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Abstract: Gas-phase experiments, using electrospray ionization quadrupole ion trap mass spectrom-
etry (ESI-QIT/MS), were conducted to probe basic interactions of the uranyl(VI) ion, UO2

2+, with
selected natural amino acids, namely, L-cysteine (Cys), L-histidine (His), and L-aspartic acid (Asp),
which strongly bind to metal ions. The simplest amino acid, glycine (Gly), was also studied for com-
parison. Cys, His, and Asp have additional potentially coordinating groups beyond the amino and
carboxylic acid functional groups, specifically thiol in Cys, imidazole in His, and a second carboxylate
in Asp. Gas-phase experiments comprised collision-induced dissociation (CID) of uranyl–amino acid
complexes and competitive CID to assess the relative binding strength of different amino acids in
the same uranyl complex. Reactivity of selected uranyl–amino acid complexes with water provided
further insights into relative stabilities. In positive ion mode, CID and ensuing reactions with water
suggested that uranyl–neutral AA binding strength decreased in the order His > Asp > Cys > Gly,
which is similar to amino acid proton affinities. In negative ion mode, CID revealed a decreasing
dissociation tendency in the order Gly >> His ≈ Cys > Asp, presumably reflecting a reverse enhanced
binding to uranyl of the doubly deprotonated amino acids formed in CID.

Keywords: uranyl ions; amino acids; gas-phase ion chemistry; electrospray ionization mass spec-
trometry

1. Introduction

The extensive use of uranium and other actinides in nuclear technology introduces the
possibility of contamination that may induce both radiological and chemical toxicity [1].
Uranium has no role in normal biochemical processes in living organisms, but understand-
ing its interactions with biomolecules, such as proteins, is key to illuminating its high
toxicity and elaborating toxicological models [2–9].

The most stable form of uranium under biological conditions is the uranyl(VI) ion,
UO2

2+. It can develop strong interactions with biomolecules due to its physicochemical
properties, and it has the ability to replace essential divalent metal ions, which may result
in significant disruption to their natural functions. Following a contamination event,
biological fluids will transport absorbed uranyl toward different organs through binding to
particular biomolecules.

Many studies have been performed to understand the interactions between uranium
and biomolecules, including amino acids and peptides as protein building blocks, but better
comprehension of structure–function relationships is still needed [10–13]. Such knowledge
is key to assessing mechanisms of uranium toxicity and developing new molecules for
selective uranyl binding in decorporation and bioremediation [14–17]. Such insight is also
useful for the development of sensitive and selective peptide/protein-based uranyl sensors
for environmental detection and remediation [18–23].
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Gas-phase studies based on mass spectrometry (MS) can provide intrinsic physical
and chemical properties of elementary species and can elucidate relationships between
molecular and electronic structure, energetics, and reactivity. MS, often accompanied
by spectroscopic experiments and theoretical studies, has long been employed in the
fundamental investigation of metal–ion interactions with molecules of biological relevance,
with emphasis on alkali, alkaline earth, and key transition metals [24–26].

Infrared multiphoton dissociation (IRMPD) spectroscopy is an established approach
for obtaining structural and conformational information on gas-phase metal ion complexes,
with many recent investigations addressing systems of biochemical relevance [27–30].
Amino acids, the elementary components of peptides and proteins, tend to be zwitterions
in an aqueous solution, while the more even charge distribution is more stable in the gas
phase. However, the charge distribution may change upon coordination to a metal ion,
with competition between zwitterion/salt bridge (SB) and charge solvation (CS) modes of
complexation. For deprotonated amino acids, a main consideration is the site of deprotona-
tion, which is clearly the carboxylic acid terminus in solution but may be different in the
gas phase. IRMPD studies have contributed to unraveling these issues for various metal
ions.

The approaches noted above have not yet been used to examine interactions of uranyl
with simple biomolecules. Therefore, the study of gas-phase interactions of uranyl(VI)
with selected natural amino acids using ESI-MS and tandem MS appeared significant, this
serving as preliminary scrutiny to lay the groundwork for more elaborate spectroscopic
and computational studies.

2. Materials and Methods
2.1. Materials

Natural or depleted uranium compounds used in this work comprise alpha-emitting
radionuclides, 238U (t1/2 = 4.468 × 109 years, α-particle energy 4.27 MeV),
235U (t1/2 = 7.04 × 108 years, α-particle energy 4.68 MeV), and 234U (t1/2 = 2.46× 105 years,
α-particle energy 4.86 MeV) [31]; 238U is the primary component of uranium, both natural
(~99.3% 238U) and depleted (~99.8% 238U). Adequate radiological safety precautions were
taken in all experiments.

Uranyl/amino acid solutions were prepared from 1–4 vol. of 1 mM amino acid
solutions in H2O (glycine, L-histidine, L-cysteine, L-aspartic acid; commercial products
with >99.9% purity), plus 1 vol. of 1 mM solution in H2O of UO2Cl2(H2O)n (commercial
product with >99.9% purity). Uranyl/amino acid mixtures were diluted in 2–5 vol. of
ethanol to enhance ESI-MS performance. The pH of the solutions was in the range 5–7, with
cysteine solutions being generally the most acidic. Cysteine solutions needed to be freshly
prepared because cystine is easily formed by condensation of two cysteine molecules
covalently linked via a disulfide bond. For competitive CID experiments, H2O solutions
with two different amino acids were prepared with a 1:1 stoichiometry and then mixed
with uranyl chloride solutions in H2O and diluted with ethanol to yield a concentration of
uranyl of ~10−4 M, some 2–4 times that of the amino acids.

