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This work is proposed to demonstrate the Traveling-Wave Ion Mobility Specrometry (TWIMS)

coupled to Mass Spectrometry (MS) as an alternative technique for speciation analysis between metals/

metalloids and biomolecules. Mobilities of bovine carbonic anhydrase bound to Ba2+, Cu2+, Pb2+, Zn2+,

Cr3+, Cr6+, Se4+ and Se6+ were estimated. The metal belonging to the bovine carbonic anhydrase

structure, commonly found in the commercially available enzyme, was removed by filtration, using

centrifugal filter devices. Then, some metals/metalloids were added to 10.0 mmol L�1 ammonium

acetate at pH ¼ 6.8 enzyme solution. Experiments were carried out by direct insertion of the sample at

10 mL min�1 flow rate into the ESI source of the instrument. Carbonic anhydrase mobility varied

according to the metal bound in its structure, following the order: Zn2+ < Cu2+ < Ba2+ < Pb2+. Metals

with higher affinity by the enzyme, such as Zn2+ and Cu2+ had lower mobility, suggesting a higher

structural modification, binding itself to the enzyme metallic site. Considering metals with different

oxidation states, the enzyme mobility followed the order: Se4+ < Cr6+ < Se6+ < Cr3+.
Introduction

Although necessary, data related to the total concentration of

a given analyte are not enough to provide an accurate under-

standing about its behavior relating to a studied system.1,2 This

fact put in evidence the importance of studies/applications

involving chemical speciation.3 Inorganic speciation is associated

with different oxidation states or isotopic rates,4,5 organic

speciation allows to distinguish isomeric ions or proteins iso-

forms.6–9 Numerous papers are published on metalloid species or

organo-metal species in biological fluids.1,2,10–12 In this context,

organic, metallo-organic, biomolecules and metal-biomolecules

should be considered in speciation analysis.13

From this point of view, chemical speciation presents nowa-

days a transdisciplinar status, creating a perfect atmosphere for

involving different expertise in the same work. This enables

studies relating to neurological disorders and cardiovascular

diseases, which are present in the literature and refer to different

forms of the analytes and chemical speciation.10,11 Since the

target, in terms of analytes, has been changing, new analytical

strategies/instrumentation for carrying out speciation studies
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need to be explored. This way, hyphenated techniques attaining

this task are currently present in the literature, being the coupling

between chromatography (i.e. HPLC) and inorganic mass spec-

trometry (i.e. ICP-MS), one of the most common in terms of

hyphenation.4,12

As organic mass spectrometry is capable of providing accurate

information related to organo-metallic compounds, it is

supposed that it can be successfully applied to speciation studies

involving both inorganic and organic species. However, appli-

cations in such context are not frequently seen in the litera-

ture.14,15 Travelling wave ion mobility spectrometry coupled to

mass spectrometry (TWIMS-MS) can be an elegant alternative

as a means of increasing selectivity in elemental speciation, at

atmospheric pressure, without chromatographic separation.16,17

This technique has been used for protein conformation evalua-

tion in different conditions, being metallothioneins,18 hemo-

globin,19 cytochrome c,19 calmodulin,19,20 ubiquitin21 and

lysozyme,21 exemplified. Additionally, an electrospray ionization

source is capable of producing intact gas-phase ions from non-

covalent complexes directly from solution. Thus, direct elemental

speciation is more easily attained through soft ionization tech-

niques such as ESI-TWIMS-MS, something that could be more

difficult when considering other ionization sources.22

Ion mobility allows the separation of protein bound to

a variety of metal ions, being able to separate similar species, to

which the differences refer to different oxidation states of the

same metal only. The use of TWIMS-MS in speciation analysis

of metals associated with biomolecules should be emphasized

and encouraged. This recent technique has been presented as

a powerful tool, allowing differentiation of ions by shape and
J. Anal. At. Spectrom., 2011, 26, 201–206 | 201
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Fig. 1 Carbonic anhydrase mass spectra (a) without treatment and

