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Summary. Protein histidine phosphorylation is now recognized as an

important form of post-translational modification. The acid-lability of

phosphohistidine has meant that this phosphorylation has not been as well

studied as serine=threonine or tyrosine phosphorylation. We show that

phosphohistidine and phosphohistidine-containing phosphopeptides de-

rived from proteolytic digestion of phosphohistone H4 are detectable by

ESI-MS. We also demonstrate reverse-phase HPLC separation of these

phosphopeptides and their detection by MALDI-TOF-MS.

Keywords: Phosphohistidine – Mass spectrometry – Phosphoamino acid
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Introduction

Protein phosphorylation is probably the most important

post-translational modification in terms of its roles in

the regulation of cellular function. To date, there has been

most interest in the actions of serine=threonine and tyro-

sine kinases and their phosphorylated products. Most

methodologies having been designed to investigate this

type of protein phosphorylation and in recent years these

have included the development of a number of mass spec-

trometric approaches.

Another form of protein phosphorylation is catalysed

by histidine kinases, which play important roles in signal

transduction in prokaryotes and lower eukaryotes. In these

organisms they are known as two-component histidine

kinases (Stock et al., 2000). The first component is usually

a membrane-bound receptor-like protein, which has a

cytoplasmic histidine kinase domain, which is activated

after stimulation and subsequent dimerisation of the re-

ceptor. The histidine kinase domains then cross phos-

phorylate a highly conserved histidine residue on the

other member of the dimer. The second component of

the system is a response regulator protein, which is often

a transcription factor, the phosphoryl group from the

phosphohistidine of the first component is transferred

to a conserved aspartate residue on the response regu-

lator protein, thus activating it (Stock et al., 2000). There

are more complex signalling systems, e.g. the osmosens-

ing Sln1p system in yeast, where initial phosphotrans-

fer occurs to an aspartate on another domain of the histi-

dine kinase, this then transfers its phosphoryl group to a

histidine on a phosphorelay protein prior to the ultimate

phosphoryl transfer to aspartate on the response regulator

protein.

An increasing number of histidine kinase activities have

also been described in mammalian cells (Besant et al.,

2003; Besant and Attwood, 2005). For example, NDP

kinase was regarded as a housekeeping enzyme which

maintained cellular levels of nucleoside di- and tri-phos-

phates by catalysing their interconversion via an active

site phosphohistidine intermediate phospho-transfer mech-

anism (Munoz-Dorado et al., 1993). NDP kinase has

been reported to be a protein histidine kinase that plays

roles in cellular signalling by phosphorylating annexin I

(Treharne et al., 1994, 2001; Muimo et al., 1998, 2000)

and the b-subunits of trimeric G-proteins (Uesaka et al.,

1987; Kimura and Shimada, 1988; Kikkawa et al., 1990;

Cuello et al., 2003; Hippe et al., 2003).

The existence of histone H4 histidine kinases (HHKs)

has been well documented from studies in yeast (Huang

et al., 1991), porcine thymus (Besant and Attwood,

2000), rat liver (Smith et al., 1973; Chen et al., 1974,

1977; Tan et al., 2004) and human liver (Tan et al., 2004).

There is some evidence from a study on human liver



and hepatocellular carcinoma, that the HHK may be an

oncodevelopmental marker (Tan et al., 2004).

Phosphohistidine differs from phosphoserine, phospho-

threonine and phosphotyrosine in that it is acid-labile

while the phosphoester phosphoamino acids are acid-

stable. Since many of the techniques used to study protein

phosphorylation involve acidic treatments, evidence of

histidine phosphorylation is often lost. In recent years,

our laboratory and others have been involved in develop-

ing methods to analyse and measure protein histidine

phosphorylation and histidine kinase activity (Wei and

Matthews, 1990, 1991; Medzihradszky et al., 1997; Besant

et al., 2000; Napper et al., 2003; Tan et al., 2003; Wind

et al., 2005). There have been few reports of the use of

mass spectrometry (MS) to detect phosphohistidine and

analyse proteins and peptides containing phosphohisti-

dine. Medzihradszky et al. (1997) analysed a synthetic

phosphopeptide by matrix-assisted laser desorption ion-

isation (MALDI)-high-energy collision-induced dissocia-

tion (CID) MS. Wind et al. (2005) investigated phos-

phorylated CheA-H, the histidine-containing domain of

the two component histidine kinase, CheA, by 31P ele-

ment-MS and electrospray ionisation (ESI)-MS. These

authors could not detect phosphopeptides in a tryptic

digest of phospho-CheA-H, so had to analyse the intact

phosphoprotein and could not then specifically identify

the site of phosphorylation. Napper et al. (2003) analysed

partial tryptic digests of phospho-HPr by MALDI-time of

flight (TOF)-MS following phosphopeptide enrichment

using immobilized Cu(II) ion affinity chromatography.

