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Abstract 

The analysis and detection of targeted peptides has received due attention in many fields 

of proteomics research, such as discovery of biomarkers. In this regard, capillary 

electrophoresis-mass spectrometry (CE-MS) is widely used, however, direct analysis of 

low-abundance peptides such as histidine-containing peptides (His-peptides) in complex 

matrixes by CE-MS remains an analytical challenge. In the present study, an immobilised 

metal affinity solid-phase extraction containing Ni(II) coupled on-line to capillary 

electrophoresis-mass spectrometry (IMA-SPE-CE-MS) method has been developed to 

selectively enrich His-peptides from protein tryptic digests and enhance sensitivity. The 

method was optimised with α-casein and validated with other standard proteins (β-casein 

and κ-casein). Later, it was applied to an Escherichia Coli (E. Coli) whole cell lysate. 

IMA-SPE-CE-MS was very selective and allowed an enrichment factor up to 100-fold. 

The on-line enrichment and separation method coupled to MS detection is straightforward 

and advantageous over off-line pretreatment methods in terms of simplicity, cost-

effectiveness and throughput. 

  



1. Introduction 

In proteomics, depletion of the most abundant proteins is recommended to reduce sample 

complexity and identify low-abundance proteins that usually provide more biologically 

and clinically relevant information. Among the proposed bottom-up strategies, the 

isolation of a subproteome based on the enrichment of peptides containing less abundant 

amino acids such as cysteine, histidine, methionine or tryptophan has always been of great 

interest [1,2]. In the case of histidine, it is present in the sequence of 85-95% of all the 

proteins in human and yeast proteomes, but only in 15-20% of the peptides that can be 

generated from these proteins after tryptic digestion [1,2]. Hence, the analysis of histidine 

containing peptides (His-peptides) from enzymatic digests enables to simplify the peptide 

mixture while keeping a significant coverage of the proteome accessible to quantification 

[3–6]. This could be an important complement to the comprehensive bottom-up 

proteomics studies supported by state-of-the-art high-end MS instruments, especially 

when specific parts of the protein structure need to be targeted. 

 

Immobilised metal affinity (IMA) sorbents have been often used in off-line solid-phase 

extraction (SPE) for the selective enrichment of His-peptides before liquid 

chromatography-mass spectrometry (LC-MS) analysis [7,8]. In particular, pretreatment 

of enzymatic digests by IMA-SPE is regarded as an interesting approach to improve 

accuracy in quantitative proteomics because it is a simple and effective strategy to 

decrease sample complexity, hence reducing both interference and ion suppression effects 

in LC-MS analysis [5,6]. The choice of the metal ion immobilised on the support depends 

on the peptide to be purified. In the case of His-peptides, the most used are divalent 

cations such as Cu(II) and Ni(II) with iminodiacetic acid (IDA) as chelating ligand [4–

11]. The on-line coupling of SPE to LC-MS allows minimising sample handling and 



increasing analysis throughput but require complex instrumental set-ups with valves, 

which are especially delicate when working in capillary or nano LC [12]. On-line solid-

phase extraction capillary electrophoresis-mass spectrometry (SPE-CE-MS) can be 

regarded as an excellent alternative for automated sample clean-up and sensitive analyses 

[13–16]. In the typical SPE-CE-MS configuration, which is valve-free, a microcartridge 

filled with a sorbent that selectively retains the target analytes, is integrated in-line near 

the inlet of the separation capillary [15]. After loading a large sample volume (50-100 

µL), retained compounds are eluted into the separation capillary with a small volume of 

a suitable solution (50 nL) before separation and detection by CE-MS. Reversed-phase 

sorbents (e.g., C18) have been preferentially used to analyse peptides by SPE-CE-MS 

[13–15]. Immobilised metal affinity solid-phase extraction capillary electrophoresis 

(IMA-SPE-CE) has been mostly demonstrated with UV detection [17–20]. IMA-SPE-

CE-MS has been explored to a lesser extent [21–23]. So far, only Cao et al have 

demonstrated the analysis of phosphopeptides from complex protein digests by IMA-

SPE-CE-MS with a Fe(III) sorbent [21,22]. More recently, we successfully established a 

IMA-SPE-CE-MS method with a Ni(II) sorbent for the analysis of β-amyloid peptides as 

model compounds with histidine residues in standards, plasma and serum samples [23]. 

 

In the present work, the potential of IMA-SPE-CE-MS with a Ni(II) sorbent is 

investigated to selectively enrich His-peptides from complex protein digests. The method 

was first optimised with tryptic digests of α-casein (α-CSN), and then its applicability 

was further validated with β-casein (β-CSN) and κ-casein (κ-CSN) digests and a digest 

of an Escherichia Coli (E. Coli) whole cell lysate containing a 6x-His tagged protein. 

