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The collision-induced dissociation spectra of a series of synthetic, tryptic peptides that differed
by the position of an internal histidine residue were studied. Electrospray ionization of these
peptides produced both doubly and triply protonated molecular ions. Collision-induced
fragmentation of the triply protonated peptide ions had better efficiency than that of the
doubly protonated ions, producing a higher abundance of product ions at lower collision
energies. The product ion spectra of these triply protonated ions were dominated by a series
of doubly charged y-ions and the amount of sequence information was dependent on the
position of the histidine residue. In the peptides where the histidine was located towards the
C-terminus of the peptide, a more extensive series of sequence specific product ions was
observed. As the position of the histidine residue was moved towards the N-terminus of the
peptide, systematically less sequence information was observed. The peptides were subse-
quently modified with diethylpyrocarbonate to manipulate the product ion spectra. Addition
of the ethoxyformyl group to the N-terminus and histidine residue shifted the predominant
charge state of the modified peptide to the doubly protonated form. These peptide ions
fragmented efficiently, producing product ion spectra that contained more sequence informa-
tion than could be obtained from the corresponding unmodified peptide. (J Am Soc Mass
Spectrom 2001, 12, 1262–1271) © 2001 American Society for Mass Spectrometry

The introduction and development of electrospray
ionization (ESI) and matrix-assisted laser desorp-
tion/ionization (MALDI) have made mass spec-

trometry the dominant analytical tool for sequencing
and identifying proteins. The combination of high sen-
sitivity, rapid analyses, and extensive sets of data that
can be used by effective database search programs have
provided new methods for the characterization of pro-
teins. The availability of these methods has, in turn,
fostered new and broader interest in the characteriza-
tion of proteins in the biological system. These experi-
ments are broadly classified as proteomics and include
ambitious plans to identify all proteins expressed by
different cell types and tissues [1–5].

The most common protein identification experiment
that is carried out is the identification of proteins
separated as bands in polyacrylamide gels. These gels
generally result from either two-dimensional (2-D) elec-
trophoresis experiments or the more common sodium
docecylsulfate-polyacrylamide gel electrophoresis ex-

periments (SDS-Page or 1-D electrophoresis experi-
ments). In each case, the protein band of interest is cut
from the gel and digested with a protease to produce a
series of peptides prior to mass spectrometric analysis
of those peptides. This mass spectrometric analysis
takes either of two general forms; peptide mass map-
ping using MALDI-time-of-flight mass spectrometry or
amino acid sequence analysis using ESI-tandem mass
spectrometry, including the related techniques of nano-
spray ionization-tandem mass spectrometry and micro-
spray ionization-tandem mass spectrometry.

The amino acid sequence analysis carried out using
ESI-tandem mass spectrometry is dependent on the
fragmentation of the peptide ions by collision-induced
dissociation (CID) to give product ion spectra that are
indicative of the amino acid sequence of the peptide.
Investigations from a number of laboratories have
shown that the fragmentation mechanism of protonated
peptides ions is consistent with the so-called mobile
proton model of fragmentation [6–14]. According to
this model, an ionizing proton is transferred under low
energy CID conditions to different positions along the
length of the peptide, weakening the amide bond at that
position and facilitating the cleavage of that amide
bond. The acidic conditions of electrospray ionization
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produce multiply charged peptide ions by associating a
proton with multiple basic sites in a peptide. The
mobility of each proton associated with a peptide can be
roughly classified according to the basicity of the moi-
ety with which it is associated. Strongly basic sites such
as lysine, arginine, and histidine residues do not allow
efficient proton migration while the moderate basicity
of the N-terminal amine does allow efficient proton
migration. If protons are associated with only strongly
basic sites, then no mobile proton is available to drive
the fragmentation reactions and fragmentation of the
peptides is affected.

In general, and particularly for the experiments
using ESI-tandem mass spectrometry, the protease of
choice for the protein digestion is trypsin. This enzyme
can be purchased at relatively low cost from a number
of commercial sources in a purified form that has high
specific activity and has been modified to reduce both
nonspecific protease activity and autolysis. In addition,
digestion of a typical protein with trypsin will produce
an extensive series of peptides with molecular weights
in the 500 Da to 2000 Da range. This sized peptide is not
only within the mass range of all relevant mass analyz-
ers but can also be efficiently fragmented by CID using
routine collision conditions.

