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Abstract

This work focuses on the separation of diethylpyrocarbonate-modified histidine-containing peptides by strong cation
exchange (SCX) chromatography prior to mass spectrometric analysis. The decrease in positive charge of diethylpyrocarbonate-
treated imidazole in histidine, masked by the incorporation of the carbethoxyl group, provides us with an opportunity to use SCX
for separating diethylpyrocarbonate-modified histidine-containing peptides from the unmodified ones. In this report, the
diethylpyrocarbonate-modified histidine-containing peptide is eluted faster than the untreated peptide. Furthermore, the
carbethoxy group can be effectively removed to generate the unmodified imidazole in the histidine residue by neutral
hydroxylamine.

Keywords: histidine modification, diethylpyrocarbonate, strong cation exchange chromatography, imidazole ring,
carbethoxyimidazol

1. Introduction acid-base catalyst commonly present at the active site of
several enzymes (Rebek, 1990). A number of studies on the

Histidine is an essential amino acid containing  chemical modification of the imidazole ring have suggested
imidazole ring, the functional group which can serve as an  the importance of histidine residues in the catalytic
mechanisms of enzymes (Lundblad, 2016). Diethylpyro
carbonate is one of the most widely used histidine-specific
*Corresponding author reagents (Follmer & Carlini, 2005; Li, Oyala, Britt,
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Zhang et al., 2016). The reaction of diethylpyrocarbonate with
histidine residues results in a carbethoxylated derivative at the
N-omega-2 nitrogen of the imidazole ring, N-
carbethoxyimidazole, which prevents the protonation of
histidine residues at a low pH (Da Poian, Carneiro, &
Stauffer, 2005). The modification can be reversed by
treatment with a base or a nucleophile such as hydroxylamine
at neutral pH (Hunsicker-Wang & Konkle, 2018). The
determination of diethylpyrocarbonate-modified histidine
residues in proteins is typically achieved by mass
spectrometric (MS) analysis (Barth, Bender, Kundlacz, &
Schmidt, 2020; Jin, Abe, Li, & Hamasaki, 2003; Schmidt et
al., 2017; Willard & Kinter, 2001). However, the abundance
of carbethoxy-modified peptides is relatively low compared to
that of unmodified species, so that reproducible detection of
the modified peptide is hampered. To be noted, the low
stoichiometry of the target species is listed as one of the most
common challenges related to biomolecule analysis (Ongay,
Boichenko, Govorukhina, & Bischoff, 2012; Prasanna, Sidhik,
Kamalanathan, Bhagavatula, & Vijayalakshmi, 2014;
Thawornpan et al., 2019; Thawornpan et al., 2020) . To
overcome the problem, isolation of diethylpyrocarbonate-
modified peptides prior to MS analysis is required (Camerini
& Mauri, 2015).

Several approaches have been developed for
selective isolation of histidine-containing peptides. In general,
there are two main analytical platforms for the enrichment of
histidine-containing  peptides. One approach involves
immobilized-metal affinity chromatography (IMAC) using
metal ions, e.g., nickel (1) (Kozlov et al., 2007), copper (II)
(Ren, Penner, Slentz, Mirzaei, & Regnier, 2003), or palladium
(I (Kikot, Polat, Achilli, Fernandez Lahore, & Grasselli,
2014). This technique is widely adopted due to its high
enrichment efficiency and ease of implementation. However,
analytical limitations of IMAC have been reported. Metal
leaching can cause metal ion contamination in the isolated
fraction (Cheung, Wong, & Ng, 2012). Also, destruction of
side chain of a certain amino acids, e.g. lysine and histidine,
can be observed due to metal-catalyzed oxidation reactions
(Cheung et al., 2012). An alternative approach relies on a
selective chemical modification, i.e., sulfonation, at the N-
terminal of peptides, leading to a change in the charge state of
histidine-containing peptides at pH < 3.0 (Cao Dong, 2009).
The resulting sulfonated histidine-containing peptides are then
isolated from tryptic peptide mixture by strong cation
exchange (SCX) chromatography. By using SCX
chromatography, peptides are primarily separated based on the
number of protonated functional groups, e.g., primary amine
groups at the N-termini and imidazole group of histidine. A
change in the number of functional groups can significantly
affect SCX chromatographic behavior of the peptides, usually
causing a retention time shift. Sulfonation coupled with SCX
chromatography is a feasible approach to capturing histidine-
containing peptides from complex mixtures, enabling
potentially large-scale applications. However, the sulfonation
at the N-terminal of peptides is irreversible, thereby limiting
subsequent applications of the enriched peptides. It is
noteworthy that the shift phenomenon of the peptides caused
by target reaction has been applied to isolating target
molecules for decades (Buncherd et al., 2016; Staes et al.,
2017). To the best of our knowledge, a selective isolation
technique for diethylpyrocarbonate-modified  histidine-
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containing peptides is not yet available. In the present study,
therefore, the advantages of diethylpyrocarbonate treatment
and SCX chromatography were combined for isolation of
diethylpyrocarbonate-modified histidine-containing peptides.
The effectiveness of diethylpyrocarbonate modification and
the chromatographic behavior of diethylpyrocarbonate-
modified and unmodified histidine-containing peptides were
characterized. The position of the diethylpyrocarbonate-
modified residue was determined by mass spectrometric
analysis. In addition, reversal of the chemical modification
was studied by hydroxylamine treatment.

