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Ö Z

Moleküler tanıma, protein katlanması ve supramoleküler yapıların oluşumu gibi moleküler düzeyde meydana gelen bi-
yolojik süreçler kovalent olmayan etkileşimlere dayanır. Metal atomları ve proteinler arasındaki etkileşimler de birçok 

hücresel süreçte yer alan mekanizmaların temelini oluşturan kovalent olmayan etkileşimlere dayanmaktadır. Enzimlerin 
aktiviteleri, bu tür protein gruplarının kofaktörler, substratlar, metal iyonları ve diğer proteinlerle olan etkileşimlerine büyük 
ölçüde bağlıdır. Protein-metal komplekslerinin bileşimleri ve bağlanma stokiyometrileri, yüksek doğrulukta kütle spektro-
metrik (MS) analiz ile belirlenebilir. Protein-metal komplekslerinin konformasyonel özellikleri ise iyon hareketliliği spektro-
metrisi (IMS) özelliğine sahip bir kütle spektrometresi kullanılarak ek olarak incelenebilmektedir. Bu çalışmada tuzaklamalı 
iyon hareketliliği spektrometrisi - uçuş zamanlı (TIMS-TOF) kütle spektrometresi kullanılarak bakır ve alkali metallerle komp-
lekslerinin oluşumu sırasında insülin proteininin konformasyonel değişimlerindeki farklılıkların izlenmesine odaklanılmakta-
dır. İnsülin-bakır komplekslerinin oluşmasıyla insülin yapısının gaz fazında daha kompakt hale geldiği TIMS-TOF-MS analizleri 
ile belirlenmiştir. Ancak aynı analiz koşullarında H, Na ve K atomlarının eklenmesiyle insülin yapısında herhangi bir değişiklik 
gözlenmemiştir.

Anahtar Kelimeler
Kovalent olmayan etkileşimler , protein-metal kompleksleri, konformasyonel değişim, tuzaklamalı iyon hareketliliği-kütle 
spektrometrisi.

A B S T R A C T

Molecular recognition, protein folding, and formation of supramolecular structures that occur at the molecular level 
of biological processes are based on noncovalent interactions. Interactions between metal atoms and proteins are 

also based on noncovalent interactions that underlie the mechanisms involved in many cellular processes. The activities of 
enzymes are highly dependent on the interactions of such protein groups with cofactors, substrates, metal ions, and other 
proteins. The compositions and binding stoichiometry of protein-metal complexes can be determined with high accuracy 
performing mass spectrometry (MS) analysis. The conformational features of protein-metal complexes can be studied ad-
ditionally using a mass spectrometer with ion mobility spectrometry (IMS) capability. This study focuses the monitoring the 
differences in the conformational changes of insulin protein during the formation of its complex with copper and alkali me-
tals using trapped ion mobility spectrometry – time-of-flight (TIMS–TOF) mass spectrometer instrument. The compaction of 
the insulin structure by the formation of the insulin-copper complexes in the gas phase was determined with TIMS-TOF-MS 
analyses. However, no change was observed in the insulin structure with the addition of H, Na, and K atoms as adducts at 
the same analysis conditions.
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INTRODUCTION