2.2. Methods

A Bruker HCT quadrupole ion trap mass spectrometer (QIT/MS) equipped with
an ESI source was used in all experiments. Mass spectra were recorded in positive and
negative ion accumulation and detection modes. Sample solutions were introduced through
a nebulizer with a syringe pump at 150 µL h−1. Mass spectra were acquired using the
following typical instrumental parameters: nebulizer gas pressure, 8.0 psi; capillary voltage,
−/+4000 V; dry gas flow rate, 4.0 L min−1; dry gas temperature, 250 ◦C; capillary exit,
+/−128.5 V; skimmer, +/−40.0 V. Nitrogen gas from a nitrogen generator was used for
nebulization and drying in the ion transfer capillary. The helium buffer-gas pressure in the
ion trap was constant at ~1 × 10−4 Torr, and the background water and oxygen pressures
were estimated to be ~10−6 Torr each. The MSn capabilities of the QIT were used for the



Appl. Sci. 2023, 13, 3834 3 of 14

isolation of ions with a specific m/z, for subsequent collision-induced dissociation (CID)
experiments with mass-selected ions using the helium buffer gas as collision partner, or
for introducing an ion/molecule reaction time of up to 10 s without ion excitation. The
helium provides third-body collisions, which remove energy and stabilize product ions
after CID, as well as thermalizing reagent ions and stabilizing product ions in ion/molecule
reactions. Pseudo-first-order rates, k, for thermal (~300 K) reactions of trapped ions in the
QIT were obtained by isolating the ion of interest and allowing it to react with background
water or oxygen for variable times. When reaction products efficiently formed during CID
experiments and rendered reagent ion isolation impractical, rough estimates of reaction
rates were inferred from relative abundances of reagent and product ions in CID spectra,
considering the CID timescale of ~40 ms.

3. Results and Discussion
3.1. ESI-MS of Uranyl Complexes with Glycine, Aspartic Acid, Cysteine, and Histidine

ESI-MS of mixtures of uranyl(VI) chloride and glycine (Gly), aspartic acid (Asp), cys-
teine (Cys), or histidine (His) in water/ethanol generated monopositive and mononegative
complexes containing the UO2

2+ ion coordinated by one to three neutral (AA) or depro-
tonated ((AA-H)−) amino acids (Scheme S1 shows the structures of studied amino acids).
The general formulas of the main complexes obtained are as follows: in the positive ion
mode, [UO2(AA-H)(AA)2]+, [UO2(AA-H)(AA)]+, [UO2(Cl)(AA)2]+, and [UO2(Cl)(AA)]+;
in the negative ion mode, [UO2(AA-H)3]−, [UO2(Cl)(AA-H)2]−, and [UO2(Cl)2(AA-H)]−.
Figures 1 and 2 show illustrative spectra for the cases of Cys in positive ion mode and His
in negative ion mode, respectively, and Figures S1–S6 present spectra for the remaining
cases in both ion modes. Tables S1 and S2 summarize the main results of ESI-MS in positive
and negative ion modes, respectively, including m/z assignments.

In some cases, in the positive ion mode, water-addition products were also observed
(see Figures 1 and S1–S3). As precursor [UO2(AA-H)(AA)]+ complexes were also present
in the spectra, water-addition products were considered water adducts and not complexes
with one hydroxide and two neutral AAs. Furthermore, simple water addition can prevail
as the gas-phase acidity of H2O is 200–280 kJ mol−1 larger than that of the AA (see Table S3
for a compilation of gas-phase data for the studied amino acids [32]; the gas-phase acidity of
water is 1633 kJ mol−1 [33]); this could compensate differences in relative binding strengths
of OH− vs. (AA-H)− and H2O vs. AA to uranyl (there are no available data for this
evaluation).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 3 of 14 
 

−/+4000 V; dry gas flow rate, 4.0 L min−1; dry gas temperature, 250 °C; capillary exit, 
+/−128.5 V; skimmer, +/−40.0 V. Nitrogen gas from a nitrogen generator was used for neb-
ulization and drying in the ion transfer capillary. The helium buffer-gas pressure in the 
ion trap was constant at ~1 × 10−4 Torr, and the background water and oxygen pressures 
were estimated to be ~10−6 Torr each. The MSn capabilities of the QIT were used for the 
isolation of ions with a specific m/z, for subsequent collision-induced dissociation (CID) 
experiments with mass-selected ions using the helium buffer gas as collision partner, or 
for introducing an ion/molecule reaction time of up to 10 s without ion excitation. The 
helium provides third-body collisions, which remove energy and stabilize product ions 
after CID, as well as thermalizing reagent ions and stabilizing product ions in ion/mole-
cule reactions. Pseudo-first-order rates, k, for thermal (~300 K) reactions of trapped ions 
in the QIT were obtained by isolating the ion of interest and allowing it to react with back-
ground water or oxygen for variable times. When reaction products efficiently formed 
during CID experiments and rendered reagent ion isolation impractical, rough estimates 
of reaction rates were inferred from relative abundances of reagent and product ions in 
CID spectra, considering the CID timescale of ~40 ms. 