(b) after the treatment with OP.
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size, besides mass and charge.8,9 Modified peptides such as

phosphorylated ones can be easily detected and analyzed,23,24 and

compounds presenting the same m/z ratio but with different

cross-sections can be separated inside the instrument.6,7 There-

fore, this potential provides an efficient method for analyzing

modified peptides or proteins with same sequences but with

modifications in different residues. TWIMS-MS have been

applied to assist data analysis obtained in protein cross-linking

experiments, more specifically, isomeric dead-end species formed

from peptides containing two possible cross-linker reactive sites

submitted to ion mobility separation.25

Since ion mobility has an unexplored potential for speciation

analysis when dealing with biomolecules, especially taking into

account the metal incorporation evaluation, the main goal of this

work was to apply this technique to speciation studies, using the

bovine carbonic anhydrase (BCA) as proof-of-concept. The ion

mobility of Ba, Pb, Zn and Cu in their divalent forms at different

concentrations bound to this enzyme were investigated, this

technique was also used to explore inorganic speciation of Se4+/

Se6+ and Cr3+/Cr6+ in BCA.

Instrumental

Reagents and solutions

All reagents were purchased from Sigma�, including bovine

carbonic anhydrase. Ba2+, Pb2+, Zn2+ and Cu2+ solutions were

prepared by dilution of their acetate salts in water. Used solu-

tions (85.0 mmol L�1) were prepared by appropriate dilutions

from the stock solution. Se4+, Se6+, Cr3+ and Cr6+ solutions were

prepared by diluting sodium selenite, sodium selenate, chro-

mium(III) chloride and potassium dichromate in water. Used

solutions (85.0 mmol L�1) were prepared in water by appropriate

dilutions from the stock solution.

Preparation of apo-carbonic anhydrase

Previous studies have shown that commercial BCA contains zinc

in its structure, which could interfere with the goal of this study.26

Therefore, zinc removal was carried out before the MS analysis.

The chelating agent ortho-phenanthroline (OP), was used as

previously reported.27 A solution of OP was added to 11 mmol

L�1 of BCA to a final concentration of 1 mmol L�1, both diluted

in 50.0 mmol L�1 acetic acetate buffer, pH ¼ 5.0, being this

solution kept at 4 �C for 120 h. Then, the buffer was changed to

10.0 mmol L�1 ammonium acetate using centrifugal filter devices

(10000 Da molecular weight cutoff, Microcon and Amicon

Ultra; Millipore Corporation)28 to maintain ideal conditions in

terms of pH for ionization and metal binding. The final protein

concentration for measurements was 8.5 mmol L�1 in 10.0 mmol

L�1 ammonium acetate, pH ¼ 6.8.

Mass spectrometry and TWIMS-MS analysis

Carbonic anhydrase samples were prepared in ammonium

acetate buffer (10.0 mmol L�1, pH 6.8) and submitted to MS

analysis. TWIMS-MS analysis were performed on a Waters

Synapt HDMS (Waters Co., Manchester, UK) instrument.

Experiments were carried out by direct infusion of sample at

a 10 mL min�1 flow rate into the ESI source of the instrument,
202 | J. Anal. At. Spectrom., 2011, 26, 201–206
with capillary and cone voltages fixed at 3.0 kV and 20 V,

respectively. The ion source block and nitrogen desolvation gas

temperature were set to 100 and 200 �C, respectively. The Trap

and Transfer T-Wave sections were operated at ca. 2.3 � 10�2

mbar of nitrogen, and the ion mobility T-Wave at 0.3 mbar of

nitrogen. The Mobility T-Wave was operated with a velocity of

300 m s�1 and the pulse height optimized between 7 and 10 V. A

detailed description of the Synapt HDMS has been given else-

where;29 briefly, the instrument has a quadrupole/ion mobility/

orthogonal acceleration time-of-flight (Oa-ToF) geometry. The

ion mobility stage contains three stacked-ring ion guides (SRIG),

namely Trap, IMS and Transfer. Ions transmitted through the

quadrupole are accumulated at the Trap cell, periodically injec-

ted into the IMS cell and separated by mobility, after which they

are transferred to the Oa-ToF analyzer by the Transfer cell.