Metal ions interact with proteins and form metal-pro-
tein complexes in many biological processes. Such pro-
cesses, which include folding and stabilizing protein 
structures and acquiring their biological functions, take 
place in the presence of metal ions [1]. Besides the for-
mation of coordination complexes between metals and 
proteins, there are also complex formations based on 
noncovalent interactions such as hydrogen bonding, 
π-stacking, and hydrophobicity [2]. Protein structures 
can undergo structural changes specific to the inte-
raction sites for target recognition by forming comple-
xes with metals [3]. Proteins can interact with metals 
through functional groups such as amine, hydroxyl, 
phosphate, sulfonate, and carboxylic acid located in 
their structures. The amine groups at the N-terminus 
of the protein chains and the carboxylic acid groups 
at the C-terminus are also potential binding sites for 
metals [4].  Complexes involving such interactions are 
characterized by various analytical techniques such 
as calorimetry, X-ray crystallography, circular dichro-
ism, and nuclear magnetic resonance spectroscopy. In 
addition to the analytical advantages of these techni-
ques, they also have some shortcomings in the analy-
sis of noncovalent complexes. The necessity for large 
amounts of samples, long analysis times, complicated 
interpretation of data due to the interference of sig-
nals, the problems encountered in the crystallization 
of such samples, and the inability to detect complexes 
using spectroscopic methods are the most prominent 
shortcomings of these techniques [5-6]. Mass spectro-
metry (MS) techniques that allow monitoring such inte-
ractions with high accuracy and sensitivity can produce 
ionic species in their both native and gas-phase forms 
during or after the ionization. In fact, with the develop-
ment of soft ionization techniques in MS, analyses can 
be performed to preserve noncovalent interactions in 
complex structures while transferring from the soluti-
on to the gas phase [7-8]. Strong interactions between 
metal ions and biomolecules in the solution phase are 
generally not disrupted during electrospray ionization 
(ESI) [9]. The preservation of the structures of metal-
protein complexes based on noncovalent interactions 
during the soft ionization process makes it possible to 
analyze these species in their intact forms. The bonding 
ratios and stoichiometry of the complexes formed due 
to noncovalent interactions of metals and proteins can 
be determined by evaluating the mass spectra obtained 
from the ESI-MS analysis [10-11]. Conformational chan-

ges resulting from the binding of metals to proteins 
can be monitored using the ion mobility-mass spectro-
metry (IM-MS) technique. The ion mobility units of the 
IM-MS instruments separate the ions into different ion 
packets according to their arrival time differences in 
the gas phase depending on their collision cross section 
(CCS) values [4]. Such problems in previously mentioned 
analytical techniques are not encountered in IM-MS 
analyses. Thus, IM-MS has become prominent among 
other analytical techniques in the structural analysis of 
protein-metal complexes. 

In this study, the noncovalent complexes of the insulin 
protein with copper and alkali metals were compared and 
analyzed in terms of changes in protein’s conformational 
features using the trapped ion mobility spectrometry – 
time-of-flight – mass spectrometry (TIMS-TOF-MS) tech-
nique. Copper is an essential trace element in several re-
dox processes in living organisms. Trace elements which 
are very important for many biological activities, regulate 
many physiological reactions by forming complexes with 
biomolecules [12]. Many living organisms use a certain 
amount of copper metal to survive and maintain their 
physiological functions correctly [13]. It is an essential me-
tal ensuring the correct functioning of the proteins and 
enzymes in the vital biological pathways. It must also be 
included in metabolic processes to functionalize many 
enzymes in organisms [12, 14]. Insulin is a hormone that 
consists of 51 amino acids and is secreted from the panc-
reas in the body [15]. It regulates glucose, protein, and 
fat metabolisms in the blood [16]. Proper functioning of 
insulin metabolism is vital for human health and this me-
tabolism needs to be regulated for patients with diabetes. 
Insulin commonly forms complexes with metals such as 
copper, magnesium, sodium, and potassium, in addition 
to zinc and calcium [17-18]. Pancreatic β-cells within these 
metabolic activities form insulin-zinc coordination comp-
lexes [19]. Group I and II metal ions such as K+, Na+, Ca2+, 
and Mg2+ are also involved in insulin secretion from panc-
reatic β-cells [20].

MATERIALS and METHODS

Chemicals
Insulin human, copper (II) nitrate hydrate (99.999% trace 
metals basis), methanol, and water (LC-MS grade) were 
purchased from Sigma-Aldrich (St Louis, MO, USA). The 
mass and mobility calibration of methods were performed 
using the standard tune mixture purchased from Agilent 
Technologies (Santa Clara, CA, USA).  
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Trapped Ion Mobility-Mass Spectrometry Analyses
Trapped Ion Mobility Spectrometry – Time-of-Flight 
(TIMS–TOF) mass spectrometer (Bruker Daltonics, Bre-
men, Germany) was used in mass spectrometry (MS) 
and ion mobility-mass spectrometry (IM-MS) analyses 
of insulin and insulin- copper (II) nitrate mixtures. TIMS 
technique applies an electric field in a funnel to keep 
ions in a gas flow. Following the ion trapping event, the 
electric field is gradually reduced by decreasing voltage 
to allow sequential elution of trapped ions with ascen-
ding mobilities [20]. 