3. Results and Discussion 
3.1. ESI-MS of Uranyl Complexes with Glycine, Aspartic Acid, Cysteine, and Histidine 

ESI-MS of mixtures of uranyl(VI) chloride and glycine (Gly), aspartic acid (Asp), cys-
teine (Cys), or histidine (His) in water/ethanol generated monopositive and mononegative 
complexes containing the UO22+ ion coordinated by one to three neutral (AA) or deproto-
nated ((AA-H)−) amino acids (Scheme S1 shows the structures of studied amino acids). 
The general formulas of the main complexes obtained are as follows: in the positive ion 
mode, [UO2(AA-H)(AA)2]+, [UO2(AA-H)(AA)]+, [UO2(Cl)(AA)2]+, and [UO2(Cl)(AA)]+; in 
the negative ion mode, [UO2(AA-H)3]−, [UO2(Cl)(AA-H)2]−, and [UO2(Cl)2(AA-H)]−. Fig-
ures 1 and 2 show illustrative spectra for the cases of Cys in positive ion mode and His in 
negative ion mode, respectively, and Figures S1–S6 present spectra for the remaining cases 
in both ion modes. Tables S1 and S2 summarize the main results of ESI-MS in positive and 
negative ion modes, respectively, including m/z assignments.  

 
Figure 1. ESI-MS of a uranyl chloride + cysteine solution (1:4) in positive ion mode. Figure 1. ESI-MS of a uranyl chloride + cysteine solution (1:4) in positive ion mode.



Appl. Sci. 2023, 13, 3834 4 of 14Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 14 
 

 
Figure 2. ESI-MS of a uranyl chloride + histidine solution (1:4) in negative ion mode. 

In some cases, in the positive ion mode, water-addition products were also observed 
(see Figures 1 and S1–S3). As precursor [UO2(AA-H)(AA)]+ complexes were also present 
in the spectra, water-addition products were considered water adducts and not complexes 
with one hydroxide and two neutral AAs. Furthermore, simple water addition can prevail 
as the gas-phase acidity of H2O is 200–280 kJ mol−1 larger than that of the AA (see Table S3 
for a compilation of gas-phase data for the studied amino acids [32]; the gas-phase acidity 
of water is 1633 kJ mol−1 [33]); this could compensate differences in relative binding 
strengths of OH− vs. (AA-H)− and H2O vs. AA to uranyl (there are no available data for 
this evaluation). 

Uranyl complexes containing cystine (Cis) were identified in spectra obtained from 
UO2Cl2+Cys solutions, as cystine easily forms through condensation of two cysteine mol-
ecules that covalently link via a disulfide bond (see Figure S6; see also Scheme S2 that 
shows the structure of cystine).  

Comprising a soft ionization method, ESI-MS may directly reveal solution speciation 
of metal complexes. However, due to the intrinsically complex mechanism of electrospray, 
as well as perturbations during ion transfer from ambient to low pressures, and other fac-
tors, gas-phase species from ESI do not necessarily directly represent those in solution 
[34–37]. As the focus is on gas-phase uranyl–amino acid complexes, the issue of solution 
speciation was mostly sidestepped. 

It is notable that in negative ion mode the relative abundance of [UO2(AA-H)3]− for 
the four different amino acids parallels their gas-phase acidities [32]. The most acidic, as-
partic acid, displays [UO2(Asp-H)3]− as the base peak in the spectrum, whereas the least 
acidic, glycine, shows only minor [UO2(Gly-H)3]−; cysteine and histidine are intermediate 
(see Figures 2 and S4–S6, and also Table S3).  

Gas- and condensed-phase properties are frequently dissimilar, with the acidity of 
amino acids being no exception as solution pKa [38] indicates histidine as the most acidic, 
glycine again as the least acidic, and aspartic acid and cysteine as intermediate (see Fig-
ures 2 and S4–S6; Table S4 compiles solution data for the amino acids). 

Uranyl(VI), the linear U(VI) dioxido cation UO22+, coordinates ligands in the equato-
rial plane with typical coordination numbers between 3 and 6, depending on ligand size, 
denticity, and binding strength. The main cationic and anionic uranyl complexes identi-
fied here suggest equatorial coordination number 3 in [UO2(Cl)(AA)]+, 4 in [UO2(AA-
H)(AA)]+ and [UO2(Cl)2(AA-H)]−, 5 in [UO2(Cl)(AA)2]+ and [UO2(Cl)(AA-H)2]−, and 6 in 
[UO2(AA-H)(AA)2]+ and [UO2(AA-H)3]−. Coordination of the amino acids to “oxophilic” 
uranyl is implicitly assumed to be through both oxygen atoms of carboxyl for neutral AAs 
or carboxylate for deprotonated AAs. Scheme 1 shows possible structures for the men-
tioned complexes where zwitterionic forms of neutral AAs are presumed. 

Figure 2. ESI-MS of a uranyl chloride + histidine solution (1:4) in negative ion mode.