2. Materials and Methods

2.1 Chemicals and reagents

Diethylpyrocarbonate, hydroxylamine, and all
reagents for trypsin digestion were purchased from Sigma (St.
Louis, MO, USA). Trifluoroacetic acid (TFA) was from
Applied Biosystems (Foster City, CA, USA), and micro C18
ZipTip pipette tips were obtained from Millipore (Bedford,
MA, USA), C-18 TopTip column was purchased from Glygen
(MD, USA) and a model peptide was purchased from
Chempeptide (Shanghai, China).

2.2 Carbethoxylation of histidine side chain

The model peptide was incubated with
diethylpyrocarbonate solution, pH 6, at molar ratio 5:1
(diethylpyrocarbonate:His), for 30 min at 25°C. The resulting
peptide was then desalted again on C18 reversed-phase TT2
top tips (Glygen), eluted with 50% acetonitrile, and dried in a
vacuum centrifuge.

2.3 Strong cation exchange chromatography of
peptides

Peptides were diluted with 50 uL of Solvent A (50
mM KCI, 10 mM potassium phosphate buffer (pH 2.9) in 20%
acetonitrile). A volume of 50 pL was loaded on a
PolySULFOETHYL Aspartamide column (2.1 mm ID, 10 cm
length; PolyLC Inc., Columbia, USA) operated on an Ultimate
HPLC system (LC Packings, Amsterdam, The Netherlands).
Elution, at a flow rate of 0.1 mL/min, was performed using an
isocratic pattern with 50 mM KCI, 10 mM potassium
phosphate buffer (pH 2.9) in 20% acetonitrile for 20 min.
After that, linear gradient from 50 to 250 mM KCI in Solvent
A (Solvent B) over 20 min was followed by a gradient over 3
min to 500 mM KCI in Solvent A (Solvent B). A UV detector
was used to detect absorbance at 214 nm for the effluent.
After loading, effluent was manually collected in two
fractions representing the following two time windows: 0-25
min and 25-35 min. Peptide fractions were desalted on C18
reversed-phase TT2 TopTip, eluted with 0.1% TFA in 50%
acetonitrile, and dried in a vacuum centrifuge.

For secondary SCX runs, after diethylpyro
carbonate-modification (as described below), the peptides
were then dissolved in 10% SCX buffer B just before loading
for the secondary SCX runs. Elution occurred under the same
conditions as in the primary SCX run. Fractions were
collected as described in the primary SCX. For LC-MS/MS
analysis, the collected effluents of each secondary SCX run
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were lyophilized, solubilized in 0.1% TFA, and desalted using
C18 Ziptips (Millipore, Billerica, USA). Peptides were then
eluted from the Ziptips with 0.1% TFA in 50% acetonitrile
and dried in a vacuum centrifuge.

2.4 Mass spectrometric analysis

Mass spectrometric analysis of the peptide samples
was performed with an amaZon Speed lontrap having a
Captive Spray ion source (Bruker) coupled with an EASY-
nLC Il (Proxeon, Thermo Scientific) chromatographic system.
Peptides of each fraction were injected and separated with an
eluent flow of 300 nL/min on an Acclaim Pepmap C18 (75um
i.d. x 25 cm, 2 cm precolumn) using a 50 min gradient of 0—
50% acetonitrile and 0.1% formic acid. Some selected MS/MS
instrument parameters were as follows: MS mass range, m/z
400-1500; MS/MS mass window, from m/z 100 to detected
precursor ions; precursor mass window selection, m/z 4.0;
number of precursor ion selections, 5; CID in Smart Frag
mode with variable energy; data-dependent acquisition with
active exclusion after 1 spectrum with release after 30 s.

Raw MS/MS data of the 2-D SCX peptide fractions
were processed with the MASCOT DISTILLER program,
version 2.4.3.1 (64 bits), MDRO 2.4.3.0 (Matrix Science,
London, UK). Peak picking for MS and MS/MS spectra was
optimized for a mass resolution of up to 3500 (m/Am) and
2500, respectively. Peaks were fitted to a simulated isotope
distribution with a correlation threshold of 0.7 and with a
minimum signal-to-noise ratio of 2.