  



2. Materials and Methods 

2.1. Chemicals 

All chemicals used in the preparation of buffers and solutions were of analytical 

reagent grade. Acetic acid (HAc, glacial), formic acid (HFor, 98-100%), sodium 

hydroxide, phosphoric acid (85%) and ammonium hydroxide (25%) were supplied by 

Merck (Darmstadt, Germany). DL-Dithiothreitol (DTT, ≥99%), iodoacetamide (IAA, 

≥98%), imidazole (99.5%) and ammonium hydrogen carbonate (≥99.9%) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Isopropanol was provided by Scharlab 

(Barcelona, Spain) while acetonitrile and water by Sigma-Aldrich (all of them of LC-MS 

quality grade). Trypsin (sequencing grade modified, 16000 U·mg-1) and chymotrypsin 

were purchased from Promega (Madison, WI, USA). ESI low concentration (ESI-L) 

tuning mix was supplied by Agilent Technologies (Waldbronn, Germany) for tuning and 

calibration of the mass spectrometer. 

 

2.2. Protein samples 

α-Casein (α-CSN, 70%), β-casein (β-CSN, 90%) and κ-casein (κ-CSN, ≥80%) were 

obtained from Sigma-Aldrich. Stock solutions of 1000 µg·mL-1 were prepared in water 

and aliquoted. Aliquots were evaporated to dryness using a Savant SPD-111V SpeedVac 

concentrator (Thermo-Fisher Scientific, Waltham, MA, USA) and stored at -20 ºC until 

enzymatic digestion.  

Escherichia Coli positive control whole cell lysate - expressing 6X His tag protein 

was obtained from Abcam (Cambridge, UK). The whole cell lysate of E. Coli contained 

250 μg of total protein. The content of the vial was dissolved in water to obtain a 1000 



µg·mL-1 protein solution. Excipients of low-molecular mass were removed by 

ultracentrifugation using Microcon YM-10 centrifugal filters from Millipore (Mr cut-off 

10,000, Bedford, MA, USA) [24]. Centrifugations were carried out in a Mikro 20 

centrifuge (Hettich, Tuttligen, Germany) at 25 ºC. Finally, aliquots of 1000 µg·mL-1 of 

E. Coli whole cell lysate were evaporated to dryness by SpeedVac and stored at −20 °C 

until enzymatic digestion. 

κ-Casein and E. Coli whole cell lysate were firstly reduced and alkylated to facilitate 

digestion. Briefly, an aliquot of 100 g of dried protein was dissolved in 100 L of 50 

mM NH4HCO3 (pH 7.9) and 2.5 L of 0.5M DTT in the same buffer was added. The 

mixture was incubated in a TS-100 thermoshaker (Biosan, Riga, Latvian Republic) at 56 

ºC for 30 min and then alkylated by adding 7 L of 0.73 M IAA (in the same buffer) and 

shaking for 30 min at room temperature in the dark. Excess of low-molecular mass 

reagents was removed with Microcon YM-10 centrifugal filters as described in [24]. The 

final protein residue was dissolved in 50 mM NH4HCO3 (pH 7.9) to obtain a final 

concentration of 1000 µg·mL-1.  

A 100 µL aliquot of 1000 µg·mL-1 protein solution in 50 mM NH4HCO3 (pH 7.9) 

was digested. Trypsin was added in an enzyme to protein ratio of 1:40 m/m. In the case 

of trypsin:chymotrypsin digestion, chymotrypsin was added simultaneously at 1:25 m/m. 

The mixture was vortexed and subsequently incubated at 37 ºC for 18 h. Digestions were 

stopped by heating at 100 ºC for 10 min, and the digest was evaporated to dryness by 

SpeedVac and stored at -20 ºC until analysis. All digestions were performed in triplicate. 

 

 

 

 



2.3. CE-MS 

CE-MS experiments were performed in a 7100 CE system coupled to a 6220 oa-TOF 

LC/MS mass spectrometer with an orthogonal sheathflow interface (Agilent 

Technologies). The sheath liquid was delivered at a flow rate of 3.3 µL·min-1 by a KD 

Scientific 100 series infusion pump (Holliston, MS ,USA) and degassed for 10 min by 

sonication before use. CE control and separation data acquisition (e.g., voltage, 

temperature and current) were performed using Chemstation software (Agilent 

Technologies) that was running in combination with the MassHunter workstation 

software (Agilent Technologies) for control, data acquisition and processing of the mass 

spectrometer. The mass spectrometer was tuned and calibrated following the 

manufacturer’s instructions. The operational conditions in positive electrospray 

ionization (ESI) mode were: capillary voltage 4000 V, drying gas (N2) temperature 200 

ºC, drying gas flow rate 4 L min-1, nebuliser gas (N2) 7 psig, fragmentor voltage 190 V, 

skimmer voltage 60 V and OCT 1 RF Vpp voltage 300 V. Data were collected in profile 

(continuum) at 1 spectrum·s-1 (approx. 10,000 transients·spectrum-1) between m/z 100 

and 3200 working in the highest resolution mode (4 GHz).  