Insulin human protein was dissolved in water at 0.5 
mg/mL concentration. The protein solution was dilu-
ted with water:methanol mixture (7:3, v/v) to 0.01 mg/
mL final concentration prior to TIMS–TOF-MS analyses. 
Copper (II) nitrate solution was also prepared in water 
at 1.0 mg/mL concentration. Then, 1.0 μL of the copper 
(II) nitrate solution was added to the insulin solution be-
fore TIMS-TOF-MS analyses. The sample solutions were 
directly infused into the ESI source at a flow rate of 3.0 
µL/min. MS and IM-MS analyses were performed using 
the following ESI source settings: 4500 V capillary vol-
tage, 0.5 bar nebulizer gas pressure, 4.0 L/min drying 
gas flow, and 150 oC drying gas temperature. TIMS para-
meter settings: IMS ramp start: 0.50 V.s/cm2, ramp end 

2.00 V.s/cm2; ramp time 350 ms; ΔV deflection transfer 
and capillary exit: 20 V, funnel 1 and deflection transfer: 
120 V, ramp start and accumulation exit: 120 V. Nitro-
gen was used as source gas which is filled in the TIMS 
unit of the instrument. The mass and mobility calibra-
tions were performed externally using the Agilent ESI-L 
Low Concentration Tuning Mix [22-23]. DataAnalysis 5.0 
software provided by Bruker was used for processing 
the acquired data.

RESULTS and DISCUSSION

Insulin protein has a molecular weight of approximately 
5.7 kDa and contains two chains linked by two disulfide 
bonds in its structure [24]. The signals of multiply char-
ged ions of the insulin protein are obtained in the mass 
spectrum as a result of ESI-MS analysis of insulin in the 
positive ion mode. The m/z values of the signals obser-
ved in the mass spectrum generally vary depending on 
the charge states of the ions formed in the gas phase. 
The net charges of the ions in the gas phase differ accor-
ding to the number of protons or metal atoms adducted 
to the protein structure.

Figure 1. ESI mass spectra of (A) Insulin (B) Insulin with the addition of Cu(NO3)2. The numbers of attached Cu atoms to insulin are 
indicated for each peak in the mass spectrum.   
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Firstly, human insulin was analyzed in the study in the 
positive ion mode by the ESI-MS technique without 
adding any acid or salt. In the mass spectrum obtained 
from these ESI-MS analyses, signals of the insulin prote-
in ions having charges between 4+ and 7+ were obser-
ved (Figure 1). When the signal intensities in the ESI-MS 
spectrum, which are directly proportional to the relati-
ve abundances of the ions, are compared, it is seen that 
the signal intensities of 5+ (m/z 1161.7292) and 6+ (m/z 
968.2757) charged ions of the insulin protein are much 
higher than the signal intensities of 4+ (m/z 1451.9085) 
and 7+ (m/z 830.0946) charged ions in the ESI mass 
spectrum (Figure 1A).  In the same mass spectrum, sig-
nals of Na+ and K+ adduct ions are also observed at low 
intensity. Numbers and types of adducted atoms with 
corresponding m/z ratios of the ions observed at diffe-
rent charge states are given in Table 1.

When the insulin sample was analyzed after mixing with 
Cu(NO3)2 salt, it was observed in the obtained ESI-MS 
spectrum that different numbers of Cu atoms were 
attached to the insulin protein structure in the 4+ / 7+ 
charge state range (Figure 1B). These signals observed 
in the mass spectrum indicate that different numbers 

of copper atoms can bind to the insulin structure in the 
gas phase. While up to five copper atoms were bound 
to insulin at 5+, 6+, and 7+ charge states, maximum of 
three copper atoms could attach to the same protein in 
lower charge states (e.g., 4+ charge state). The numbers 
of attached copper atoms with corresponding m/z rati-
os of copper adduct ions observed at different charge 
states are also given in Table 1.

