causes much less electron withdrawal from GSSG’s carboxyl
carbons, for instance, resulting in smaller differences between sam-
ple and blank spectrum.

For both L/M = 2 and 20 GSSG sample series **C NMR signals
indicate interaction of Glu and Gly carboxyl with U(VI) up to pD 8
with some small induced shifts, taking into account the spectral im-
plications concerning the steadily decreasing Lewis acidity of
U(VI). Similar line broadenings observed for analogous signals in-
dicate the same molecular dynamics in both series. Spectra of
GSSG-U(VI) solutions reveal broadened Glu COO *3C signals for
the whole pD range (2-8), while the signals due to Gly COO are
broadened only for pD < 5. (cf. spearheads in Figure 2). As de-
scribed in more detail for GSH (vide infra), line broadening is in-
dicative of a reduced exchange reaction rate at the binding sites.
Accordingly, U(VI) resides longer at the Glu carboxylates than at
the Gly carboxylates (kinetics). The latter is ascribed to Glu amino
groups hydrogen bonding in the second coordination shell, consti-
tuting a kind of pseudobridging, i.e., monodentate carboxyl coordi-
nation accompanied by a hydrogen bond between the amino group
and an aqua or hydroxo ligand of the uranyl unit. Similar binding
motifs are already inferred from experiment and calculation in
other model systems.5%-61 Moreover, simultaneous (chelating) in-
teraction between (polynuclear) U(VI) species and both Glu resi-
dues is conceivable, as inferred from GSSG’s conformation re-
solved from single-crystals (Figure S20, SI). A corresponding mo-
tif is respected for the suggested structure of the binary complex
given in Figure 7 (below). Investigations by, e.g., Reitz et al.®? and
Barkleit et al.®® regarding U(V1) interaction with S-layer proteins
and peptidoglycan, respectively, also raised the question whether
amino groups are involved in coordination. Particularly the dia-
minopimelic acid in peptidoglycan is structurally very similar to
the Glu moieties, as either possesses a (CH2)2CH(NHs*)COO™ res-
idue.

Considering the speciation of both U(VI) and GSSG, up to pD 4
the complexes are binary; for pD 2 forming between UO2?* and
Glu’s COO, and as of pD 3 UO2?* binds to both Glu’s and Gly’s
carboxyl groups. Thus, [(UO2)(OOC)GSSG(COO)n(COOH)3-n]®
"+ (n=0,1, 2, 3) is a general representation of the binary species.
In case of n = 3, the resulting net neutral species likely precipitates.

Regarding the precipitates, both FT-IR and TRLFS reveal excellent
agreement for the coordination and speciation (changes) observed
along the pD-dependent series.

Evaluation of the carbonyl region (~ 1700-1350 cm™?) in the FT-
IR spectra is somewhat challenging for the ratio of chemically ac-
tive carboxyl groups to backbone amide groups is high. Therefore,
the simultaneous occurrence of COOU, COO-, COOH, and CONH
further increases the number of bands. Hence, the respective spec-
tral region is characterized by overlapping absorptions resulting in
a broad feature. The degree of spectral splitting, Av(vas, vs), allows
to derive the carboxylate groups’ type of coordination. The Av
value of the uncomplexed ligand serves as reference, in the present
case 196 cm™!. In general, bidentate coordination shows a lower
spectral splitting, whereas monodentate coordination usually ex-
hibits a larger band separation as compared to the uncomplexed lig-
and.®* The obtained Av of 106cm™ indicates bidentate
(CO0)<U(VI) binding. There are, however, particularly for pD 2,
two absorptions in the region of interest that cannot be ascribed to
vibrational modes of free GSSG, namely at 1637 and 1375 cm™™.
Referring these bands to vas and vs (COOU), Av is calculated to
about 260 cm™, a value characteristic for monodentate O=CO-—
U(VI) coordination.54% Carboxyl-U(VI) ligation is reported to be
bidentate for carboxylates such as aliphatic acetate,® propionate,®”
8 n-valerate,®® or aromatic benzoate and phthalate,®” 7° and even
for glutamate and aspartate in case of binding by their respective
side-chain carboxylate.”* Other amino acids such as alanine or gly-
cine, however, show monodentate coordination in their zwitterionic
form.”7* For the ligands’ Gly terminus acts like a conventional
carboxylic acid and while the Glu terminus constitutes a zwitterion,
it is concluded that U(V1)-coordination by the Gly COO is biden-
tate and by the Glu COO is monodentate. The latter occurs espe-
cially for acidic conditions for which the Gly carboxyl group is not
yet accessible. Figure 7 depicts a suggested molecular structure for
UO2(H3GSSG)*, assuming a pentagonal bipyramidal U(VI) coor-
dination geometry and the occupation of the fifth equatorial coor-
dination site by a water ligand.