More importantly, however, digestion of a protein
with trypsin produces peptides, which we will refer to
as tryptic peptides, with a structure that is particularly
amenable to informative fragmentation reactions ac-
cording to the mobile proton model. Trypsin cleaves
proteins by hydrolyzing amide bonds at the C-terminal
side of arginine or lysine residues, except when those
amide bonds are lysine–proline or arginine–proline
bonds. As a result, typical tryptic peptides have
strongly basic sites at the C-terminus of the peptide (the
C-terminal lysine or arginine) and a moderately basic
site at the N-terminus (the N-terminal amine). The
acidic conditions used with ESI then produce peptide
ions with a proton associated with both the C-terminus,
via the side chain of the lysine or arginine, and the
N-terminus, via the N-terminal amine moiety. Upon
CID, the proton located at the N-terminus is sufficiently
mobile to be transferred to each of the different amide
linkages and direct a series of fragmentation reactions
that form predictable and complementary b- and y-ions
[15]. The m/z of these b- and y-ions are then used to
calculate the residue masses of the amino acid at each
position. The amino acid sequence of the peptide can
then be either deduced by interpretation of this product
ion spectrum or by direct comparison, by computer, of
the experimental product ion spectrum with what are
essentially predicted product ion spectra that are based
on the amino acid sequences found in the sequence
databases [16, 17].

A significant proportion of tryptic peptides, how-
ever, will contain additional charge sites because of the
occurrence of the other basic amino acids within the
peptide sequence. Because of the specificity of the
trypsin, these amino acids will generally be either

histidine residues, lysine, or arginine residues that are
adjacent to a proline residue, or proline residues. As one
studies the product ion spectra of these types of pep-
tides, it is clear that additional basic residues within a
peptide significantly affect the fragmentation of that
peptide. In particular, CID fragmentation of triply
charged (and greater) peptides with internal histidine,
lysine, or arginine sites often yield product ion spectra
that contain little clear amino acid sequence informa-
tion. It is not known exactly why these product ion
spectra are less informative than the spectra obtained
from other tryptic peptides.

The experiments described in this report have fo-
cused on tryptic peptides that contain an internal histi-
dine residue. Histidine has been shown to be one of the
most basic amino acids having a basicity that is lower
than that of arginine and similar to that of lysine [18].
Under ESI conditions, tryptic peptides that contain
histidine residues are observed predominantly in the
triply protonated form, presumably with protons asso-
ciated with the histidine residue, in addition to the
N-terminal amine and C-terminal lysine and arginine.
We have observed that the product ion spectra of triply
charged ions from histidine-containing tryptic peptides
give varying amounts of sequence information. This
sequence information is often in the form of a series of
doubly charged y-ions (y�2-ions) with the amount of
information highly dependent on the position of the
histidine residue. These observations have led us to
speculate that, according to the mobile proton model,
the histidine residue is controlling the fragmentation of
the triply charged ion because a fixed proton associated
with the histidine residue is impeding the movement of
the mobile proton associated with the N-terminal
amine.

The purpose of this investigation was to systemati-
cally test the effects of histidine residues on the frag-
mentation of tryptic peptides under low energy condi-
tions. In these experiments, the product ion spectra of a
series of synthetic peptides have been studied. The
results demonstrate that the placement of the histidine
residue has a strong effect on the fragmentation pat-
terns observed for these ions. In peptides where the
histidine is farthest from the mobile proton associated
with the N-terminal amine (i.e., towards the C-terminus
of the peptide), a series of doubly charged y-ions are
produced with good efficiency. As the position of the
histidine is moved towards the N-terminus, systemati-
cally less sequence information is observed, supporting
the deleterious effect of the fixed proton associated with
the histidine. Further, derivatization of the peptides
with diethylpyrocarbonate (DEPC) modified the N-
terminal amine and the histidine residue and shifted the
most abundant charge state to the double charged
molecular ion. Subsequent fragmentation of this ion
gave product ion spectra that contained both b- and
y-ions and contained significantly more sequence infor-
mation than fragmentation of the corresponding triply
charged ions from the unmodified peptide. As a result,
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this derivatization reaction appears to be a useful
method for modifying the fragmentation chemistry of
histidine-containing tryptic peptides and enhancing the
sequence information obtained from such peptides.