Uranyl complexes containing cystine (Cis) were identified in spectra obtained from
UO2Cl2+Cys solutions, as cystine easily forms through condensation of two cysteine
molecules that covalently link via a disulfide bond (see Figure S6; see also Scheme S2 that
shows the structure of cystine).

Comprising a soft ionization method, ESI-MS may directly reveal solution speciation of
metal complexes. However, due to the intrinsically complex mechanism of electrospray, as
well as perturbations during ion transfer from ambient to low pressures, and other factors,
gas-phase species from ESI do not necessarily directly represent those in solution [34–37].
As the focus is on gas-phase uranyl–amino acid complexes, the issue of solution speciation
was mostly sidestepped.

It is notable that in negative ion mode the relative abundance of [UO2(AA-H)3]− for
the four different amino acids parallels their gas-phase acidities [32]. The most acidic,
aspartic acid, displays [UO2(Asp-H)3]− as the base peak in the spectrum, whereas the least
acidic, glycine, shows only minor [UO2(Gly-H)3]−; cysteine and histidine are intermediate
(see Figures 2 and S4–S6, and also Table S3).

Gas- and condensed-phase properties are frequently dissimilar, with the acidity of
amino acids being no exception as solution pKa [38] indicates histidine as the most acidic,
glycine again as the least acidic, and aspartic acid and cysteine as intermediate (see Figures 2
and S4–S6; Table S4 compiles solution data for the amino acids).

Uranyl(VI), the linear U(VI) dioxido cation UO2
2+, coordinates ligands in the equatorial

plane with typical coordination numbers between 3 and 6, depending on ligand size,
denticity, and binding strength. The main cationic and anionic uranyl complexes identified
here suggest equatorial coordination number 3 in [UO2(Cl)(AA)]+, 4 in [UO2(AA-H)(AA)]+

and [UO2(Cl)2(AA-H)]−, 5 in [UO2(Cl)(AA)2]+ and [UO2(Cl)(AA-H)2]−, and 6 in [UO2(AA-
H)(AA)2]+ and [UO2(AA-H)3]−. Coordination of the amino acids to “oxophilic” uranyl
is implicitly assumed to be through both oxygen atoms of carboxyl for neutral AAs or
carboxylate for deprotonated AAs. Scheme 1 shows possible structures for the mentioned
complexes where zwitterionic forms of neutral AAs are presumed.
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Gas-phase anionic uranyl–carboxylate complexes [UO2(RCO2)3]− (R = Me, Ph) were
studied by Groenewold et al. using MS coupled to IRMPD spectroscopy, complemented
by DFT computations [39]. The IRMPD results indicated that the complexes comprised
two bidentate carboxylates and one monodentate carboxylate, while DFT pointed to two
energetically indistinguishable conformers, with either two bidentate and one monodentate
or three bidentate carboxylates.

In contrast to simple carboxylates, the amino group in amino acids, as well as the
sidechain functionalities of cysteine (thiol), histidine (imidazole), and aspartic acid (addi-
tional carboxyl), can coordinate to uranyl. Insight into the actual uranyl coordination was
searched for with MSn experiments described below.

3.2. CID and Reactivity of Uranyl–Glycine, Uranyl–Aspartic Acid, Uranyl–Cysteine, and
Uranyl–Histidine Complexes

Collision-induced dissociation (CID) experiments using the helium buffer gas as a
collision partner were performed for dominant cationic and anionic uranyl–amino acid
complexes. Also reported here are results for some reactions of complexes with water or
oxygen present in the ion trap as background gases.

3.2.1. Cationic Uranyl–Amino Acid Complexes

The main cationic uranyl–amino acid complexes identified were [UO2(AA-H)(AA)2]+

and [UO2(Cl)(AA)2]+; [UO2(AA-H)(AA)]+ and [UO2(Cl)(AA)]+ were minor species not
examined by CID. Table 1 summarizes the CID results in positive ion mode.

Table 1. CID of cationic uranyl–amino acid complexes.

Precursor Complex
Neutral Losses (%)

Gly Asp Cys His

[UO2(Cl)(AA)2]+ -HCl (50)
-HCl-CO2 (50) -HCl (100) -HCl (50)

-HCl-NH3 (50) -HCl (100)

[UO2(AA-H)(AA)2]+ -AA (50)
-AA-CO2 (50)

-CO2 (10)
-AA (75)

-AA-CO2 (15)

-NH3 (55)
-AA (25)

-AA-NH3 (20)
-AA (100)

For all four amino acids, CID of [UO2(AA-H)(AA)2]+ led to the elimination of a neutral
amino acid followed by immediate water addition on the ~40 ms CID timescale, forming
[UO2(AA-H)(AA)(H2O)]+ for all AAs except His. Figure 3 shows a representative mass
spectrum for the case of [UO2(Gly-H)(Gly)2]+, while Figures S7–S9 present spectra for the
other amino acids. Additional observed fragmentation channels were CO2-loss for the Gly
and Asp complexes and NH3-loss for the Cys complex.
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For uncoordinated protonated amino acids, loss of NH3 is typical of sulfur-containing
ones such as cysteine, and loss of H2O+CO is prevalent for most others [40–43]. Under the
present experimental conditions, these were also the main fragmentations observed for
protonated Gly, Asp, Cys, and His (see Figures S13–S16 in the SI). Loss of CO2 (decarboxy-
lation) is a common feature of gas-phase metal complexes with carboxylate ligands [44],
and studies with such uranyl complexes have shown decarboxylation as an effective route
to remarkable uranyl species [45–47].