TWIMS-MS spectra are acquired by synchronizing the release of

ions to the IMS cell with acquisition start at the Oa-ToF. The

instrument was externally calibrated using phosphoric acid

oligomers, and ranging the m/z from 100 to 2000.

Visualization of ion mobility data was done as follows. First,

a mass spectrum was obtained by combining over the full arrival

time distribution (ATD) for each sample. Then, individual ATDs

were extracted from ions with +10 charge state corresponding to

the apo and cation-bound forms of the enzyme, which allows

observation of distinct ion mobility distributions and drift times.
This journal is ª The Royal Society of Chemistry 2011
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Results and discussion

Preparation of apo-carbonic anhydrase

By employing native mass spectrometry solutions conditions, in

this case, at 10 mmol L�1 ammonium acetate, carbonic anhydrase

presented three charge states (+10, +11 and +12), at m/z range

from 2400 to 3100, as shown in Fig. 1. This result confirms the

observations already presented by Lomeli.28 A comparison of

mass spectra acquired before and after treatment of BCA with

OP (Fig. 1) demonstrates the loss of zinc bound to the protein

structure after treatment with OP (m/z 2639, Fig. 1b) when

compared to untreated protein (m/z 2645, Fig. 1a), with a mass

shift of ca 63.9 Da. Moreover, this difference becomes more

evident when exact masses of proteins with and without treatment

are compared, as show in Fig. 2. The deconvoluted spectrum of

anhydrase without treatment indicates an exact mass of 29085 Da

(Fig. 2a), while the enzyme obtained after treatment shows an

exact mass of 29021 Da (Fig. 2b), showing a mass difference of

64.0 Da between both, which suggests the metal loss.
Fig. 3 BCA mass spectra at 8.5 mmol L�1(a) in the apo-form, and in

the presence of: (b) Pb2+, (c) Ba2+, (d) Zn2+and (e) Cu2+ metals, at

85.0 mmol L�1.
Evaluation of metal addition to carbonic anhydrase by MS

MS has been used to prove metal binding to protein structures.30–32

In the specific case of BCA, the metal plays an important role in

biological activity, since the lack of metal inhibits the enzymatic

activity.33 Nevertheless, its presence is responsible for biological

function of carbonic anhydrase, i.e., catalyze the reversible

hydration of carbon dioxide. The metal binding was indicated by

the arrows in the mass spectra (Fig. 3). The peaks in the 2924 and

2917 m/z ratio were attributed to the addition of Pb2+ and Ba2+ as

shown in Fig. 3b and 3c, respectively. For metal cations such as

Zn2+ and Cu2+, the binding of three cations to each molecule of

BCA was observed, as shown in Fig. 3d and 3e, respectively.

The range of metal concentrations employed was tested

between 8.5 and 425 mmol L�1. Binding of zinc and copper with

the protein structure was observed at the lowest and highest

concentrations, showing a strong affinity between these metals

and BCA.34 The same results were not observed for barium and

lead, which, at higher concentrations, showed a significant

alteration in the protein structure, since the resulting mass
Fig. 2 Deconvoluted mass spectra of the enzyme (a) without treatment

(29085 Da) and (b) after the treatment with OP (29021 Da).

This journal is ª The Royal Society of Chemistry 2011
spectrum resembled the one of a denatured protein (data not

shown). Metal concentrations of 85.0 mmol L�1 yielded mass

spectra with peaks corresponding to metal binding to the protein,

without alteration of its structure. In fact, the formation of

a larger number of species in the presence of metals that have

a major affinity to the enzyme, such as Zn2+ and Cu2+, was

observed. For metals with lower affinity, such as Pb2+ and Ba2+,

only a single metal ion bound per protein molecule was observed.