Ion mobility-mass spectrometry (IM-MS) analyses were 
also performed for the same samples. In IM-MS analy-
ses, ion mobility diagrams are acquired, in which the 
mobility (1/K0) and m/z data are located on the y- and 
x-axis, respectively. In these diagrams, the signal inten-
sities of the ions are expressed by choosing an appropri-
ate color range. Areas appearing in light color on the di-
agram indicate higher signal intensity. The signals of the 
4+ and 7+ charged insulin ions are observed as straight 
linear lines extending from the corresponding mobility 
ranges in the ion mobility diagram obtained from the 
TIMS-TOF-MS analyses of the insulin sample (Figure 2A). 
It can be noticed that the signals of alkali metal adduct 
insulin ions form partial lines towards the upper right 
corners of the linear lines corresponding to each charge 

7+

INS + 7H INS + 6H + Na INS + 6H + K INS + 5H + Na + K INS + 5H + 2K INS + 4H + Na + 2K INS + 3H + 2Na + 2K

830.0946 833.2323 835.5153 838.6562 840.9356 844.0789 847.214

5+

INS + 5H INS + 4H + Na INS + 4H + K INS + 3H + Na + K INS + 3H + 2K INS + 2H + Na + 2K INS + 2H + 3K

1161.7292 1166.1269 1169.3200 1173.7143 1176.9083 1181.3046 1184.4981

4+

INS + 4H INS + 3H + Na INS + 3H + K INS + 2H + Na + K INS + 2H + 2K INS + H + Na + 2K INS + H + 3K

1451.9085 1457.4058 1461.3972 1466.8898 1470.8836 1476.3755 1480.3865

6+

INS + 6H INS + 5H + Na INS + 5H + K INS + 4H + Na + K INS + 4H + 2K INS + 3H + Na + 2K INS + 3H + 3K

968.2757 971.9408 974.6005 978.2634 980.9256 984.5878 987.2500

Table 1. The m/z list of obtained ions in the TIMS-TOF-MS analyses of insulin and its mixture with Cu(NO3)2 between 4+ and 7+ charge 
states.

INS + Cu INS + 2Cu INS + 3Cu INS + 4Cu INS + 5Cu

838.7953 847.4976 856.3426 865.0437 874.0313

INS + Cu INS + 2Cu INS + 3Cu INS + 4Cu INS + 5Cu

1173.9100 1186.0929 1198.2752 1210.6593 1223.2418

INS + Cu INS + 2Cu INS + 3Cu

1467.1353 1482.6146 1498.0901

INS + Cu INS + 2Cu INS + 3Cu INS + 4Cu INS + 5Cu

978.4267 988.5789 998.7314 1009.0504 1019.2023
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state at higher mobility values. (Figure 2A). This data in-
dicates that the protein structure expands as expected 
due to the increase in m/z value with the addition of 
alkali metal atoms to the insulin structure.

Signals of copper adduct protein ions were also obser-
ved in the ion mobility diagrams obtained from IM-MS 
analyses after the addition of Cu(NO3)2 salt to the insulin 
sample. (Figure 2B). This diagram shows signals belon-
ging to copper adduct insulin ions in the 4+ and 7+ char-
ge range as straight linear lines extending through their 

corresponding mobility ranges. It can be seen in Figure 
2B that ions with higher numbers of copper atoms in 
their structure form lines towards the lower right cor-
ner with lower mobility values, depending on the chan-
ge in the number of copper atoms in the copper adduct 
ions. The m/z values of the total structures increase due 
to the binding of copper atoms to the insulin protein. 
The fact that this increase in the m/z values of the ions 
corresponds to the decrease in their mobility (1/K0) in-
dicates that the structures become more compact in 
the gas phase due to copper atom binding.