Formation of [UO2(AA-H)(AA)(H2O)]+ by prompt hydration of [UO2(AA-H)(AA)]+

for AA = Gly, Asp, and Cys, but not His, was compared through estimates of the reaction
rates: k[Gly] ≈ k[Cys] (very fast, >70 s−1) > k[Asp] (fast, ~10 s−1) >> k[His] (no reaction
up to 10 s). This comparison suggests that the [UO2(AA-H)(AA)]+ complexes are under-
coordinated for Gly, Asp, and Cys, but not for His, possibly pointing to an important role
for the imidazole sidechain group of histidine in coordinating uranyl.
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3.2.2. Anionic Uranyl–Amino Acid Complexes

The main identified anionic uranyl–amino acid complexes, [UO2(AA-H)3]−,
[UO2(Cl)(AA-H)2]−, and [UO2(Cl)2(AA-H)]−, were examined by CID. Table 2 summa-
rizes the CID results in negative ion mode.

Table 2. CID of anionic uranyl–amino acid complexes.

Precursor Complex
Neutral Losses (%)

Gly Asp Cys His

[UO2(Cl)2(AA-H)]− -(AA-H) (55)
-CO2 (45) -HCl (100) -HCl (100) -HCl (100)

[UO2(Cl)(AA-H)2]− -(AA-H) (100) -HCl (100) -HCl (100) -AA (25)
-HCl (75)

[UO2(AA-H)3]− -(AA-H) (100) -AA (100) -AA (100) -AA (100)

Fragmentation of [UO2(AA-H)3]− led to the elimination of a neutral amino acid
for Asp, Cys, and His, yielding [UO2(AA-2H)(AA-H)]− (see Figures S17–S19), which
presumably contain a doubly deprotonated AA and conserve the +VI oxidation state of
uranium. In contrast, CID of [UO2(Gly-H)3]− did not show the elimination of Gly but
instead showed the elimination of (Gly-H), generating uranyl(V) in [UO2(Gly-H)2]−, as
shown in Figure 5. This distinctive behavior of the Gly complex likely reflects the absence
of a sidechain group in Gly. In accord with gas-phase CID, solution acidities of amino acids
(see Table S4) show higher acidities of sidechain groups (pKc) versus amino groups (pKb)
for Asp, Cys, and His.
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The formation of a uranyl(V)-Gly complex is substantiated by the formation of an O2-
addition product, [UO2(O2)(Gly-H)2]−, from reaction with background O2 on the timescale
of CID, a result analogous to O2 addition previously observed for other anionic uranyl(V)
complexes [48].

The reaction of O2 with cationic and anionic uranyl(V) complexes to yield uranyl(VI)
superoxides is well known [49–52]. The rate of O2 addition to [UO2(Gly-H)2]− was mea-
sured as k = 15 s−1, which is comparable to rates previously reported under similar condi-
tions for [UVO2(X)2]− complexes comprising bidentate ligands [48]. The [UVO2(Gly-H)2]−

complex was also prone to hydrolysis by background water to form [UVIO2(OH)(Gly-H)2]−,
a phenomenon previously reported for other uranyl(V) complexes [52].
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Interestingly, CID product [UO2(His-2H)(His-H)]− reacted quickly with background
water to produce [UO2(OH)(His-H)2]− during the experiment, while no such hydrolysis
was observed for Asp and Cys complexes (see Figures S17–S19). Reactions of [UO2(AA-
2H)(AA-H)]− complexes with water are supposed to yield [UO2(OH)(AA-H)2]− and not
[UO2(AA-2H)(AA-H)(H2O)]− as the second removed proton is clearly less acidic than the
first; although there are no gas-phase data to substantiate this assumption, solution data
may provide this indication (see pKa and pKc in Table S4).

Estimated reaction rates with water, k[His] (fast, ~11 s−1) >> k[Asp] ≈ k[Cys] (no
reaction up to 10 s), may suggest that the binding strength of doubly deprotonated ligands
to uranyl is lower for histidine versus aspartic acid or cysteine. These differences in
rates may as well reflect kinetic barriers due to differences in coordination of the doubly
deprotonated amino acids.

CID of [UO2(Cl)(AA-H)2]− led to the elimination of HCl for Asp, Cys, and His, again
yielding [UO2(AA-2H)(AA-H)]− (see Figures S20–S22). Once more, [UO2(His-2H)(His-
H)]− reacted rapidly with background water to produce [UO2(OH)(His-H)2]−, while no
reaction (up to 10 s) was observed for the Asp and Cys complexes. Intriguingly, CID of
[UO2(Cl)(His-H)2]− also led to the elimination of His, concurrent with prompt reaction
with water to give [UO2(Cl)(OH)(His-H)]−, suggesting weaker binding of deprotonated
histidine to uranyl compared to deprotonated aspartic acid or cysteine.