Experimental

The peptides were synthesized with a model 431A
Peptide Synthesizer (Applied Biosystems, Foster City,
CA) and purified by reversed-phase HPLC prior to use.
Bovine serum albumin and diethylpyrocarbonate were
purchased from Sigma Chemical Company (St. Louis,
MO) and used without further purification. The trypsin
used for the protein digestion was a sequencing grade,
modified trypsin purchased from Promega Corporation
(Madison, WI).

The electrospray ionization-tandem mass spectro-
metry experiments were performed on a Finnigan (San
Jose, CA) LCQ-Deca ion trap mass spectrometer
equipped with a Protana nanospray ionization source.
The ionization source was operated under microspray
conditions with total flow rates of approximately 0.2
�L/min, without sheath liquid or gas, at a spray
voltage of approximately 1.4 kV. The peptides were
introduced by either direct infusion or reversed-phase
HPLC through a 50 �m i.d. capillary with a 10 �m i.d.
tip obtained from New Objective Corporation, Woburn,
MA (the PicoFrit Column). For the HPLC experiments,
the capillary was packed with Phenomenex (Torrance,
CA) Jupiter C18 packing material and the peptides were
eluted with a gradient of increasing acetonitrile in 50
mM acetic acid.

The fragmentation efficiency curves were obtained
by determining the percent fragmentation of each pep-
tide as a function of collision energy and these values
were calculated as described by Wysocki and cowork-
ers [6]. Briefly, the collision energy used for fragmenta-
tion was varied by changing the amplitude of the RF
voltage applied to the endcap electrodes. At each colli-
sion energy, five spectra were acquired and averaged.
The total fragment ion current was calculated as the
sum of the abundance of all fragment ions, the total ion
current was calculated as the sum of the abundance of
all ions, and the fragmentation efficiency was calculated
by dividing the total fragment ion current by the total
ion current, expressing that value as a percent.

Modification of the peptides was performed with a
10-fold excess of diethylpyrocarbonate (DEPC) in a 50
mM phosphate buffer at pH 6.0. The reactions were
carried out at 35 °C for 20 min. The final reaction
mixture was taken to dryness and reconstituted in the
either 1% acetic acid (for HPLC introduction) or 70%
water/30% acetonitrile/1% acetic acid (for infusion).

Prior to digestion, a 20 pmol aliquot of BSA was run
into a 12% polyacrylamide gel in a standard SDS-PAGE
experiment. The protein band was detected by Coomas-
sie blue staining and cut from the gel with a scalpel. The
protein band was digested using a modified, sequenc-
ing grade trypsin using an in-gel digestion protocol

[15]. The digest was either analyzed directly, injecting
1 �L for capillary column LC-ESI-tandem mass spectro-
metry or modified with DEPC. For the modification, the
entire mixture was taken to dryness, reconstituted in
100 �L of 50 mM phosphate buffer, pH 6 and derivat-
ized with 10 �l DEPC at 35 °C for 20 min. The reaction
mixture was taken to dryness and reconstituted in 20 �l
1% acetic acid, injecting 1 �l for the capillary column
LC-ESI-tandem mass spectrometry analysis.

Results and Discussion

The product ion spectra shown in Figures 1 and 2 are
derived from two histidine-containing peptides formed
by a tryptic digestion of BSA. The mass spectra of these
peptides contained significant amounts of both doubly-
and triply-protonated molecular ions (data not shown),
and these ions were fragmented to produce the spectra
shown in the figures. The product ion spectra of the
doubly charged peptide ions shown in part A of these
figures are relatively informative. The spectrum shown
in Figure 1a, for example, contains an extensive series of

Figure 1. Product ion spectra for the peptide TCaVADESHAG-
CaEK from a tryptic digestion of bovine serum albumin. (a) The
product ion spectrum of the doubly protonated molecular ion. (b)
The product ion spectrum of the triply protonated molecular ion.
The interpretation of these spectra is shown at the top of the figure
with the calculated m/z of the b- and y-ions rounded to the nearest
integer. The notation used is the one-letter amino acid code with
the Ca designating alkylated cysteine residues. The sequence-
specific ions in the spectrum are labeled as either b- or y-ions. Both
spectra were recorded using a collision energy of 30% in the ion
trap detector.
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y-ions and complementary b-ions from which a signif-
icant amount of amino acid sequence information can
be derived.