In the current work, we performed a much more com-

prehensive MS analysis of a phosphohistidine-containing

phosphoprotein. We chose histone H4, phosphorylated

specifically on its histidine residues by treatment with

phosphoamidate as the model system. Histone H4 was

chosen because it is a substrate of HHK, which appears

to have interesting biological significance (see above) and

because it possesses only two histidine residues, H18

and H75 (see Fig. 1), both of which have been identified

to be phosphorylated by HHK (Fujitaki et al., 1981). We

have performed phosphoamino acid analysis using ESI-

MS=MS and analysis of the phosphopeptides using both

MALDI-TOF-MS and ESI-MS=MS on proteolytic digests

of phosphohistone H4.

Materials and methods

Materials

Bovine histone H4 was purified from Type-IIS histone (Sigma-Aldrich,

Australia) as described previously (Tan et al., 2004). Recombinant

drosphilia histone H4 was expressed in E. coli as described by Bonaldi

et al. (2004). Potassium phosphoamidate was synthesised and purified

as described by Wei and Matthews (1991). Trypsin and pronase E

(Streptomyces griseus) were obtained from Sigma-Aldrich, Australia,

while endoproteinase Asp-N was purchased from Roche Diagnostics,

Germany.

Mass spectrometers

ESI-MS and ESI-MS=MS was performed, on an Applied Biosystems

QSTAR pulsar i quadrupole time-of-flight instrument. The QSTAR

pulsar i was equipped with a turbospray ion source through which

samples were infused at flow rates of either indicated. The QSTAR was

calibrated in positive ion mode using the MS=PS product ions (b2 and y11)

of [Glu1]-fibrinopeptide B (EGVNDNEEGFFSAR) and in the negative

ion mode with taurocholic acid and the SO3
� fragment ion. MALDI-TOF-

MS was performed on an Applied Biosystems Voyager DE STR mass

spectrometer.

Phosphorylation of histone H4

Bovine histone H4 (5 mg ml�1) was incubated for 3 h at room tempera-

ture with 100 mg potassium phosphoamidate in 1 ml water, with the pH

adjusted to 8.0 with KOH. The reaction mixture was dialysed against

20 mM ammonium bicarbonate (2 l) at 4 �C for 5 h prior to immediate

proteolytic hydrolysis. Recombinant Drosphila histone H4 (1 mg ml�1)

was incubated overnight, at room temperature, with 25 mg potassium

phosphoamidate in 1 ml water, with the pH adjusted to 7.2 with KOH.

The reaction mixture was lyophilised, resuspended in 100ml 10 mM

ammonium bicarbonate and stored at �20 �C, where it was found to be

stable for up to 3 months.

Proteolytic digestion of phosphohistone H4

The dialysed solution of bovine phosphohistone H4 (4 mg ml�1) in 20 mM

ammonium bicarbonate was incubated overnight at room temperature with

either pronase E (500mg ml�1) or trypsin (50mg ml�1). Approximately,

0.1–0.2 mg of recombinant Drosphila phosphohistone H4 were incubated

with 1–2mg of endoproteinase Asp-N at 37 �C in 40ml 10 mM ammonium

bicarbonate. Reaction mixtures were concentrated about 5-fold by lyophi-

lisation and stored at �20 �C until required. The H4 molecule was ex-

pressed in E. coli and purified as described previously (Bonaldi et al.,

2004) leading to a mixture of H4 molecules in which the N-terminal

methionine had been cleaved in approximately 50% of all H4s. This

results in the generation of two types of N-terminal AspN fragments,

which we termed 1-24 and 2-24 depending on whether the methionine

is present or not.