CID of [UO2(Cl)(Gly-H)2]− was dissimilar to the corresponding complexes comprising
the other amino acids, but in accord with results for [UO2(Gly-H)3]−, as shown in Figure 6.
Loss of (Gly-H) was the only observed fragmentation, forming a new uranyl(V) complex,
[UO2(Cl)(Gly-H)]−, which reacted with O2 to yield [UO2(Cl)(O2)(Gly-H)]− and H2O to
produce [UO2(Cl)(OH)(Gly-H)]−. The rate of O2 addition to [UO2(Cl)(Gly-H)]− (k = 11 s−1)
was slightly lower than that above for [UO2(Gly-H)2]− (k = 15 s−1).

Appl. Sci. 2023, 13, x FOR PEER REVIEW 8 of 14 
 

was observed for Asp and Cys complexes (see Figures S17–S19). Reactions of [UO2(AA-
2H)(AA-H)]− complexes with water are supposed to yield [UO2(OH)(AA-H)2]− and not 
[UO2(AA-2H)(AA-H)(H2O)]− as the second removed proton is clearly less acidic than the 
first; although there are no gas-phase data to substantiate this assumption, solution data 
may provide this indication (see pKa and pKc in Table S4). 

Estimated reaction rates with water, k[His] (fast, ~11 s−1) >> k[Asp] ≈ k[Cys] (no reac-
tion up to 10 s), may suggest that the binding strength of doubly deprotonated ligands to 
uranyl is lower for histidine versus aspartic acid or cysteine. These differences in rates 
may as well reflect kinetic barriers due to differences in coordination of the doubly depro-
tonated amino acids.  

CID of [UO2(Cl)(AA-H)2]− led to the elimination of HCl for Asp, Cys, and His, again 
yielding [UO2(AA-2H)(AA-H)]− (see Figures S20–S22). Once more, [UO2(His-2H)(His-H)]− 
reacted rapidly with background water to produce [UO2(OH)(His-H)2]−, while no reaction 
(up to 10 s) was observed for the Asp and Cys complexes. Intriguingly, CID of 
[UO2(Cl)(His-H)2]− also led to the elimination of His, concurrent with prompt reaction 
with water to give [UO2(Cl)(OH)(His-H)]−, suggesting weaker binding of deprotonated 
histidine to uranyl compared to deprotonated aspartic acid or cysteine. 

CID of [UO2(Cl)(Gly-H)2]− was dissimilar to the corresponding complexes comprising 
the other amino acids, but in accord with results for [UO2(Gly-H)3]−, as shown in Figure 6. 
Loss of (Gly-H) was the only observed fragmentation, forming a new uranyl(V) complex, 
[UO2(Cl)(Gly-H)]−, which reacted with O2 to yield [UO2(Cl)(O2)(Gly-H)]− and H2O to pro-
duce [UO2(Cl)(OH)(Gly-H)]−. The rate of O2 addition to [UO2(Cl)(Gly-H)]− (k = 11 s−1) was 
slightly lower than that above for [UO2(Gly-H)2]− (k = 15 s−1). 

 
Figure 6. CID mass spectrum of [UO2(Cl)(Gly-H)2]−. 

CID of [UO2(Cl)2(AA-H)]− mainly eliminated HCl for Asp, Cys, and His, forming 
[UO2(AA-2H)(Cl)]− (see Figures S23–S25), which reacted with background water to give 
[UO2(Cl)(OH)(AA-H)]− with very different rates: k[His] (very fast, >70 s−1) > k[Cys] (fast, 
~36 s−1) >> k[Asp] (slow, ~1 s−1). Loss of (AA-H) followed by prompt hydrolysis to form 
[UO2(Cl)2(OH)]− was observed for all three complexes, but was clearly more dominant for 
the His complex.  

As observed in Figure 7, CID of [UO2(Cl)2(Gly-H)]− eliminated (Gly-H) to form a ura-
nyl(V) species, [UO2(Cl)2]−, which hydrolyzed to give [UO2(Cl)2(OH)]−. In contrast to the 
other uranyl(V) complexes discussed above, reaction with background O2 was not ob-
served, in accord with previous results showing inefficient O2 addition to [UO2(Cl)2]− [48]. 
Another important fragmentation channel for [UO2(Cl)2(Gly-H)]− was decarboxylation to 
yield [UO2(Cl)2(NHCH3)]−, which presumably comprises a methylamide. 

Figure 6. CID mass spectrum of [UO2(Cl)(Gly-H)2]−.

CID of [UO2(Cl)2(AA-H)]− mainly eliminated HCl for Asp, Cys, and His, forming
[UO2(AA-2H)(Cl)]− (see Figures S23–S25), which reacted with background water to give
[UO2(Cl)(OH)(AA-H)]− with very different rates: k[His] (very fast, >70 s−1) > k[Cys] (fast,
~36 s−1) >> k[Asp] (slow, ~1 s−1). Loss of (AA-H) followed by prompt hydrolysis to form
[UO2(Cl)2(OH)]− was observed for all three complexes, but was clearly more dominant for
the His complex.