3. Results and Discussion

3.1 Chemical modification of histidine-containing
peptide with diethylpyrocarbonate

To study the reaction of diethylpyrocarbonate with
histidine-containing peptides, acetylated (ac)-
VGHDYETVSR, was used as a model. The model peptide
was treated with diethylpyrocarbonate using the conditions
described in the method section. The efficiency of the reaction
was evaluated by the conversion of ac-VGH*DYETVSR.
After incubation with diethylpyrocarbonate at 25 °C for 30
min, the complete conversion of the peptide precursor was
observed (data not shown), indicating the high efficiency of
nucleophilic acyl substitution of histidine with the reagent.
The peptide fragment fingerprinting analysis of the doubly
charged material with m/z 638.82 was unequivocally
identified as derived from ac-VGH*DYETVSR (Figure 1).
The modification of imidazole side chain to N-
carbethoxyimidazole of the histidine at ys and bs ion increased
molecular mass (72.02 Da) from that of the unmodified form,
with a substitution at either of the nitrogen positions (N1 or
Ns) on the imidazole ring. However, it is highly likely that N3
is chemically modified due to the available lone pair electrons
that can react with the carbonyl group of diethylpyro
carbonate, while the lone pair electrons of N1 are delocalizing
in the imidazole ring (Christen, Griffiths, & Sheridan, 1981).
In addition, bis-carboxyethylation at both N1 and N3 on the
imidazole ring was observed but to a lesser extent. Our results
are in agreement with prior similar studies (Glocker, Kalkum,
Yamamoto, & Schreurs, 1996).
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Figure 1. Mass spectra of (A) unmodified histidine-containing

peptide, and (B) diethylpyrocarbonate-modified histidine
(*) containing peptide

Previous studies have observed that the amino acid
residues with other nucleophilic reactive side chains can also
react with diethylpyrocarbonate, e.g., threonine, tyrosine, or
cysteine residues at pH 7 (Mendoza & Vachet, 2008). As to
our conditions set at pH 6, however, no ions with masses
corresponding to a carbethoxy-modification of tyrosine or
threonine were observed, indicating the specificity of the
reaction towards histidyl residues under the study conditions
with pH relatively acidic. To elaborate, when the -OH groups
of tyrosine (pKaside chain = 10) and threonine (pKaside chain = 16,
estimated from pKa isopropanol in DMSO) react with the
carbonyl group of diethylpyrocarbonate, a 10-fold decrease in
alkalinity of the solution results in unsuccessful deprotonation
of protons in the -OH groups of tyrosine and threonine.
However, because pKaside chain Of histidine is 6.5 which leads
to 24% of available unprotonated histidine, N3 in the
imidazole ring of histidine can chemically react with
diethylpyrocarbonate. Eventually, the equilibrium of the
protonated histidine is shifted to the unprotonated form to
further react with diethylpyrocarbonate. Although the model
peptide used in the present study did not contain cysteine, the
reaction with sulfhydryl group (pKa = 8.6) might be very slow
according to pKa of the sulfhydryl group. In general, the
sulfhydryl group can be efficiently deactivated by alkylating
reagents to avoid the side reaction (Hale, Butler, Gelfanova,
You, & Knierman, 2004; Sechi & Chait, 1998).

Consistent with previous studies, our results suggest
that carbethoxylation of the histidine-containing peptide could
be achieved by restricting pH in the range from 5.5 to 7.5
(Bhattacharyya, Bandyopadhyay, & Banerjee, 1993) as well
as by slowing down kinetics using a low concentration of
diethylpyrocarbonate (molar excess <50:1) (Glocker et al.,
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1996) to obtain selective acylation (Lundblad, 2014). Based
on these results, the condition of diethylpyrocarbonate
modification to study SCX chromatographic behavior of the
modified peptide was optimized.

3.2 Behavior of diethylpyrocarbonate-modified
histidine residue under SCX conditions

To assess the chromatographic properties of the
diethylpyrocarbonate-modified  peptides  under  SCX
conditions, the retention times of the ac-VGHDYETVSR
precursor and the diethylpyrocarbonate-modified peptide were
compared. Under SCX conditions (pH < 3), the unmodified
model peptide, ac-VGHDYETVSR, has a net charge of +2
brought about by histidine and the C-terminal arginine
residue, Figure 2a. The bound peptides were eluted from the
column using an increasing salt gradient (Solvent B). After
treatment with diethylpyrocarbonate, the modified-imidazole
ring of the histidine residue in ac-VGH*DYETVSR could no
longer be protonated, which results in a net charge of +1 and
thus this is eluted from the column earlier than the unmodified
form, Figure 2b. The deprotonation of histidine residue after
diethylpyrocarbonate-modification was also observed by Da
Poian et al. (2005).