The product ion spectra of the triply charged peptide
ions shown in Figures 1b and 2b, respectively, are not as
informative. The product ion spectrum of the triply
charged TCaVADESHAGCaEK peptide ion shown in
Figure 1b contains a series of doubly charged y-ions
that would reveal the TCaVADE portion of the amino
acid sequence. On the other hand, the product ion
spectrum of the triply charged SLHTLFGDELCaK pep-
tide ion shown in Figure 2b contains no doubly charged
y-ions but does contain a limited series of singly
charged y- and b-ions that would reveal the �FGDE
portion of the amino acid sequence. This spectrum also
contains a number of ions with relative abundances in
the 5% to 25% range between m/z 200 and 600 of
unknown origin that produce a level of chemical noise
in the spectrum that might confound both manual
interpretation strategies and automated database search
programs. Based on these product ion spectra, one can
observe that the additional proton associated with these

histidine-containing peptides significantly reduces the
amount of sequence information present in the product
ion spectra of these peptides. Further, it also appears
based on these spectra, that the effect of the histidine
residue is dependent on the position of the histidine in
the peptide sequence. The purpose of the experiments
described in this report was to study these effects.

A series of five synthetic peptides, shown in Table 1,
were designed to study the effects of internal histidine
residues on the product ion spectra of tryptic peptides.
The control peptide was designed as a typical tryptic
peptide containing a C-terminal arginine residue with
no internal basic residues. The other peptides contain
an internal histidine residue, inserted in the place of a
phenylalanine residue such that the position of the
histidine is varied along the length of the peptides. As
noted in the table, these peptides are designated accord-
ing to the position of the histidine residue relative to the
N-terminus of the peptide as H4, H7, H10, and H13,
respectively.

Product ion spectra of the doubly charged molecular
ions of the control and H4 peptide, recorded under the
same collision conditions, are shown in Figure 3. The
product ion spectrum of the control peptide is consis-
tent with the general appearance of the product ion
spectra of tryptic peptides, where a series of comple-
mentary y- and b-ions are observed. In the product ion
spectrum of this doubly charged peptide ion, extensive
sets of each ion series are recorded and these product
ions reveal the entire peptide sequence. In contrast, the
product ion spectrum of the doubly charged peptide
ion of the H4 peptide contains significantly less amino
acid sequence information because fewer product ions
are observed. Further, the ions that are observed have
lower relative abundances than the product ions from
the control peptide shown in Figure 3a. Similar results
were observed for the other histidine-containing pep-
tides.

The product ion spectra of the doubly protonated
forms of these peptides were studied as a function of
collision energy, as shown in Figure 4. This figure
illustrates the relationship between the fragmentation
efficiency of the doubly charged molecular ions of the
control and histidine-containing peptides, showing the
poorer efficiency of the histidine-containing peptides.
That is, the histidine-containing peptides require more

Figure 2. The product ion spectra for the peptide SLHTLFGDEL-
CaK from a tryptic digestion of bovine serum albumin. (a) The
product ion spectrum of the doubly protonated molecular ion. (b)
The product ion spectrum of the triply protonated molecular ion.
The interpretation of these spectra is shown at the top of the figure
with the calculated m/z of the b- and y-ions rounded to the nearest
integer. The notation used is the one-letter amino acid code with
the Ca designating alkylated cysteine residues. The sequence-
specific ions in the spectrum are labeled as either b- or y-ions. Both
spectra were recorded using a collision energy of 30% in the ion
trap detector.