The extracted ion electropherogram of each peptide was obtained considering the 

theoretical m/z of the molecular ions and a mass tolerance window of 20 ppm. Mass 

spectra were checked manually to verify the isotopic distribution and accurate 

identification (mass error <10 ppm). 

A bare fused-silica capillary of 72 cm total length (LT) x 75 µm internal diameter 

(i.d.) x 360 µm outer diameter (o.d.) (Polymicro Technologies, Phoenix, AZ, USA) was 

used in CE-MS. Activation and conditioning procedures were carried out off-line in order 

to avoid contamination with NaOH of the mass spectrometer. New capillaries were 

activated by flushing (930 mbar) sequentially for 30 min each with 1M NaOH, water and 



background electrolyte (BGE). Samples were reconstituted in water and injected at 50 

mbar for 15 s (approximately 80 nL, i.e., 2.5% of the capillary, estimated using the 

Hagen–Poiseuille equation [25]. This volume corresponds to 4 ng of protein for a 50 

µg·mL-1 protein digest). Electrophoretic separations were performed at 25 ºC and 15 kV 

under normal polarity (cathode in the outlet). Between runs, capillaries were flushed with 

water (1 min), 1 M HAc (3 min), water (1 min) and BGE (5 min). Before CE-MS, all 

solutions were passed through a 0.22-µm nylon filter (MSI, Westboro, MS, USA). 

Two BGEs were used for the analysis of the protein digests: an acidic BGE of 50 

mM HFor and 50 mM HAc (pH 2.2) with a sheath liquid of 60:40 (v/v) iPrOH:H2O with 

0.05% (v/v) of HFor, and a neutral BGE of 25 mM H3PO4 (adjusted to pH 7.5 with 

ammonium hydroxide) with a sheath liquid of 60:40 (v/v) iPrOH:H2O with 0.5% (v/v) of 

HFor. 

pH measurements were carried out with a Crison 2002 potentiometer and a Crison 

electrode 52-03 (Crison instruments, Barcelona, Spain). 

 

2.4. SPE-CE-MS 

A HisLinkTM protein purification resin obtained from Promega (Madison, WI, USA) 

was used as immobilised metal affinity sorbent. It was made of 100 µm silica particles 

derivatised with nitrilotriacetic acid (NTA), which contained a high level of tetradentate-

chelated Ni(II). Construction of the particle-packed microcartridge with frits for IMA-

SPE-CE-MS was carried out as described elsewhere with little modifications [23]. Bare 

fused silica capillaries (Polymicro Technologies) were used for all the procedures. The 

microcartridge (0.7 cm LT × 250 µm i.d. × 365 µm o.d. capillary) was inserted at 7.5 cm 

from the inlet of the separation capillary (72 cm LT × 75 µm i.d. × 365 µm o.d., activated 



as in CE-MS) using two plastic sleeves (Tygon® tube of 250 µm i.d., Thermo-Fisher 

Scientific). Previously the microcartridge was filled by vacuum with the IMA sorbent that 

was retained between two microfrits placed on each end of the microcartridge. These 

microfrits were obtained from the material of the original frits found in conventional C18 

cartridges for SPE (Sep-Pack, Waters, Milford, MA, USA). As no glue was necessary to 

prevent microcartridge leaking, the microcartridge could be replaced to reuse the 

separation capillary. 

The BGE for the IMA-SPE-CE-MS separation was the neutral BGE of 25 mM H3PO4 

(adjusted to pH 7.5 with ammonium hydroxide) and the sheath liquid solution was the 

same as in CE-MS. Under the optimised conditions, the IMA-SPE-CE capillaries were 

first conditioned by applying pressure at 930 mbar (flush pressure) for 2 min with BGE. 

Afterwards, samples reconstituted in BGE and diluted to the desired concentration were 

loaded by flushing for 10 min (approximately 60 µL [25]). A final flush for 2 min with 

BGE was used for washing and removing non-specifically retained molecules. All these 

steps were performed with the nebuliser gas and the ESI capillary voltage switched off to 

prevent the introduction of contaminants into the MS. Then, both were switched on and 

a small volume of eluent (0.5% HAc) was injected at 50 mbar for 75 s (approximately 0.4 

µL [25]). In order to prevent the eluent plug from traveling backwards due to the 

microcartridge backpressure, BGE was also injected at 25 mbar for 150 s. Separation was 

conducted at +15 kV for 40 min (cathode in the outlet). Postconditioning to avoid 

carryover was performed by flushing for 1 min with 50 mM imidazole and 1 min of water. 

This postconditioning step was also performed switching off the nebulizer gas and the 

ESI capillary voltage. IMA-SPE-CE-MS columns were filled with water when they were 

stored overnight to avoid salt precipitation.  