Metal presence was also evidenced in the enzyme structure,

through deconvolution of mass spectrum. The values shown in

Table 1 presented the difference in exact mass between the holo

and apo enzyme, which is observed when the enzyme is or not

submitted to the presence of metals, respectively, and these

results do not refer to a specific metallic isotope. The mass

difference between anhydrase with and without barium bound

has resulted in 137 Da shift. Other mass differences, such as 206,

65 and 64, suggest the addition of Ba2+, Cu2+ and Zn2+, respec-

tively.
Table 1 Carbonic anhydrase exact mass, in the presence of metals (Ba2+,
Cu2+, Pb2+ and Zn2+)

Metal Exact mass (Da) Mass Difference

Anhydrase + Ba 29158 137
Anhydrase + Cu 29086 65
Anhydrase + Pb 29227 206
Anhydrase + Zn 29085 64

J. Anal. At. Spectrom., 2011, 26, 201–206 | 203
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Metal affinity is determined by interactions between metal ions

and the enzyme binding site, following the Irving-Williams

series.34 In the present work, lead presents the smallest dissoci-

ation constant with the enzyme (pKD ¼ 9.1).35 The highest

affinities of BCA were reported for zinc and copper (pKD ¼ 12

and pKD ¼ 13, respectively).34 The dissociation constant for

barium determined by affinity measurements was not published

up to this date. In biological systems, the structure of BCA has

been shown to bind with Zn2+, even in the presence of a variety of

potential cellular interferents, such as Mg2+, Ca2+, Fe2+ and

Cu2+.34 Copper could potentially compete with zinc for binding

to the enzyme in biological systems.36 In fact, in the present work,

BCA has been shown to bind the same number of zinc and

copper cations per protein molecule, since its affinity for both

metals is similar.34 Thus, the advantage of soft ionization elec-

trospray was demonstrated, since this source was able to main-

tain those non-covalent ion-molecule interactions.

The binding of Cr3+ and Cr6+ to the protein structure can also

be observed in the spectra, as shown in Fig. 4. In the absence of

chromium, apo-enzyme has presented a more intense peak than

the enzyme in the presence of metallic ions, which can be

observed in Fig. 4a, 4b and 4c. This fact suggests partial binding

between enzyme and chromium, while apo-enzyme still main-

tains itself in its apo form. The binding of Se4+ and Se6+ can be

demonstrated in Fig. 4d and 4e. Considering the intensity of the

apo-anhydrase peak, especially for Se6+, the anhydrase has

a higher affinity for selenium than chromium, since both apo-
Fig. 4 BCA mass spectra at 8.5 mmol L�1, (a) in the apo-form, and in the

presence of metals (b) Cr3+, (c) Cr6+, (d) Se4+ and (e) Se6+, at 85.0 mmol L�1.

204 | J. Anal. At. Spectrom., 2011, 26, 201–206
anhydrase consumption and selenium peak were more intense.

The presence of potential interferents, such as sodium from

selenium salts and chloride and potassium in chromium salts,

was also observed, but did not interfere in the identification of

selenium or chromium-bound species, since these additions

greatly differ for the selenium and chromium salts.
Ion mobility as tool for speciation analysis in biomolecules

As previously observed in MS experiments, zinc and copper can

bind up to three atoms in BCA structure. The binding of first

metal per protein molecule was already enough to alter the ion

mobility of the metallo-enzyme, in comparison with apo-enzyme,

while the second and third cations bound in the BCA structure

did not affect the mobility of the species. This fact can suggest

that the first metal bound to BCA can be present in the metal

binding site belonging to the structure of the enzyme, while other

additions may refer to metals bound to amino acids side chain in

the protein surface.36 Thus, the first addition would be respon-

sible for the most significant structural change; while others

bound atoms would not be enough to cause a significant varia-

tion on enzyme mobility.

For all metals studied in this work, the ions of BCA that have

been bound to one or more metals had a lower mobility than ions

present in the apo-enzyme itself, as shown in Fig. 5. This suggests

that the addition of metals increases the collision cross section

(CCS) of such protein ions, resulting in longer arrival times for
Fig. 5 Arrival time distributions for (a) apo-BCA at 8.5 mmol L�1, and in the

presence of metals: (b) Pb2+, (c) Ba2+, (d) Zn2+ and (e) Cu2+, at 85.0 mmol L�1.