Figure 7. Proposed molecular structure of UO2(HsGSSG)*
predominating under acid conditions; light blue, uranium; dark
grey, carbon; white, hydrogen; dark blue, nitrogen; red, oxygen;
yellow, sulfur; carbon-bound hydrogen atoms are omitted for
clarity.

Accordingly, 'H NMR spectroscopy reveals further indications for
Glu’s monodentate binding upon alteration of the splitting pattern
particularly of the Glu f signals (Figure 2, marked by arrows). As
the signals are mole fraction weighted averages, upon increasing
U(VI) contents the observed spectra increasingly reflect the formed
complex. The Glu B CHz signals change from GSSG blank-domi-
nated pseudo-quartet appearance to a higher-order multiplet due to
the GSSG-U(VI) complex. For these methylene hydrogen atoms
are diastereotopic, they are sensitive to changes in local symmetry
and chemical environment as is the case particularly for monoden-
tate binding. Consequently, the individual hydrogen atoms become
more distinct and so do their corresponding chemical shifts. Also



the signals of the adjacent Glu y methylene hydrogen atoms are af-
fected due to altered HC(B)—(y)CH torsion angles, thus also chang-
ing the vicinal coupling constants.

Theoretical studies® indicated that mono- and bidentate coordina-
tion are essentially isoenergetic in solution. After thermodynamic
correction, however, bidentate coordination was shown to be
clearly favored largely due to entropy effects upon liberation of two
water molecules in contrast to only one water ligand as for mono-
dentate carboxylate binding.

For any ligand binding to U(VI) results in a bathochromic shift of
the stretching frequencies, stepwise ligand coordination progres-
sively reduces the v3(UO2) of 961 cm for free UO2?* as shown for,
e.g., 1:1, 1:2, and 1:3 U(VI)-acetate complexes with absorptions
found at 949, 939, and 924 cm, respectively.® Since the presence
of U(VI) hydroxo species is considered unlikely for the pD 2 sam-
ple, and the respective FT-IR spectrum discloses features unambig-
uously associated with GSSG, it is concluded that the precipitate
obtained at pD 2 consists of a binary U(VI)-GSSG (s) complex.
Regarding the low v3(UO2) of 916 cm observed at pD 2, the
UO2?* is concluded to be monodentately coordinated by two Glu
carboxyl groups as the Gly COOH are protonated more than 93%
under these conditions (vas of COOH at 1736 cm1), and monoden-
tate binding induces stronger vs(UO2) red-shifts.55-58 60

Upon increasing pD, the occurrence of hydrolysis species and co-
incidental accessibility of the Gly carboxylates renders the ob-
served va(UO2) to change only little (916 through 906 cm for
pD 2 through 8, respectively) because of compensating effects (cf.
solid black line in Figure 6). On the one hand, the bidentately co-
ordinating Gly carboxylates cause a smaller decrease in v3(UO2)
alike bidentate acetate coordination (see above). On the other hand,
and in line with their predominance observed in TRLF spectra,
(polynuclear) U(VI) hydrolysis species are themselves character-
ized by lowered va3(UQ2). Compared to the 961 cm* for free UO2%*,
U(VI) hydrolysis causes notable v3(UO2) red-shifts, e.g., 943 and
923 cm* attributed to (UQ2)2(OH)2%* and (UO2)3(OH)s*, respec-
tively.56 75 Therefore, the observed pD-dependent gradual decrease
of va3(UOy) is due to a decreasing fraction of the net neutral U(VI)-
GSSG (s) binary species, and an increasing fraction of (polynu-
clear) U(VI)-GSSG-hydroxo (s) ternary species. This IR-based
conclusion is corroborated by the results obtained from TRLFS in
combination with PARAFAC, allowing for a sufficient description
of the precipitates by two species only (Figure 5, bottom row). That
is, upon increasing pD, contents of the binary GSSG complex
(brown) decreases while the fraction of the ternary (polynuclear)
GSSG complex (cyan) increases.