As observed in Figure 7, CID of [UO2(Cl)2(Gly-H)]− eliminated (Gly-H) to form a
uranyl(V) species, [UO2(Cl)2]−, which hydrolyzed to give [UO2(Cl)2(OH)]−. In contrast to
the other uranyl(V) complexes discussed above, reaction with background O2 was not ob-
served, in accord with previous results showing inefficient O2 addition to [UO2(Cl)2]− [48].
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Another important fragmentation channel for [UO2(Cl)2(Gly-H)]− was decarboxylation to
yield [UO2(Cl)2(NHCH3)]−, which presumably comprises a methylamide.
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3.3. ESI-MS, Competitive CID, and Reactivity of Mixed Glycine, Aspartic Acid, Cysteine, and
Histidine Complexes with Uranyl

ESI-MS complexes comprising two or three amino acids—i.e., cationic [UO2(AA-
H)(AA)2]+ and [UO2(Cl)(AA)2]+ and anionic [UO2(AA-H)3]− and [UO2(Cl)(AA-H)2]−—
open up the possibility of mixed amino acid complexes that can be examined by CID
to assess relative ligand affinities. Such complexes were prepared (see Figures S26–S37)
using solutions with two amino acids (AA and AA′) in a 1:1 ratio; signal intensities were
predictably lower than those for ESI-MS of solutions with only one amino acid.

In positive ion mode, CID of complexes with one chloride and amino acids AA and
AA′, [UO2(Cl)(AA)(AA′)]+, is expected to result in the elimination of HCl, as observed
for [UO2(Cl)(AA)2]+; as such processes would not be particularly illuminating, CID ex-
periments were not pursued. Two combinations are possible for complexes comprising
one deprotonated amino acid and two neutral amino acids: [UO2(AA-H)(AA)(AA′)]+ and
[UO2(AA′-H)(AA)2]+. In the absence of laborious computational studies to deduce the
most favorable isomers, we initially assume predominant deprotonation of the most acidic
amino acid based on gas-phase acidities: GA[Asp] > GA[His] > GA[Cys] > GA[Gly] (see
Table S3). However, the CID results may contradict this simple assumption and suggest
two isomers.

In negative ion mode, there is no doubt as to the deprotonation site as all the amino
acids are deprotonated in [UO2(AA-H)2(AA′-H)]−, [UO2(AA-H)(AA′-H)2]−, and
[UO2(Cl)(AA-H)(AA′-H)]−.

3.3.1. Competitive CID and Reactivity of Cationic Uranyl Mixed Amino Acid Complexes

Table 3 summarizes the results of competitive CID experiments in positive ion mode.
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Table 3. Competitive CID of cationic uranyl–amino acid complexes.

Precursor Complex

Neutral Losses (%)

AA/AA′

Asp/Gly Cys/Gly His/Gly Asp/Cys Asp/His His/Cys

[UO2(AA-H)(AA′)2]+ -AA′ (100)

-NH3 (10)
-AA′ (50)

-AA′-NH3 (25)
-AA′-NH3-CO2 (15)

-AA′ (55)
-AA′-CO2 (45) -AA′ (100) -AA (100) -AA′ (100)

[UO2(AA-H)(AA)(AA′)]+ -AA′ (85)
-AA (15)

-NH3 (30)
-AA (30)
-AA′ (20)

-AA′-NH3 (20)

-AA′ (100) -AA′ (100) -AA (100) -AA′ (100)

All mixed complexes involving Gly showed mainly elimination of Gly, together
with less important channels, as shown in Figures S38–S40 for [UO2(AA-H)(Gly)2]+ and
Figures S41–S43 for [UO2(AA-H)(AA)(Gly)]+, where the indicated deprotonation is based
on considerations discussed above. Again observed were loss of NH3 in Cys-containing
complexes and loss of CO2 in a few cases. Interestingly, loss of AA was also detected for
Asp and Cys in [UO2(AA-H)(AA)(Gly)]+, with the presence of two AA ligands presumably
statistically enhancing the probability of this channel.

For the other amino acids, in alternative isomers [UO2(AA-H)(AA)(AA′)]+ or
[UO2(AA′-H)(AA)2]+, only AA or AA′ losses were observed, as shown in Figures S44–
S49. A clear pattern resulted, with Cys elimination from Asp/Cys and Cys/His complexes
and Asp elimination from Asp/His complexes. Although this result for Asp/His casts
doubt on the tentative assumption that the most acidic amino acid is deprotonated, it is
possible that ligand rearrangement during CID, from Asp-H to Asp, favors Asp elimination.

The reaction of [UO2(AA′-H)(AA)]+ with background water was observed in most
cases, with its fast nature precluding comparisons between amino acids. The overall
general picture for the mixed complexes indicates preferred fragmentation involving loss
of the amino acid with lower proton affinity: PA[Gly] < PA[Cys] < PA[Asp] < PA[His] (see
Table S3) [53]. This suggests that PA is a good indicator of the strength of interactions of
uranyl cations with neutral amino acids in gas-phase complexes.

3.3.2. Competitive CID and Reactivity of Anionic Uranyl Mixed Amino Acid Complexes

Table 4 summarizes the results of competitive CID experiments in negative ion mode.

Table 4. Competitive CID of anionic uranyl–amino acid complexes.