ESI-MS analysis of proteolytic digests of bovine phosphohistone H4

For negative ion MS, the tryptic or pronase E digests were diluted 1:10

with a 4.5% ammonia solution in 70% methanol. For positive ion MS, the

Fig. 1. Amino acid sequence of histone H4. S is replaced by T in drosophila histone H4. The preparations of recombinant drosophila histone H4

contained a mixture of protein with the amino acid sequence indicated above and protein with the N-terminal methionine in place. For this reason, the

numbering system adopted for the drosophila sequence is 1–103, whilst that for the bovine histone H4 is 1–102
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tryptic or pronase E digests were diluted 1:2 with 10 mM ammonium

bicarbonate in a 75% solution of methanol. The samples were sprayed

directly into the Applied Biosystems QSTAR pulsar i electrospray ionisa-

tion time-of-flight mass spectrometer.

MALDI-TOF-MS analysis of proteolytic digests of recombinant

drosophila histone H4 and phosphohistone H4

The digest samples were desalted on C18Zip Tips (Millipore, USA) by

loading the digests, washing with water and eluting the digests directly on

to the MALDI target plate with the 1–2ml of matrix. Matrix was a

saturated solution of a-cyano-4-hydroxycinammic acid in 50% acetonitrile

containing either 0.1% trifluoroacetic acid (pH 2) or 10 mM ammonium

bicarbonate (pH 8). Spectra were obtained by operating the Voyager DE

STR instrument, as indicated, in either linear or reflector mode. The ac-

celerating voltage was 20 kV, the grid was set to 94% (linear mode) or

66% (reflector mode) and at least 400 shots were taken to obtain each

spectrum.

Reverse-phase HPLC separation of phosphopeptides

in the endoproteinase Asp-N digest of drosophila phosphohistone H4

Approximately, 10mg of the phosphohistone H4 digest was loaded on to

a Gemini C18 reverse-phase column (Phenomenex, Germany: 50� 3 mm;

5mm) that had been equilibrated with 0.1% trifluoroacetic acid. The pep-

tides and phosphopeptides were eluted by application of a linear gradient

of 0–90% acetonitrile, 0.1–0.065% trifluoroacetic acid at a flow rate of

200ml min�1. The eluted peptides and phosphopeptides were detected

using a U.V. absorbance detector set at a wavelength of 214 nm and

20ml fractions were collected for analysis by MALDI-TOF-MS. As soon

as possible after the elution of each peak, 10ml of 10 mM ammonium

bicarbonate was added to the corresponding fractions and samples were

prepared for MALDI-TOF-MS by mixing with matrix solution and spot-

ting on to the target plate.

Results and discussion

ESI-MS phosphoamino acid analysis of pronase E

digest of phosphohistone H4

Figure 2a shows that a negative ion with an m=z of

234.1216 amu is a precursor of an ion with an m=z of

�79 amu, which is the m=z of the PO3
� ion. The theoret-

ical monoisotopic m=z for the singly charged negative

ion of phosphohistidine is 234.0285 amu. There were a

number of other precursors detected in Fig. 2a, however

none of these precursors has a mass corresponding to a

negative ion of phosphoserine, phosphothreonine or phos-

photyrosine (or indeed a negative ion of an amino acid).

The identity of these precursor ions was not further inves-

tigated. Figure 2b shows the negative ion mass spectrum

of the pronase E digest of phosphohistone H4 and indi-

cated on the spectrum are signals with m=z values corre-

sponding to singly charged, individual amino acid ions

and some possible dipeptide ions. There is a large signal

234.1615 amu, however this appears to be part of an iso-

topic series of a singly charged ion with a monoisotopic

m=z of 233.1569 amu. There is, however, a much smaller

shoulder peak at 234.0359 amu, which has no counterpart

in the 233 amu region of the spectrum, that does closely

correspond to the monoisotopic m=z of the singly charged

phosphohistidine ion (234.0385 amu).