Figure 2. 2D TIMS-MS contour plots of (A) human insulin (B) human insulin with the addition of Cu(NO3)2. White arrows show the Cu 
adducts of the insulin ions between 4+ and 7+ charge states. 
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The mobility values in the data obtained from the ion 
mobility diagrams were converted to CCS values accor-
ding to the Mason-Schamp equation [25-26].  The y-axis 
is proportional to the relative abundances of the ions, 
while the x-axis corresponds to the CCS (Å2) values in 
the plots obtained after the conversion. The shifts of 
the curves in these plots on the CCS axis (x-axis) make 
it possible to determine the extent to which the analy-
zed species contains compact or extended forms in the 
gas phase and to monitor the formation of these con-
formers. Extracted ion mobilograms of various copper 
adduct insulin ions between 4+ and 7+ charged states 
obtained from TIMS-TOF-MS analyzes are given in Figu-

re 3A-D. The conformational change in each charge sta-
te is evaluated individually. At the highest charge state 
(7+ charge state), it is seen that the CCS value of the 
structure decreases significantly as the number of cop-
per atoms attached to the insulin structure increases 
(Figure 3A). This plot shows that the green-colored cur-
ve (INS+5Cu) has a higher intensity signal in the lower 
CCS region compared to the other curves. It is seen that 
the curve intensity increases in this compact CCS regi-
on from the black-colored curve (INS+Cu) to the green-
colored curve (INS+5Cu). This data shows that with the 
addition of copper atoms to the insulin structure, the 
abundance of the compact form of the structure incre-

Figure 3. Extracted ion mobilograms of various Cu adducts of insulin ions between 4+ and 7+ charged states obtained from TIMS-TOF-
MS analyses (A-D). The numbers of attached Cu atoms to insulin protein are shown at each set of mobilograms with their correlated 
colors.  
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ases significantly at the 7+ charge state. These nonspe-
cific interactions between metals and proteins usually 
cause the compaction of the proteins in the gas phase 
[27-28]. Similarly, in the 6+ and 5+ charge states, the 
curves shifted to lower CCS values as the copper atom 
binds to the insulin protein, indicating that the addition 
of the copper atom makes the protein more compact in 
the gas phase (Figures 3B and 3C). 

It is expected that the addition of copper atoms carr-
ying extra charge to the protein will be less tolerated 
by the protein at the lowest charge state (4+ charge 
state). For this reason, the mobilograms obtained in 
this charge state, where only three copper atoms can 

be added to the insulin protein, are given in Figure 3D. 
The signals having lower intensity could be obtained at 
this lower charge state compared to the others due to 
the lower stability of the copper adduct protein ions. 
Therefore, it is more difficult to notice conformational 
changes from the signals in the mobilograms obtained 
at this charge state. It is seen that the signal intensities 
at lower CCS values increase due to the increase in the 
number of copper atoms attached to the protein from 
the black-colored curve (INS+Cu) to the blue-colored 
curve (INS+3Cu) (Figure 3D). This data also supports 
the inference that copper atom bonding increases the 
relative abundance of the compact form of the insulin 
protein in the gas phase.

Figure 4. Extracted ion mobilograms of various H, Na, and K adducts of insulin ions between 4+ and 7+ charged states obtained from 
TIMS-TOF-MS analyses (A-D). The numbers of attached H, Na, and K atoms to insulin protein are shown at each set of mobilograms 
with their correlated colors.   
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MS analyses performed in positive ion mode have a 
high probability of binding sodium and potassium alkali 
metals to the analytes. The alkali metal adduction can 
be observed even at very low salt levels. In contrast, at 
higher salt concentrations, it can cause the presence of 
dominant signals of adducted ions in the mass spectrum. 
Especially in ESI-MS analyses that provide multiply char-
ged ion formation, it is highly probable that more than 
one sodium and potassium ions bind to a single species 
even in a very low amount of salt. The formation of ions 
by binding alkali metals to peptides and proteins can 
also cause changes in the conformation of these speci-
es in the gas phase [29].  The insulin protein was analy-
zed by the IM-MS technique without adding any metal 
salt to the sample. Thus, the signals of H, Na, and K ad-
duct protein ions with different combinations of these 
atoms were also evaluated for conformational analysis. 
The mobilograms obtained for these ions at different 
charge states are given in Figure 4A-D. The different co-
lored extracted ion mobilograms of various H, Na, and 
K adduct insulin ions between 4+ and 7+ charged states 
obtained from TIMS-TOF-MS analyses are evaluated on 
the CCS axis (x-axis) of the mobilograms depending on 
different numbers and types of adduct atoms. It is seen 
that they do not show apparent shifts in the corres-
ponding x-axis (Figure 4 A-D). In addition, no significant 
change was detected in the intensities of the curves in 
the mobilograms at both low and high CCS values cor-
responding to the compact and extended forms of the 
protein, respectively. The IM-MS data containing these 
signals with random distributions show that no obvious 
conformational change in the insulin protein structure 
occurs with the addition of H, Na, K atoms, and their 
different combinations. In some cases, the addition of 
such atoms increases the CCS value slightly with the inc-
rease in molecular mass, but it does not even cause a 
net change in the CCS value.