Precursor Complex

Neutral Losses (%)

AA/AA′

Asp/Gly Cys/Gly His/Gly Asp/Cys Asp/His His/Cys

[UO2(Cl)(AA-H)(AA′-H)]− -HCl (90)
-AA′ (10)

-HCl (45)
-AA′ (55)

-HCl (50)
-AA′ (50) -HCl (100) -HCl (100) -HCl (100)

[UO2(AA-H)2(AA′-H)]− -AA′ (100) -AA′ (100) -AA (35)
-AA′ (65)

-AA (10)
-AA′ (90)

-AA (45)
-AA′ (55)

-AA (85)
-AA′ (15)

[UO2(AA-H)(AA′-H)2]− -AA′ (100) -AA′ (100) -AA′ (100) -AA′ (100) -AA′ (100) -AA (15)
-AA′ (85)

It was anticipated that complexes with one chloride and two deprotonated amino
acids, [UO2(Cl)(AA-H)(AA′-H)]−, could illuminate the relative binding strengths of dif-
ferent AAs to uranyl cations. However, as CID elimination of HCl was dominant, as for
[UO2(Cl)(AA-H)2]−, these experiments were not particularly elucidating (see Figures S50–
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S55). When Gly-H was present, as in [UO2(Cl)(AA-H)(Gly-H)]−, loss of Gly but not (Gly-H),
as in [UO2(Cl)(Gly-H)2]−, was observed, showing altered behavior due to the presence of
an amino acid with a sidechain predisposed to deprotonation.

CID of [UO2(AA-H)2(AA′-H)]− and [UO2(AA-H)(AA′-H)2]− resulted in the loss of a
neutral amino acid in all cases (see Figures S56–S67), with an overall decreasing loss trend
of Gly >> His ≈ Cys > Asp. This ordering probably reflects the coordination strength of the
residual doubly deprotonated amino acid ligand, which evidently increases from Gly, with
no sidechain to deprotonate, to Asp, with a rather acidic sidechain.

Reactivity of [UO2(AA-2H)(AA′-H)]− from CID with background water was in es-
sential accord with the previous observation that only [UO2(His-2H)(His-H)]− reacted
efficiently, to produce [UO2(OH)(His-H)2]−, while no hydrolysis was observed for Asp and
Cys complexes. The mixed ligand complex [UO2(His-2H)(Gly-H)]− also reacted quickly
with water (k~15 s−1), whereas the complexes with Asp/His and Cys/His were unreactive,
which suggests that the doubly deprotonated amino acids are Asp-2H and Cys-2H.

4. Conclusions

ESI-MS proved to be an efficient method for producing amino acid complexes of
uranyl(VI) in the gas phase, with illustrative results presented for glycine, aspartic acid, cys-
teine, and histidine. CID and water reactivity provided insight into amino acid coordination
and relative binding affinities.

In negative ion mode ESI-MS, the comparative intensities of [UO2(AA-H)3]−,
[UO2(Cl)(AA-H)2]−, and [UO2(Cl)2(AA-H)]− apparently correlate with gas-phase acidi-
ties of the amino acids. In positive ion mode, relative intensities of [UO2(AA-H)(AA)2]+,
[UO2(Cl)(AA)2]+, and [UO2(Cl)2(AA)]+ did not reveal such a clear trend.

Glycine complexes showed distinctive behavior, with apparent weaker binding at-
tributed to the absence of a sidechain. CID in negative ion mode demonstrated these
differences in that dissociation of [UO2(AA-H)3]− did not yield [UO2(AA-2H)(AA-H)]−.
CID of chloride/AA complexes in both ion modes displayed dominant HCl elimination,
except for the case of glycine.

Further insight was provided by the reactivity of CID products with background water.
A rapid reaction was observed for [UO2(AA-H)(AA)]+ yielding [UO2(AA-H)(AA)(H2O)]+

for AA = Gly, Asp, and Cys, but not His. This suggests that [UO2(AA-H)(AA)]+ are under-
coordinated for Gly, Asp, and Cys, but not His, probably due to uranyl coordination by
the imidazole sidechain of histidine. [UO2(AA-2H)(AA-H)]− produced by CID reacted
with water in the rate order His >> Cys ~ Asp, which suggests that the binding strength of
doubly deprotonated histidine to uranyl is lower than that for the other amino acids.

Competitive CID of uranyl species with mixed AAs provided additional insights. In
positive ion mode, CID and subsequent reaction with water suggested that the strength of
uranyl–neutral AA interactions follows the order His > Asp > Cys > Gly, which parallels
the amino acid proton affinities. In negative ion mode, CID of [UO2(AA-H)2(AA′-H)]− and
[UO2(AA-H)(AA′-H)2]− revealed decreasing dissociation in the order Gly >> His ≈ Cys >
Asp, which presumably reflects enhanced binding of doubly deprotonated amino acids to
uranyl in the reverse order.

Understanding the interactions of uranyl ions with biomolecules is essential in environ-
mental/radiological protection and toxicology. Gas-phase ion chemistry experiments such
as those described herein, involving amino acids as elementary components of peptides and
proteins, can provide qualitative information on the basic properties of key species. They
may serve as a foundation for more elaborate studies addressing structure and energetics,
using spectroscopic and computational techniques, and can be especially relevant when
radioactive species are involved.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/app13063834/s1, Additional ESI and CID mass spectra obtained
in the study; schemes with structures of the studied amino acids; tables with summaries of ESI-MS
results; tables with gas-phase and solution data for the studied amino acids.

https://www.mdpi.com/article/10.3390/app13063834/s1
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