  



3. Results and Discussion 

 A number of studies have taken advantage of the affinity selection of His-peptides 

with Cu(II)-IMA sorbents before LC-MS to reduce sample complexity and simplify 

identification of proteins in bottom-up proteomics, and virtually all these purification 

methods were off-line [3–6,9,10]. Very few studies have also explored the potential of 

off-line Ni(II)-IMA sorbents to preconcentrate His-peptides before LC-MS [11]. These 

Cu(II)- and Ni(II)-IMA sorbents typically contain IDA, which is a tridentate metal 

chelating agent. In general, it is well-known that chelating agents with a higher number 

of coordination sites prevent metal leaking because the sorbent become more stable at the 

expense of a weaker interaction with the target compounds [7,8]. In a previous study a 

Ni(II) sorbent with the tetradentate metal chelating agent NTA gave the best results in 

terms of reproducibility and sensitivity enhancement for the analysis by IMA-SPE-CE-

MS of β-amyloid peptides, which contained histidine residues, in standards, plasma and 

serum samples [23]. In the present work, the potential of this Ni(II)-NTA sorbent was 

investigated to selectively enrich His-peptides from complex protein digests by IMA-

SPE-CE-MS. 

 

3.1 Analysis of His-peptides of α-CSN 

With the aim of establishing a robust and reliable method to analyse His-peptides in 

complex protein digests, α-casein (α-CSN) was chosen as model protein because tryptic 

digestion yields a significant number of easily detected and well-characterised His-

peptides. First, the coverage of peptides and, specifically His-peptides, in the tryptic 

digest of α-CSN was mapped by CE-MS using an acidic BGE (50 mM HFor and 50 mM 

HAc, pH 2.2) and a sheath liquid of iPrOH:H2O (60:40, with 0.05% HFor). Based on the 



manufacturer information, α-CSN consists of two isoforms, i.e., α-CSN1 (23.7 kDa) and 

α-CSN2 (25.3 kDa), and α-CSN1 shows the highest abundance (80% versus 20% m/m, 

respectively in skim milk [26]). Table 1 shows the His-peptide sequences expected after 

trypsin digestion for α-CSN predicted by the PeptideMass tool from ExPASy 

(https://web.expasy.org/peptide_mass/). Additionally, Tables S1 and S2 show the peptide 

sequences expected after trypsin digestion of α-CSN, the theoretical m/z of the molecular 

ions and the peptides detected by CE-MS (and IMA-SPE-CE-MS). Fig. 1a shows the 

extracted ion electropherograms (EIEs) of the detected non-histidine containing peptides 

(non-His peptides; in black) and His-peptides (in colours) in the α-CSN digest using the 

acidic BGE. Under these conditions, at a protein concentration of 50 µg·mL-1, 17 non-

His peptides from 35 (i.e., the total sum of α-CSN1 and α-CSN2 non-His peptides) were 

detected by CE-MS (48.6% of coverage). In the case of the His-peptides, 7 from 8 (i.e., 

the total sum of α-CSN1 and α-CSN2 His-peptides) were detected (87.5% of coverage): 

the 5 expected His-peptides for α-CSN1 and 2 out of 3 for α-CSN2. The α-CSN2 

phosphorylated peptide [2-21] was the only His-peptide not detected, probably due to the 

lower ionization efficiency promoted by the presence of the phosphate groups and the 

relatively low-abundance of α-CSN2 in comparison to α-CSN1. Acidic BGEs with HAc 

or HFor are highly recommended for optimum detection sensitivity of peptides by CE-

MS in positive ion mode [27]. However, acidic pH solutions promote metal ion leakage 

from the IMA sorbent in IMA-SPE-CE-MS. Hence, a neutral low ionic strength 

phosphate BGE (25 mM H3PO4, pH 7.5) was also evaluated by CE-MS, despite the lower 

volatility of phosphate solutions, as was the one which gave the best results for IMA-

SPE-CE-MS in our previous study [23]. Fig. 1b shows the EIEs of the non-His peptides 

and His-peptides of α-CSN detected by CE-MS using this neutral BGE. As can be seen, 

peaks were slightly wider due to the longer migration times promoted by the lower global 

https://web.expasy.org/peptide_mass/


molecular charge that was not counterbalanced by the increase in the electroosmotic flow 

at pH 7.5. Furthermore, sensitivity was slightly lower and thus, the coverages of the non-

His peptides and His-peptides decreased (37.1% and 75%, respectively, see also Tables 

S1 and S2). 