Table 1. The synthetic peptides

Synthetic peptidea Amino acid sequence

Control ITDFNDFNDFNDFNTR
H4 ITDHNDFNDFNDFNTR
H7 ITDFNDHNDFNDFNTR
H10 ITDFNDFNDHNDFNTR
H13 ITDFNDFNDFNDHNTR

a A series of peptides were synthesized. All peptides are based on a
typical tryptic peptide structure with a C-terminal arginine residue. The
control peptide has no internal histidine residue. The other peptides
contain an internal histidine, with the position of that histidine varied
along the length of the peptide.
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energy input in order to achieve the same amount of
fragmentation, relative to the control peptide. One
should be aware that in these experiments the collision

energy is varied as a percentage of the voltage applied
to the end cap electrodes in a quadrupole ion trap and
the collision gas pressure in the ion trap is high enough
to assure multiple collisions. Also, several low mass
ions including the y1-, b2-, and immonium-ions are not
detected in the quadrupole ion trap because of the low
mass cut off of this instrument. These ions generally
represent only a small portion of the total ion current
and as a result their exclusion from these analyses
would not have a significant effect on the fragmentation
efficiencies that were measured.

The fact that the doubly protonated peptide ions
from histidine-containing peptides require higher colli-
sion energies to achieve a desired degree of fragmenta-
tion is consistent with preferential protonation of the
C-terminal arginine and the internal histidine residue
rather than the N-terminal amine. As a result, the
availability of a mobile proton is diminished by the
higher basicity of the histidine relative to the N-termi-
nal amine. It is certainly possible to use the higher
collision energies shown in the figure when fragment-
ing peptides such as these. However, an undesirable
effect of using higher collision energies can be an
increased frequency of other types of less predictable
peptide fragmentation reactions, such as rearrangement
reactions, that can increase the amount of chemical
noise in the spectra.

An alternative to using higher fragmentation ener-
gies with the doubly protonated peptide ions of histi-
dine-containing peptides would be to fragment the
triply protonated species that are also observed for such
peptides. One might expect that fragmentation of the
triply protonated peptide ions would be preferable to
fragmentation of the doubly charged species because
the higher charge state requires protonation of the
N-terminal amine along with protonation of the C-
terminal arginine and internal histidine. As a result, this
protonation state includes a more mobile proton on the
N-terminal amine so that fragmentation should be
facilitated.

The product ion spectra of the triply protonated
peptide ions of two of the histidine-containing peptides,
the H13 and H4 peptides, are shown in Figure 5a and
5b, respectively. The product ion spectrum for the H13
peptide is dominated by a series of doubly charged
y-ions (y�2-ions). The y6

�2- to y15
�2-ions are detected in

this spectrum and a significant portion of the peptide
sequence, a series of 10 amino acids, could be deduced
from these ions. The product ion spectrum for the H4
peptide (Figure 5b) is strikingly different from that of
the H13 peptide. No y�2-ions are observed in this
spectrum and relatively few singly charged y- or b-ions
are observed. Further, a high degree of chemical noise is
observed and, although not apparent in this presenta-
tion of the spectrum, the absolute intensity of the
product ions is lower for the H4 peptide than the H13
peptide. Increasing or decreasing the collision energy
used for these spectra did not change the product ions

Figure 3. The product ion spectra for the doubly protonated
molecular ions of the control (a) and H4 (b) peptides. The
interpretations of these spectra are shown at the top of each
spectrum with the calculated m/z of the b- and y-ions rounded to
the nearest integer. The sequence-specific ions in the spectrum are
labeled as either b- or y-ions. The ions labeled with a # are the
molecular ions and the ions labeled with an asterisk are doubly-
charged ions produced by loss of water from the molecular ion.

Figure 4. The collision energy dependence for the fragmentation
of the doubly protonated molecular ions of the five synthetic
peptides. As described in the methods section, the collision energy
used for the fragmentation reactions was varied and the inte-
grated abundances of the product ions determined as a measure of
fragmentation efficiency. The amino acid sequences of the syn-
thetic peptides are given in Table 1.
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that were observed, although changes in the relative
abundance of those ions were observed.