Considering the speciation of both U(VI) and GSSG for any given
pH value, it is particularly the pH region of about 4 through 6.5, for
which the forming net neutral precipitates do not require any coun-
ter ions for charge balancing. At low / high pH values, however,
complexes formed by the simultaneously occurring U(VI) and
GSSG species require, e.g., Cl- or Na*, respectively, for the for-
mation of net neutral precipitates. This likely explains the increased
solubility of the respectively formed complexes below pD 4 and
above 6.5 (cf. Figure S18, Sl).

Moreover, the precipitates do not contain carbonate species as evi-
denced by the strong bathochromic shift of the emission lines and
the overall shorter luminescence lifetimes. This conclusion is cor-
roborated by the absence of FT-IR features characteristic for vibra-
tional modes of both metal and ligand in uranyl carbonate species.
Solid UO2COs (rutherfordine) causes an intense and broad v3(UQ2)
absorption band ranging from 990 through 866 cm centered at
950 cm, as well as apparent vas(CO3) and vs(CO3) at about 1510
and 1420 cm?, respectively,”® 77 and metaschoepite (UOz-nH20, n
< 2) gives rise to a strong v3(UO2) absorption at 958 cm1.78 Alt-
hough [U(VI)] are applied in the millimolar range, and U(V1) sol-
ubility may be exceeded, no such uranyl containing inorganic

phases precipitated according to the absence of corresponding band
positions (dashed lines in Figure 6).

In addition, peptide bond-associated features in both IR and NMR
spectroscopies, i.e., hypsochromic shifts of amide I bands and
slight downfield shifts of Glu CO and Cys CO *3C signals in the
presence of U(VI1), respectively, disclose changing conformation of
the GSSG ligand (backbone) upon complexation of U(VI).

With regard to U(VI) and GSH speciation (Figures S1 and S2, Sl),
the two binary complexes forming in acid solution are
UO2(H2GSH)?* and UO2(HGSH)*, predominating below and
above pD = 2.5, respectively, thereby reflecting the commencing
deprotonation of GSH’s Gly COOH. Accordingly, the solid lines
in Figure S17, SI, mirror the growing contents of aqueous U(VI1)—
GSH complexes. At pD between 3 and 3.5, depending on the metal
to ligand ratio, the curves show a break, and the Audn values de-
cline remarkably (dashed lines). In this pD range the speciation of
both GSH and U(V1) changes significantly. On the one hand, U(VI)
hydrolysis species per se reduce observable Aud values owing to
decreased Lewis acidity. On the other hand, GSH now predomi-
nates as a net monoanionic species, whereupon the concomitantly
observed precipitation is not surprising. The yield of net neutral
and, thus, hardly soluble complex species is more prevalent for
GSH as compared to GSSG since the former possesses only half
the number of ionizable functional groups. Considering both ligand
and metal contents remaining dissolved (Figure S19, SI), GSH and
U(VI) are unequally removed from solution, i.e., excessive in ura-
nium, suggesting that the precipitates contain polynuclear species.
Accordingly, the fraction of free GSH increases and the Audn val-
ues decrease. Unlike GSSG, GSH cannot outcompete U(VI) hy-
drolysis and thus scarcely forms soluble ternary complexes.
Additionally, broadened NMR signals are a prominent feature, par-
ticularly for systems with significant U(VI) interaction, while the
line width, Avi, denoting the width of the signal at half amplitude,
is constantly small (about 0.7 Hz) in the blank spectra. However,
the closer the probed nucleus to uranium’s binding site, the larger
is Aviz. Rising [U(VI)] or pD reduces the competition between
U(VI) and D* for COO™ and, correspondingly, slows down the ex-
change rate, the latter denoting the frequency of association and
dissociation. For these processes take place on time scales whose
inverse (in units of frequency) correspond to NMR spectral widths,
the signals are affected in position and line width. Accordingly, the
regime shifts from fast intermediate to slow intermediate exchange,
with the respective rate becoming less than half the frequency dif-
ference of signals related to the exchanging sites. Taking up the
measured maximal Audn value of 140 Hz (pD 3.25 spectrum in
Figure S15, Sl) as the corresponding spectral distance between
Gly a *H signals of U(VI)-bound and free GSH, the exchange rate
is approximately 102 s,

CONCLUSIONS

We investigated the coordination of U(VI) by the oligopeptides
GSSG and GSH by means of complementary spectroscopic meth-
ods. Examination of complex formation and dynamics as well as
binding fashion was examined from both the ligands’ (NMR and
IR) and the metal’s perspective (TRLFS and IR). The results
showed an excellent internal consistency between both different
spectroscopic methods and speciation (changes) observed for the
different (aqueous and solid) phases. For the first time the complex
formation constant for the binary UO2(H3GSSG)* complex was de-
termined.