To further confirm that the diethylpyrocarbonate-
modification of histidine residues plays an important role in
the interaction between negatively charged SCX resin and
positively charged amino residue, the SCX fraction of ac-
VGH*DYETVSR was collected and subsequently subjected
to hydroxylamine treatment. The reversal of carboxylated
histidine residues to their original forms readily occurs at
alkaline pH or in the presence of nucleophiles such as
hydroxylamine (Miles, 1977). The resulting peptide was then
desalted and analyzed again with SCX chromatography under
identical conditions to the primary run. As expected, the UV
profiles of the secondary SCX run of the hydroxylamine-
treated fraction presented additional absorption after the start
of salt gradient at the retention time corresponding to that of
unmodified peptide, Figure 2C. This indicated increased net
positive charge, which was attributed to the protonation of
hydroxylamine-deprotected carbethoxyl imidazole ring in
histidine. In addition, the absence of peak at retention time
corresponding to that of diethylpyrocarbonate-treated peptide
ensured the completion of the reversion. Based on these
results, the diethylpyrocarbonate-modification has potential to
be used as a reaction that is specific to histidine residue for
separation of the modified peptide by diagonal
chromatography. To be noted, application of diethylpyro
carbonate-modification combined with SCX chromatography
for isolation of histidine-containing peptides is useful,
although care should be taken concerning side reactions. The
reaction between diethylpyrocarbonate and lysine can occur to
a certain extent, thus causing deprotonation of the lysine
residues under SCX analysis (Dage, Sun, & Halsall, 1998).

The isolation efficiency of the technique developed
in the present study was compared to isolation techniques for
histidine-containing peptides. In general, the present technique
showed comparable efficiency in target-peptide isolation: the
recovery rate of model peptide was approximately 60%. This
is comparable to the recovery rate (from protein mixture) of
other well-established approaches, e.g., copper-beads (50%)
(Yang et al., 2016), immobilised metal affinity solid-phase
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Figure 2. After injection into SCX, (A) untreated acetylated model
peptides harboring one histidine (+2 charges) were eluted
at retention time ~25 min. (B) The chromatographic shift
observed after model peptides were modified by
diethylpyrocarbonate. This step decreased net charge from
+2 to +1. (C) After treatment with 0.5 M hydroxylamine,
model peptides were shifted back to original retention
time. Solid line represents UV absorption at 214 nm. Dash
line represents salt gradient.

extraction containing Ni(ll) coupled on-line to capillary
electrophoresis-mass spectrometry (60%), and capillary
electrophoresis-mass  spectrometry  (40%) (Pero-Gascon,
Gimeénez, Sanz-Nebot, & Benavente, 2020).

The efficiency of diethylpyrocarbonate modification
on multiple histidine-containing peptides still remains to be
studied. As the isolation of diethylpyrocarbonate-modified
peptide relies on the change of SCX chromatographic
behavior with a retention time shift, a single modification of
histidine residues by diethylpyrocarbonate in peptide can
enable the separation.

3.3 Stability of diethylpyrocarbonate-modified
histidine residue under SCX conditions

The monosubstituted derivative is unstable under
acidic conditions causing hydrolysis of the modification,
which leads to liberation of free histidine (Lundblad, 2014). It
is therefore important to examine the stability of the derivative
under the acidic conditions of SCX chromatography. To do
so, the diethylpyrocarbonate-modified peptide was incubated
with SCX solvent A (10 mM potassium phosphate buffer (pH
2.9) in 20% acetonitrile) at 25 °C for 30, 60, 90 and 150 min.
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All  samples were subsequently subjected to SCX
chromatography. The areas under the peaks (at 214 nm) with
the retention time corresponding to the modified peptide were
calculated. As shown in Figure 3, the acidic hydrolysis of the
derivative gradually occurred. The half-life of the derivative
was approximately 150 min, which allows for a separation
based on SCX chromatography. However, further
optimization of the separation conditions is essential.
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Figure 3. Hydrolysis of diethylpyrocarbonate-modified histidine
under SCX conditions. The diethylpyrocarbonate-modified
peptide was incubated with SCX solvent A (10 mM
potassium phosphate buffer (pH 2.9) in 20% acetonitrile)
at 25 °C for 30, 60, 90 and 150 min. The areas under the
curve (AUC-214 nm) of the peak with the retention time
corresponding to the modified peptide were calculated.
Values are presented as mean + SD (n = 3).

4, Conclusions

The modification of histidine residue by
diethylpyrocarbonate can inhibit the protonation of the
imidazole ring, resulting in a decrease of charge from +2 to +1
and a shift to shorter retention time compared to its
unmodified form. The diethylpyrocarbonate-modified peptide
can be effectively reversed to its unmodified form by
treatment with neutral hydroxylamine. The chromatographic
change caused by diethylpyrocarbonate modification of
histidine is potentially applicable to separating histidine-
containing peptides.
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