To compare the sequence ions present in the product
ion spectra of each triply protonated peptide ion, the
relative abundance of the y�2- and y-ions are plotted in
Figure 6, with the position of the histidine residue
shown with the arrow. The data in this figure show that
as the histidine residue is moved closer to the N-
terminus, the number and intensity of the y�2-ions
decreases. In the case of the H10 peptide, the y7

�2- to
y15

�2-ions are still observed, however the abundances of
the y7

�2- and y8
�2-ions are reduced relative to the H13

peptide and the y6
�2-ion is no longer detected. When the

histidine is moved to position 7 in the H7 peptide, the
y7

�2-, y8
�2-, and y9

�2-ions are no longer observed. Finally,
in the case of the H4 peptide, the y�2-ions are not
detected and only a limited number of y-ions are
observed.

The trend that is observed in Figure 6 is that the
extent of the y�2-ion series increases as the internal
histidine is moved farther away from the N-terminus.
This trend is consistent with a fragmentation scheme in
which the protons on the triply protonated peptide ions
are fixed at the C-terminus and the internal histidine

and a mobile proton resides on the N-terminal amine.
With CID, the mobile proton is able to migrate to the
different amide bonds and direct facile fragmentation
reactions, up to the proton fixed on the internal histi-
dine residue. In the case of the H13 peptide, the
histidine is considerably removed from the N-terminus
and a relatively large number of amide bonds are
accessible. This accessibility allows formation of an
extensive series of y�2-ions. In the case of the H4
peptide, however, the histidine is in close proximity to
the N-terminus and few amide bonds are accessible. As
a result, no facile fragmentation reactions are available
and the few product ions that are observed are the
result of relatively unfavorable pathways.

A common method for enhancing the fragmentation
of peptides is to chemically derivatize them in a manner
that promotes certain dissociation pathways [19–22].

Figure 5. The product ion spectra for the triply charged molec-
ular ions of the H4 (a) and H13 (b) peptides. The interpretations of
these spectra are shown at the top of each spectrum with the
calculated m/z of the b- and y-ions rounded to the nearest integer.
The sequence-specific ions in the spectrum are labeled as either b-
or y-ions. The ions labeled with an asterisk are doubly-charged
ions produced by loss of water from the molecular ion.

Figure 6. Histograms of the abundance of the y-ions in the
product ion spectra of the triply charged molecular ions of the
histidine-containing synthetic peptides. These data are extracted
from the product ion spectra of each peptide to focus of the
relative abundance of the y-ions. The open bars represent the
doubly charged y-ions and the closed bars represent the singly
charged y-ions. The position of the histidine residue in each
peptide is given by the arrow.
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One class of derivatization reactions modifies either the
N- or C-terminus to localize a charge at the ends of a
given peptide [19]. Subsequent fragmentation of these
fixed-charge derivatives results in a preferential forma-
tion of either C- or N-terminal fragments that facilitate
de novo sequencing. Other methods are used that
modify selected residues within the peptide, such as
arginine or lysine residues [20, 21]. These techniques
have been used to increase both the ionization and
fragmentation efficiencies in MALDI mass spectro-
metry. Derivatization of peptides with phenyl isothio-
cyanate results in the formation of N-terminally deri-
vatized peptide which under low energy CID
conditions gives a highly favored fragmentation of the
first amide linkage. This results in the formation of a
b1-ion which is used to determine the identity of the
first one or two amino acids in an unknown peptide
sequence [22].

Considering the success of those methods, we have
attempted to enhance the product ion spectrum of the
histidine-containing peptides by derivatizing the pep-
tides with DEPC. This derivatizing reagent has been
used by protein chemists to selectively modify protein
histidyl groups by adding an ethoxyformyl group to the
ring nitrogen [23]. The modification reaction is shown
in Figure 7 and produces a net increase of 72 Da per
ethoxyformyl group that is added. When the synthetic
peptides were reacted with DEPC under the conditions
described in the methods, both the histidine residue
and the N-terminal amine could be derivatized. The
mass spectra of these fully-derivatized peptides showed
doubly protonated peptide ions with no detectable
triply protonated peptide ions (data not shown). With
shorter reaction times and lesser amounts of the DEPC
reagent, the derivatization reaction could be controlled
so that only one ethoxyformyl group was added to the
peptides. The product ion spectra of these derivatized
peptides showed that this addition was at the N-
terminal amine and not the histidine residue. The mass
spectra of these partially-modified peptides were also
dominated by the doubly protonated peptide ions.