Once analysed α-CSN digest by CE-MS, the coverage for the non-His peptides and 

for the His-peptides was evaluated by IMA-SPE-CE-MS. The eluent composition and 

volume were optimised in our previous study [23]. In order to ensure the elution of the 

His-peptides from the Ni(II)-NTA sorbent and to obtain an adequate repeatability, eluent 

injection at 50 mbar for 75 s was required. When decreasing the amount of HAc or the 

injection time (e.g., 0.1% HAc or 50 s, respectively), elution of the His-peptides was 

incomplete and repeatability decreased, as was previously observed with β-amyloid 

peptides [23]. Fig. 1c shows the EIEs of the non-His peptides and His-peptides detected 

by IMA-SPE-CE-MS in a 50 µg·mL-1 tryptic digest. As can be observed, only 2 non-His 

peptides (α-CSN1[1-3] and α-CSN2[189-197]) from a total of 35 were detected (5.7% of 

coverage). In contrast, 5 His-peptides from a total of 8 (62.5% of coverage) were detected 

(3 out of 5 and 2 out of 3 for α-CSN1 and α-CSN2, respectively), which demonstrated the 

selectivity of the methodology for the analysis of His-peptides (see Fig. 1c or Tables S1 

and S2). With respect to the mass spectra of the His-peptides, the neutral BGE did not 

promote formation of peptide-phosphate adducts and protonated adducts were the most 

abundant as with the acidic BGE. To improve sensitivity and increase the His-peptide 

coverage, sample loading time was investigated loading the 50 µg·mL-1 α-CSN digest for 

5, 10, 20 and 30 min at 930 mbar (Fig. 2a). For loading times up to 10 min, His-peptides 

peak area improved when the loading time increased, as expected due to the greater 

volume of sample loaded. However, longer loading times than 10 minutes did not favour 

detecting a larger number of His-peptides. In addition, the sample breakthrough volume 



was exceeded and peak areas decreased because the amounts of His-peptides washed 

away were higher than the amounts retained. Therefore, to obtain the best enrichment 

factors, a loading time of 10 min was selected for the rest of the experiments. The 

coverage and linearity of IMA-SPE-CE-MS was also studied analysing α-CSN tryptic 

digests at concentrations from 20 to 100 µg·mL-1. At 100 µg·mL-1 the coverage was the 

same as for 50 µg·mL-1. In contrast, at 20 µg·mL-1, only one His-peptide (α-CSN1[4-7]) 

was detected, with very low intensity. Taking into account this His-peptide, the method 

was linear between 20 and 100 µg·mL-1 (R2>0.98). 

Consecutive analyses of the α-CSN digest were repeatable in terms of migration time 

and peak area (%RSD (n=3) were <3.0 and <11% at 50 µg·mL-1, respectively). The 

average lifetime of a microcartridge was 9 consecutive analyses (see supplementary Fig. 

S1). It was established by repeatedly analysing the 50 µg·mL-1 α-CSN tryptic digest until 

the peak areas for the His-peptides in the EIEs decreased more than 40% compared to the 

mean value of the first three analyses with the microcartridge under consideration.  

The enrichment performance of IMA-SPE-CE-MS was examined with a 50 µg·mL-

1 α-CSN digest. The graphic bar of Fig. 2b shows a comparison of the His-peptides peak 

area values obtained by CE-MS with the neutral BGE (Fig. 1b) and by IMA-SPE-CE-MS 

(Fig. 1c), and the corresponding preconcentration factors achieved. As can be observed, 

most His-peptides showed an increase in peak area by IMA-SPE-CE-MS, allowing 

detection of a short His-peptide (i.e., α-CSN2[77-80]), which was not detected by CE-

MS. In contrast, His-peptides α-CSN1[8-22] and α-CSN1[125-132] were not detected by 

IMA-SPE-CE-MS probably due to its larger sequence and the position of the His residue 

(see the expected His-peptide sequences in Table 1). In addition to the sequence length, 

the number, accessibility and microenvironment of histidine residues may also be 

important in determining retention by the chelated metal [23,28]. Globally a lower 



coverage of His-peptides was achieved by IMA-SPE-CE-MS compared to CE-MS (5 His-

peptides detected versus 6), but preconcentration factors from 25 to 98 were obtained for 

those detected, demonstrating the potential of the IMA sorbent to selectively target His-

peptides, which are less abundant in the proteomes [1,2].  

 

3.2 Analysis of His-peptides of other model proteins 

To further validate the performance of the IMA-SPE-CE-MS method to selectively enrich 

His-peptides from protein digests, the method was also applied to the analysis of other 

standard proteins: β-casein (β-CSN) and κ-casein (κ-CSN) and it was compared to the 

analysis by CE-MS. Fig. 2c shows a graphic bar with the expected His-peptides and the 

peak area of those detected by CE-MS with the neutral BGE and IMA-SPE-CE-MS, when 

analysing tryptic digests of β-CSN and κ-CSN at 50 µg·mL-1. In contrast to our previous 

results with α-CSN, after His-peptide enrichment, no non-His peptides were detected and 

the overall number of detected His-peptides was significantly reduced with regard to CE-

MS. While 3 His-peptides from a total of 4 were detected by CE-MS, only the His-peptide 

[106-107] of β-CSN was detected by IMA-SPE-CE-MS. This was probably due to the 

length of the His-peptides that were, in general, larger in these tryptic digests than in the 

α-CSN digest (see Table 1). To study the influence of the peptide length in the retention 

of the IMA sorbent, β-CSN and κ-CSN were also digested with a mixture of trypsin and 

chymotrypsin. Table 1 shows the expected His-peptide sequences after trypsin and 

chymotrypsin digestion for β-CSN and κ-CSN. As can be observed in Fig. 2d, after 

digestion with trypsin:chymotrypsin, the number of His-peptides detected by IMA-SPE-

CE-MS increased compared to CE-MS (60% versus 40% of the His-peptide coverage). 