The ligands’ COO groups coordinate U(VI), whereas those of the
Glu residues are more easily accessible, and those of the Gly resi-
dues are more capable. That means, even for low pD values U(VI)
interacts with Glu COO, however, as of pD values in the order of



magnitude of its pKa (pD = 2.5), the Gly COO is the stronger bind-
ing site. Nonetheless, the Glu COO retains metal ion interaction.
The Gly terminus thereby acts like a conventional carboxylic acid
binding bidentately, whereas the Glu terminus (up to alkaline con-
ditions) features a zwitterionic residue coordinating monoden-
tately. On the one hand, by dint of their function in vivo, both GSH
and GSSG are important ligands to be considered by themselves.
On the other hand, for both constitute ambidentate ligands compris-
ing the ability to bind in different coordination fashion, they are
well-suited small model molecules resembling larger peptides or
mimicking the functionalities on cell surfaces of, e.g., microorgan-
isms. In this context, but also conceivable for many other applica-
tions beyond biota, GSH’s free thiol group may be used for cova-
lent attachment to suited surfaces rendering the carboxyl groups ac-
cessible for U(V1) sequestration or further derivatization.

In contrast to the intensively investigated GSH/GSSG-transition
metal systems, the U(VI) containing system has three major pecu-
liarities impacting complexation behavior: (i) strong hydrolysis of
U(VI), (ii) linear dioxo structure of the uranyl ion imposing orbital
requirements on coordination geometry, and (iii) exclusive O-do-
nor ligation by the carboxylates in the first coordination sphere.
To either of the U(VI)-GSH and U(VI) —GSSG systems applies the
observation of precipitation when net neutral complexes form. Es-
pecially when no further counter ions such as CI- or Na* are re-
quired for charge balancing the solubility is remarkably reduced
resulting in high U(VI1) removal from solution. The precipitates re-
flect the actual speciation of both the ligand and the metal, hence
they contain binary complexes forming in acidic media, and ternary
complexes obtained under slightly acidic through alkaline condi-
tions, even in the presence of carbonate. The largest quantities of
soluble U(VI)-GSSG/GSH complexes are detected between pD 3
and 4. Although as of pD 6 quite stable uranyl carbonate complexes
emerge, GSSG can compete upon formation of polynuclear ternary
complexes of increased solubility. Therefore, solubility of the
formed complexes is the result of the interplay between speciation
of both U(V1) and the ligands. Consequently, especially GSSG and,
thus, other (oligo) peptides can promote U(VI) mobilization or im-
mobilization, strongly contingent on the complexes’ net charges.
The experimental approach used in this work allowed for the deri-
vation of the complex formation constant log K® = 5.24 + 0.08 for
the reaction UO2?* + H3GSSG~ — UO2(H3GSSG)* at infinite dilu-
tion. These extensions of the thermodynamic database for organic
uranyl(V1) compounds now enables more reliable speciation calcu-
lation in the respective chemical systems.

By examining the interaction between U(VI) being released natu-
rally or deliberately into the environment, and potential targets in
living beings, GSH and GSSG are bridge-building between studies
invitro and invivo. Hence, the presented results advance the
knowledge in bio-ligand coordination to U(V1). The results may be
transferred to other actinyl ions (Np, Pu), helping to understand
both basic aqueous coordination chemistry of high-valent f-ele-
ments and detoxification mechanisms as well as to develop reme-
diation procedures.

In light of high tolerances of some organisms for very acidic con-
ditions and high radionuclide concentrations as in flooded uranium
mines or nuclear waste tanks,”®# it would be very interesting to
check whether the results obtained for GSH/GSSG (or related com-
pounds) may provide a clue on the operating detoxification mech-
anisms in such extremophiles.
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U(V]) interaction with glutathione and its dimer, glutathione disulfide, facilitates via the ligands’ ambi-
dentate carboxyl groups: the binding fashion depends on the terminus, i.e., monodentate coordination by
the glutamyl and bidentate coordination by the glycyl residues, respectively. Complex solubility is the
result of the interplay between speciation of both U(VI) and the peptides.