Figure 8 shows a series of fragmentation efficiency
curves for modified forms of the control and H4 pep-
tides. As seen in Figure 8a by the shift of the fragmen-
tation efficiency curve to lower collision energies, mod-

ification of the control peptide with DEPC results in a
significant enhancement of the fragmentation. One
would speculate that this enhancement is due to a
decrease in the gas phase basicity of the modified
N-terminal amine relative to the unmodified N-termi-
nal amine. No such enhancement is seen in Figure 8b
for the N-terminally modified H4 peptide where the
fragmentation efficiency curve coincides with the curve
for the unmodified peptide. One would speculate that
this lack of enhancement is because the second proto-
nation site in the doubly charged H4 peptide is the
histidine residue, which is not modified, rather than the

Figure 7. Reaction scheme for peptide modification with diethylpyrocarbonate. The modification of
histidine residues is carried out by reaction diethylpyrocarbonate (DEPC) with the histidine to
produce the modified residue. This reaction is typically carried out in a 50 mM phosphate buffer, pH
6.0, at 35 °C for 20 min.

Figure 8. The collision energy dependence for the fragmentation
of the doubly protonated molecular ions of the control (a) and H4
(b) peptides after derivatization with diethylpyrocarbonate. As
described in the methods section, the collision energy used for the
fragmentation reactions was varied and the integrated abun-
dances of the product ions determined as a measure of fragmen-
tation efficiency.
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modified N-terminal amine. In contrast, the H4 peptide
that was modified at both the N-terminal amine and
histidine residue shows an enhancement of the frag-
mentation efficiency. The enhancement of fragmenta-
tion seen for the completely modified form of H4
peptide suggests that the second proton on these dou-
bly protonated peptide ions is localized on the modified
histidine site, with the modification reducing the basic-
ity of this protonation site and enhancing the mobility
of the proton upon CID.

The product ion spectrum from the doubly charged
peptide ion for the fully modified H4 peptide is shown
in Figure 9. This spectrum was acquired under the same
collision conditions used to acquire the product ion
spectrum for the doubly protonated ion of the unmod-
ified peptide shown in Figure 3b. The product ion
spectrum of the modified peptide contains extensive
sets of both the y- and b-ions, and these ions reveal the
entire peptide sequence. Many of these sequence ions
were not observed in the product ion spectrum of the
unmodified peptide shown in Figure 3b. Further, the
overall relative abundances of the product ions seen in
Figure 9 are consistently more than four to five times
higher than the product ions seen in Figure 3. These
observations are consistent with an enhancement, in
terms of both the intensity of the sequence-specific ions
and the amount of sequence information present in the
product ion spectrum, of the peptide fragmentation by
the histidine modification.

In order to test the applicability of this derivatization
reaction on a complex tryptic digest, a model protein,
BSA, was digested with trypsin and derivatized with
DEPC. Analysis of the original digest detected 36 pep-

tides, including the peptides discussed with Figures 1
and 2, covering 61.6% of the protein sequence. Of these
36 peptides, 12 peptides contained histidine residues.
After derivatization with DEPC, 29 modified peptides
were detected, with nine of these peptides containing
histidine residues (Table 2). The nine histidine-contain-
ing peptides that were detected were all modified at
both the N-terminus and the histidine residue. In addi-
tion, several of these peptides were modified at the
C-terminal lysine residue.

The histidine-containing peptides detected after
DEPC modification showed a consistent shift to lower
protonation states, as indicated in Table 2, with the
modified histidine-containing peptides observed pre-
dominantly in their doubly protonated forms. As an
example, the product ion spectra of the peptide
SeLHeTLFGDELCaK after DEPC derivatization is
shown in Figure 10. The product ion spectra from the
underivatized peptide are shown in Figure 2. Fragmen-
tation of this modified peptide gave an interpretable
product ion spectrum containing more sequence infor-
mation than was observed in the spectra shown in
Figure 2. A similar, general enhancement was seen for
the other histidine-containing peptides detected in the
derivatized digest.