Therefore, the reduction of the length of most of the His-peptides (see the sequences in 

Table 1) confirmed the selectivity of the IMA sorbent towards short His-peptides. 

 

3.3 Analysis of E. Coli whole cell lysate 

A whole cell lysate of E. Coli was analysed to explore the potential of the established 

methodology to selectively enrich His-peptides from complex and diluted biological 

samples. A whole cell lysate of E. Coli that expresses human α-lactalbumin with six 

additional histidine amino acids (6x-His) at its C-terminus was selected [29,30], which is 

typically used for quality control of purification of His-tagged proteins or as positive 

control for Western blots of 6x-His tagged protein samples. As in previous studies by LC-

MS/MS [29] and CE-MS [30], 6x-His human α-lactalbumin, myoglobin C, cathepsin D, 

creatine kinase-MM and antithrombin III were identified by CE-MS and only the 6x-His 

tagged protein and those proteins producing short His-peptides were identified by IMA-

SPE-CE-MS (i.e., 6x-His human α-lactalbumin, myoglobin and creatine kinase-MM). 

Table 2 shows the sequence of the non-His peptides and His-peptides detected in the 

lysate tryptic digest (1000 µg mL-1) by CE-MS using the acidic BGE and by IMA-SPE-

CE-MS using the neutral BGE (50 µg·mL-1). The findings by IMA-SPE-CE-MS 

demonstrated the selectivity of the methodology towards short His-peptides, which could 

be useful to specifically map certain regions of the proteomes. Moreover, the detection of 

the 6x-His tagged peptide of α-lactalbumin ([123-129]) only by IMA-SPE-CE-MS (see 

Fig. 3) indicate a possible additional application in the on-line preconcentration of intact 

His-tagged proteins or other His-tagged compounds such lipids [31] or carbohydrates 

[32]. J. Partyka et al recently reported improved sensitivity in CE-MS for the analysis of 

oligosaccharides and N-linked glycans using multicharged labeling by 6x-His tags [32]. 



Better limits of detection could be further achieved analysing these labelled carbohydrates 

by IMA-SPE-CE-MS.  



Conclusions 

We have developed an on-line IMA-SPE-CE-MS method to selectively enrich His-

peptides from protein tryptic digests using a Ni(II)-NTA IMA sorbent. The method was 

evaluated and validated with tryptic digests of α-CSN, β-CSN and κ-CSN. The selectivity 

of the IMA sorbent towards short His-peptides was confirmed when casein proteins were 

digested with a mixture of trypsin and chymotrypsin. Preconcentration factors for the 

detected His-peptides ranged between 25 and 100 times, and the IMA-SPE 

microcartridges could be used up to 9 analyses with good repeatability of migration times 

and peak areas (%RSD<3.0 and <11%, respectively). The good performance of the IMA-

SPE-CE-MS method was also demonstrated with an E. coli cell lysate, which indicated 

the great potential of this approach to reduce sample complexity in proteomics compared 

to off-line sample pretreatment methods, ensuring simplicity, cost-effectiveness and 

throughput. 
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Fig. 1 Extracted ion electropherograms for the analysis of a 50 µg·mL-1 α-CSN tryptic 

digest by CE-MS using (A) an acidic BGE (50 mM HFor and 50 mM HAc (pH 2.2)) and 

(B) a neutral BGE (25 mM H3PO4 (adjusted to pH 7.5)), and (C) by IMA-SPE-CE-MS 

(BGE: 25 mM H3PO4 (adjusted to pH 7.5)). 



 

Fig. 2 Analysis of a 50 µg·mL-1 α-CSN tryptic digest. (A) Plot of His-peptides peak area vs loading time at 930 mbar for IMA-SPE-CE-MS. (B) 

Comparison of His-peptides peak areas for CE-MS and IMA-SPE-CE-MS (BGE: 25 mM H3PO4 (adjusted to pH 7.5) in both cases). Analysis of 

50 µg·mL-1 β-CSN and κ-CSN tryptic digests. Comparison of His-peptides peak areas for CE-MS and IMA-SPE-CE-MS (BGE: 25 mM H3PO4 

(adjusted to pH 7.5) in both cases). Digestion with (C) trypsin and (D) trypsin:chymotrypsin. Preconcentration factor is given in numbers. The 

asterisk indicates that the preconcentration factor was not calculated because the His-peptide was not detected (n.d.) by CE-MS. Standard deviation 

is given as error bars (n=3). 