This journal is ª The Royal Society of Chemistry 2011
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metal-bound species, and, consequently, in higher separation

efficiency by TWIMS-MS. The metal affinity also had an effect

over the mobility of holo-species. The highest mobility was

observed for lead (Fig. 5b), while the lowest mobility was for zinc

and copper (Fig. 5d and 5e, respectively). It suggests that the

enzyme affinity could be related to the ability of the enzyme to

bind metal in its structure.37,38 The smallest mobility was

obtained with metals with higher affinity to the BCA, since

metals with greater affinity for the enzyme have been bound in

the metal binding site, causing a more significant structural

change.

Separation strategies must allow the identification of oxidation

states of a metal or metalloid, that interact with the structure of

a biomolecule in a non aggressive ambient or under physiological

conditions.28 These characteristics were obtained in the TWIMS-

MS speciation analysis of Se4+/Se6+, Cr3+/Cr6+, bound to the

enzyme. None of the species showed the same apo-carbonic

anhydrase mobility.

In the chromium speciation analysis, anhydrase bound to Cr3+

had a lower mobility than the anhydrase bound to Cr6+, as shown

in Fig. 6b and 6c. Considering selenium speciation, the anhy-

drase bound to Se4+ presented a higher mobility than the anhy-

drase bound to Se6+, as shown in Fig. 6d and 6e. The oxidation

state seems to influence the protein mobility, even when

comparing the same charge states of the enzyme at different
Fig. 6 Arrival time distributions for (a) apo-BCA at 8.5 mmol L�1, and

in the presence of metals: (b) Cr3+, (c) Cr6+, (d) Se4+ and (e) Se6+, at

85.0 mmol L�1.

This journal is ª The Royal Society of Chemistry 2011
conditions. This may suggest that the enzyme allows a slight

opening in its three-dimensional structure to accommodate more

charged species, in contrast to a form free-of-metal.39,40

Although there is no pKD established for chromium and

selenium species bound to BCA, some inferences can be estab-

lished. As noted in the case of divalent metals, the lower mobility

reflects an increased interaction between BCA and ions. Thus,

the chromium and selenium mobilities suggest that the enzyme

affinity follows the order: Se4+ < Cr6+ < Se6+ < Cr3+. It is an

intriguing fact to note that more toxic species, such as Se4+ and

Cr6+, have a lower affinity for the enzyme than the others. At this

moment, the ionic radius has not been shown to be an important

factor in the mobilities of these species. Therefore, this study

opens up new possibilities for research, regarding the interaction

between metals in different oxidation states and biomolecules.
Conclusions

Travelling wave ion mobility mass spectrometry technique was

successfully applied as an alternative technique, when focusing

on speciation without chromatographic separation in bovine

carbonic anhydrase (BCA). In this way, those divalent species,

such as Ba, Pb, Zn and Cu bound to BCA, were differentially

identified through their ionic mobility, making possible indi-

vidual species identification in this enzyme. Additionally, Se4+/

Se6+ and Cr3+/Cr6+ speciation in BCA was also possible, putting

in evidence the TWIMS-MS as an important and complementary

technique when focusing on speciation studies.

As the modus operandi of the ion mobility technique and all the

used conditions in the ionization source applied to this technique

are generally soft ones (i.e., low ionization energy, absence of

hard organic solvents and high pressures for separations, among

others), all the measurements can be carried out at atmospheric

pressure, producing perfect conditions for working with mole-

cules that present stable (inorganic) and label (organic) fractions,

simultaneously, in their structures. Then, inorganic speciation

from those elemental species present in biomolecules, opens new

possibilities in terms of investigations regarding conformation

studies of the biomolecules when considering their interactions

with metals at different oxidation states and biomolecules. This

aspect is useful in metalloproteomics studies.
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