Conclusion

The sequencing and identification of proteins is signif-
icantly facilitated by the general structure of the pep-
tides formed by protein digestion using trypsin. This
general peptide structure contains good protonation
sites at both the C-terminus and the N-terminus of the
peptide. Further, the basicity of one of these sites, the
N-terminal amine, is such that the associated proton is

Figure 9. The product ion spectrum of the doubly charged
molecular ion of the H4 peptide after derivatization with dieth-
ylpyrocarbonate. The derivatization reaction modified the N-
terminus and the histidine residue in this peptide. The interpre-
tation of this spectrum is shown at the top of the spectrum with
the calculated m/z of the b- and y-ions rounded to the nearest
integer. The sequence-specific ions in the spectrum are labeled as
either b- or y-ions. The notation used is the one-letter amino acid
code with the Ie and He designating ethoxyformyl modified
isoleucine and histidine residues, respectively. The ion labeled
with a # is the molecular ion and the ions labeled with an asterisk
are doubly-charged ions produced by loss of water from the
molecular ion.

Table 2. Modified histidine-containing peptides detected in a
digest of bovine serum albumin (BSA). An in-gel digest of BSA
was modified using diethylpyrocarbonate as described in the
methods. The histidine-containing peptides detected by capillary
column HPLC-electrospray ionization-tandem mass spectro-
metry analysis are shown

Measured
molecular
weight of the
unmodified
peptide
(M � H�, Da) Sequencea

Unmodified
charge
statesb

Modified
charge
statesb

898.4 LeCaVLHeEK �2 �1
1072.6 SeHeCaIAEVEK �2 �2
1249.6 FeKeDLGEEHeFK �3 �2
1305.6 HeLVDEPQNLIK �2 �2
1419.6 SeLHeTLFGDELCaK �3 �2
1440.7 ReHePEYAVSVLLR �3 �2
1554.7 DeDAPHeCaYSTVFDK �2 �2
1909.0 LeFTFHeADICaTLPDTEK �3 �2

a The notation used is the one-letter amino acid code with the He, Le, Se,
Fe, Ke, Re, and De designating ethoxyformyl modified residues, and the
Ca designating an alkylated cysteine residue.
b Most abundant charge state is given.
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efficiently mobilized by CID and able to direct fragmen-
tation reactions which clearly reveal the amino acid
sequence of the peptide through a series of complemen-
tary b- and y-ions. This idealized behavior, however, is
disrupted when an additional protonation site is intro-
duced into a peptide sequence.

In these experiments, the inclusion of a histidine
residue as the additional protonation site was studied
using a series of histidine-containing synthetic peptides.
Each histidine-containing peptide gave both doubly
and triply protonated molecular ions upon electrospray
ionization. The triply protonated ions have a better
fragmentation efficiency than the doubly protonated
ions and give CID spectra that are dominated by
y�2-ions. In addition, these experiments have shown
that the number and abundance of y�2-ions is depen-
dent on the placement of histidine. Specifically, the
amount of sequence information that is obtained
through the y�2-ion series increases as the position of
the histidine is moved from the N-terminus of the
peptide towards the C-terminus. These results are con-
sistent with the mobile proton model of peptide frag-
mentation and are consistent with a situation where the
mobility of the mobile proton on the N-terminus of the
peptide is significantly affected by a fixed proton on the
histidine residue.

We have also shown that the fragmentation patterns
of histidine-containing peptides can be altered and
improved by modifying the histidine with DEPC. This
modification reaction forms ethoxyformyl-modified
peptides that give predominantly doubly-protonated
molecular ions using electrospray ionization. The mod-
ified peptides fragmented more efficiently using CID
and the product ion spectra contained a consistently
interpretable series of b- and y-ions. Further, the pres-

ence and abundance of these sequence ions does not
depend on the placement of the histidine residue. These
observations also appear consistent with the mobile
proton model, allowing one to speculate that the basic-
ity of the modified histidine residue is sufficiently
reduced to allow efficient migration of the proton
associated with that site.

Finally, the utility of this modification reaction has
also been tested, modifying a tryptic digest of BSA. The
modification resulted in a significant increase in se-
quence information for several of the histidine-contain-
ing peptides. We propose that this modification would
be useful in selected instances where additional se-
quence information is needed for histidine-containing
peptides.
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