 

Fig. 3 Extracted ion electropherograms of the 6x-His tagged peptide of human α-

lactalbumin ([123-129]) in the E. Coli whole cell lysate tryptic digest by CE-MS (1000 

µg·mL-1, BGE: 50 mM HFor and 50 mM HAc, pH 2.2) (green) and by IMA-SPE-CE-

MS (50 µg·mL-1, BGE: 25 mM H3PO4 (adjusted to pH 7.5)) (blue). 

 



Table 1 Sequence of the His-peptides expected after trypsin and trypsin:chymotrypsin digestion for α-CSN, β-CSN and κ-CSN predicted 

by the PeptideMass tool from ExPASy (https://web.expasy.org/peptide_mass/). His residues in His-peptides are marked in bold and 

phosphorylations in orange colour 

 

Protein Trypsin Trypsin:chymotrypsin 

α-CSN1 [4-7] HPIK [4-7] HPIK 

[8-22] HQGLPQEVLNENLLR [8-22] HQGLPQEVLNENLLR 

[80-83] HIQK [80-83] HIQK 

[120-124] LHSMK [120-124] LHSMK 

[125-132] EGIHAQQK [125-132] EGIHAQQK 

α-CSN2 [2-21] NTMEHVSSSEESIISQETYK [2-20] NTMEHVSSSEESIISQETY 

[77-80] HYQK [77-78] HY 

[182-188] TVYQHQK [185-188] QHQK 

β-CSN [49-97] IHPFAQTQSLVYPFPGPIPNSLPQNIPPLTQTPVVVPPFLQPEVMGVSK [49-52] IHPF 

[106-107] HK [106-107] HK 

[114-169] 
YPVEPFTESQSLTLTDVENLHLPLPLLQSWMHQPHQPLPPTVMFPPQ

SVLSLSQSK 

[120-143] TESQSLTLTDVENLHLPLPLLQSW 

[144-169] MHQPHQPLPPTVMFPPQSVLSLSQSK 

κ-CSN [98-111] HPHPHLSFMAIPPK [98-105] HPHPHLSF 

 

  

https://web.expasy.org/peptide_mass/


Table 2 Detected peptides and identified proteins in the E. Coli whole cell lysate tryptic digest by CE-MS (1000 µg mL-1, BGE: 50 mM 

HFor:50 mM HAc, pH 2.2) and by IMA-SPE-CE-MS (50 µg·mL-1, BGE: 25 mM H3PO4 (adjusted to pH 7.5)). His residues in His-

peptides are marked in bold 

 

Identified 

proteinª 

CE-MS 

(1000 µg mL-1, acidic BGE) 

IMA-SPE-CE-MS 

(50 µg mL-1, neutral BGE) 

6x-His tagged 

α-lactalbumin 

Mr 14 kDa 

[2-5] QFTK [109-114] ALCTEK 
[123-129] 

LHHHHHH 
 

Myoglobin C 

Mr 17 kDa  
[43-45] FDK [48-50] HLK [48-50] HLK [97-98] HK 

Creatine 

kinase-MM 

Mr 43 kDa 

[1-9] MPFGNTHNK [149-151] GER [26-32] HNNHMAK  

[26-32] HNNHMAK [173-177] YYPLK [106-107] HK  

[42-43] LR [267-292] AGHPFMWNQHLGYVLTCPSNLGTGLR [305-307] HPK  

[44-45] DK [315-316] LR   

[131-132] VR [317-319] LQK   

[133-135] TGR [359-365] LMVEMEK   

[136-138] SIK [367-369] LEK   

Cathepsin D 

Mr 38 kDa 

[110-112] VER [278-281] LGGK   

[113-120] QVFGEATK [282-284] GYK   

[131-141] FDGILGMAYPR [285-293] LSPEDYTLK   

[190-192] YYK [294-299] VSQAGK   

[246-249] ELQK [340-347] VGFAEAAR   

Antithrombin 

III 

Mr 49 kDa 

[14-24] DIPMNPMCIYR [223-226] GLWK   

[48-53] VWELSK [237-241] ELFYK   

[54-57] ANSR [263-275] VAEGTQVLELPFK   

[140-145] LVSANR [351-359] LPGIVAGR   

[146-150] LFGDK [394-399] SLNPNR   

[177-183] ENAEQSR    

[184-188] AAINK    

ª Peptide and protein identification was based on the intact molecular ions of the detected peptides and on previous studies by LC-

MS/MS [28] and CE-MS [29].  
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S-1 

Table S1 Tryptic peptides of α-CSN1 detected by CE-MS and IMA-SPE-CE-MS analysing a 50 µg·mL-1 solution of α-CSN. His residues in 

His-peptides are marked in bold and phosphorylations in orange colour. Single amino acids were not taken into account 

Peptide sequenceª 
[M+nH]n+ Detected 

m/z n 
CE-MS  

(acidic BGE) 

CE-MS  

(neutral BGE) 
IMA-SPE-CE-MS b 

1 [1-3] RPK 200.6370; 400.2667 2, 1 - -  (*) 