The data in the mobilograms given in Figures 3 and 4 are 
obtained under the same analysis conditions. According 
to these mobilograms, it was determined that the pro-
tein-metal complexes formed as a result of the nonspe-
cific binding of copper atoms (monoisotopic mass of Cu: 
62.9296 Da) to the insulin protein became more com-
pact than the single insulin protein in the gas phase. Ho-
wever, there is no change in the protein structure such 
as compaction as a result of the addition of atoms such 
as H (1.0078 Da), Na (22.9898 Da), and K (38.9637 Da), 
which are smaller than the copper atom. These results 
showed that copper metal and alkali metals interact 

with insulin protein in different ways in the gas phase 
and this difference can be monitored through confor-
mational changes with IM-MS analysis [30-31]. 

Conclusion
Mass spectrometry techniques that allow monitoring 
noncovalent interactions with high accuracy and sen-
sitivity can produce ionic species in their intact forms 
during or after ionization. Various types of ionic speci-
es of the same sample can be transferred to the mass 
analyzer by performing ionization, where many para-
meters are effective. As a result of these ionization pro-
cesses, protonation or metal ion adduction may occur 
according to the chemical environment of the analyte. 
In MS analyses, metal complex structures are detected 
due to ion-ion/ion-neutral interactions occurring in 
the gas phase. Therefore, analyzing the formation and 
conformational features of such dynamic metal inclu-
sion complexes requires reliable analytical methods 
with high sensitivity. The ESI-MS technique provides 
many advantages over other biophysical techniques, 
especially high sensitivity and speed, in the characteri-
zation of biological complexes containing noncovalent 
interactions. In addition, mass spectrometry enables 
direct determination of m/z values with high accuracy, 
making it possible to determine the compositions and 
stoichiometry of complexes. Besides determining the 
chemical structures of the noncovalent complexes, 
conformational features of the complexes and changes 
in their shape during the complex formation can also 
be monitored dynamically using the IM-MS technique. 
The IM-MS instruments provide conformational data by 
performing the characterization of the analytes accor-
ding to their masses, charge states, and shapes simul-
taneously in the gas phase. The signals of protonated 
ions were dominant with the presence of Na+ and K+ 
adduct ion signals in the ESI mass spectrum obtained 
in this study from the IM-MS analysis of human insulin 
in the positive ion mode. The IM-MS data indicated no 
noticeable conformational change in the structure of 
the insulin protein with the binding of H, Na, K atoms 
and their different combinations. Signals of copper ad-
duct insulin ions from 4+ to 7+ charge states were ob-
served in the ESI mass spectrum obtained from IM-MS 
analysis after the addition of Cu(NO

3)2 salt to the insu-
lin sample. The shift of extracted ion mobilograms of 
copper adduct insulin ions to lower CCS values with the 
addition of copper atoms to the insulin structure proves 
that the abundance of the compact form of the insulin 
increases in the gas phase. The data obtained from the 
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IM-MS analyses of insulin-metal complexes show that 
alkali metals and copper bind to insulin by different 
mechanisms. The changes in the protein conformation 
caused by the attachment of various metals to the insu-
lin protein can be distinguished with high sensitivity and 
accuracy by performing IM-MS analyses.
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