2 [4-7] HPIK 247.6579; 494.3085 2, 1    (47) 

3 [8-22] HQGLPQEVLNENLLR 587.3198; 880.4761 3, 2   - 

4 [23-34] FFVAPFPEVFGK 462.2482; 692.8686 3, 2   - 

5 [35-36] EK 276.1554 1   - 

6 [37-42] VNELSK 385.1783; 769.3492 2, 1 - - - 

7 [43-58] DIGSESTEDQAMEDIK 643.2354; 964.3494 3, 2   - 

8 [59-79] QMEAESISSSEEIVPNSVEQK - - - - - 

9 [80-83] HIQK 263.1609; 525.3144 2, 1   
 (94) 

10 [84-90] EDVPSER 416.1958; 831.3843 2, 1   - 

11 [91-100] YLGYLEQLLR 423.2397; 634.3559 3, 2   - 

12 [101-102] LK 260.1969 1 - - - 

13 [104-105] YK 310.1761 1 - - - 

14 [106-119] VPQLEIVPNSAEER 554.2696; 830.9008 3, 2   - 

15 [120-124] LHSMK 308.1678; 615.3283 2, 1   
 (25) 

16 [125-132] EGIHAQQK 304.1629; 455.7407 3, 2   - 

17 [133-151] EPMIGVNQELAYFYPELFR 772.7172; 1158.5721 3, 2   - 

18 [152-193] QFYQLDAYPSGAWYYVPLGTQYTDAPSFSDIPNPIGSENSEK 1180.2987; 573.3958 4, 3 - - - 

19 [194-199] TTMPLW 748.3698 1   - 

ª Peptide identification was based on the intact molecular ions of the detected non-His peptides and His-peptides. 
b Preconcentration factors are indicated in parenthesis. The asterisk indicates that the preconcentration factor was not calculated because the His-

peptide was not detected (-) by CE-MS (neutral BGE) 
 



  S-2   
 

Table S2 Tryptic peptides of α-CSN2 detected by CE-MS and IMA-SPE-CE-MS analysing a 50 µg·mL-1 solution of α-CSN. His residues in 

His-peptides are marked in bold and phosphorylations in orange colour. Single amino acids were not taken into account 

Peptide sequence ª 

[M+nH]n+ Detected 

m/z n 
CE-MS  

(acidic BGE) 

CE-MS  

(neutral BGE) 
IMA-SPE-CE-MS b 

20 [2-21] NTMEHVSSSEESIISQETYK - - - - - 

21 [22-24] QEK 404.2140 1 - - - 

22 [25-32] NMAINPSK 477.7094; 954.4114 2, 1 - - - 

23 [33-41] ENLCSTFCK 522.7284 2, 1 - - - 

24 [42-45] EVVR 251.6528; 502.2984 2, 1   - 

25 [46-70] NANEEEYSIGSSSEESAEVATEEVK - - - - - 

26 [71-76] ITVDDK 345.6871; 690.3668 2, 1 - - - 

27 [77-80] HYQK 288.1504; 575.2936 2, 1  -  (*) 

28 [81-91] ALNEINQFYQK 456.5700; 684.3513 3, 2 - - - 

29 [92-113] FPQYLQYLYQGPIVLNPWDQVK 903.8074; 1355.2074 3, 2 - - - 

30 [115-125] NAVPITPTLNR 598.3433; 1195.6793 2, 1  - - 

31 [126-136] EQLSTSEENSK - - - - - 

32 [138-149] TVDMESTEVFTK 489.5422; 733.8097 3, 2  - - 

33 [151-152], [198-199] TK 248.1605 1 - - - 

34 [153-158] LTEEEK 748.3723 1   - 

35 [159-160] NR - - - - - 

36 [161-165] LNFLK 317.6998; 634.3923 2, 1   - 

37 [167-170] ISQR - - - - - 

38 [171-173] YQK 438.2347 1 - - - 

39 [174-181] FALPQYLK 490.2842; 979.5611 2, 1  - - 

40 [182-188] TVYQHQK 301.8276; 452.2378 3, 2    (98) 

41 [189-197] AMKPWIQPK 366.8762; 549.8103 3, 2    (0.21) 

42 [200-205] VIPYVR 373.7316; 746.4559 2, 1   - 

43 [206-207] YL 295.1652 1  - - 

ª Peptide identification was based on the intact molecular ions of the detected non-His peptides and His-peptides. 
b Preconcentration factors are indicated in parenthesis. The asterisk indicates that the preconcentration factor was not calculated because the His-

peptide was not detected (-) by CE-MS (neutral BGE).



S-3 

 

Fig. S1 Evaluation of the lifetime of a microcartridge for consecutive analysis 

of a 50 µg·mL-1 α-CSN tryptic digest. The threshold was calculated as the 40% 

of decrease of the peak areas of His-peptides for the mean value of the first three 

analyses 
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