Figure 3a shows the positive ion mass spectrum of the

pronase E digest of phosphohistone H4 and indicated on

the spectrum are signals with m=z values corresponding

to singly charged, individual amino acid ions and some

possible dipeptide ions. A signal is indicated correspond-

ing to a singly charged ion with a monoisotopic m=z of

236.0832 amu which closely corresponds to the theo-

retical monoisotopic m=z of the singly charged ion of

phosphohistidine (236.0903 amu). Figure 3b shows the

product ion spectrum derived from collision-induced dis-

sociation of the ion with an m=z of 236 amu shown in

Fig. 3a. Indicated on the spectrum are signals correspond-

ing to expected product ions of phosphistidine. Strong

Fig. 2. Negative ion ESI-MS experiments on the pronase E digest of

phosphohistone H4. The sample was infused at 5 ml min�1 using a de-

clustering potential of �50 V. a Precursor ion spectrum detecting the

precursors of the �79 amu ion (PO3
�). 300 scans were accumulated with

a collision energy of �50 V. b MS scan of the digest where 300 scans

were accumulated
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signals were observed that have m=z values that closely

correspond to the theoretical m=z values of immonium

ions of phosphohistidine (190.0376 amu) and histidine

(110.0713 amu). In addition, a strong signal was ob-

served corresponding to the histidine ion (156.0768 amu).

Signals were also observed that could correspond to the

methanol adduct of the immonium ion of phosphohisti-

dine (222.0545 amu) and the deaminated phosphohisti-

dine ion (139.0501).

We have thus obtained convincing evidence of histidine

phosphorylation of histone H4, through the detection of

a negative ion with an m=z that is close to that expected

for the corresponding ion of phosphohistidine that pro-

duces a product ion matching the m=z of PO3
�. In posi-

tive ion mode, an ion was detected with an m=z that

is close to that expected for the corresponding ion of

phosphohistidine that produces a number of product ions

that are characteristic of phosphohistidine.

MALDI-TOF-MS analysis of endoproteinase Asp-N

digests of histone H4 and phosphohistone H4

Figure 4a shows the linear MALDI-TOF spectrum of an

endoproteinase Asp-N digest of unphosphorylated dro-

sophila histone H4 in which the major peaks observed had

m=z values corresponding to those expected peptide ions

in this mass range (see Table 2). Figure 4b and c shows

linear MALDI-TOF spectra of the endoproteinase Asp-N

digest of phosphorylated drosophila histone H4 in either

matrix at pH 2 or matrix at pH 8, respectively. Note that

the closeness of the m=z values of the ions [H4 86-103]þ

and [H4 69-85p]þ makes deconvolution of the signals

difficult. The absolute signal intensities of corresponding

ions are lower in (c) compared to (b). However, the esti-

mated ratios of the signal intensities of the phosphopep-

tide ions ([H4 1-24p]þ and [H4 2-24p]þ) to those of the

corresponding unphosphorylated peptide ions ([H4 1-24]þ

and [H4 2-24]þ) are higher (23 and 11% higher) in (c)

compared to (b), suggesting that there has been less

dephosphorylation of phosphopeptides in the pH 8 matrix

compared to the pH 2 matrix. This is not unexpected

given the acid-lability of phosphohistidine and there is

thus a trade of between the higher signal intensities in

the low pH matrix, due to increased protonation of the

peptides and the increased dephosphorylation of phopsho-

histidine under these conditions. Figure 4d is a reflector

MALDI-TOF spectrum of the same sample used in Fig. 4c.

The estimated ratios of the signal intensities of the phos-

phopeptide ions ([H4 1-24p]þ and [H4 2-24p]þ) to those

of the corresponding unphosphorylated peptide ions

([H4 1-24]þ and [H4 2-24]þ) in Fig. 4c are 0.48 and 0.39,

respectively, while the corresponding ratios in Fig. 4d are

0.10 and 0.17. This indicates that considerable post-source

decay of the phosphopeptide ions is occurring, which is

detected in the reflector MALDI-TOF MS spectrum. The

most likely fragmentation process involves the neutral

loss of HPO3. In the reflector MALDI-TOF spectrum two

additional peaks are apparent (i and ii) with m=z values

of 2362.23 and 2493.13, which are not visible when the

spectra are acquired in linear mode. These could, perhaps,

be fragments of the [H4 24-67]þ ion, however the fact that

the mass difference between these ions and the two phos-

phopeptide ions, [H4 2-24p]þ and [H4 1-24p]þ, respec-

tively, is 92 amu in both cases is suggestive that they are

metastable fragmentation products of these ions. How-

ever, we are not aware of any reports of such a mass loss

Fig. 3. Positive ion ESI-MS=MS spectrum showing product ions of

phosphohistidine ([MþH]þ, m=z¼ 236.0903 amu) obtained from the

pronase E digest of phosphorylated histone H4 that match that corre-

spond to predicted product ions. A product ion spectrum was obtained

where the sample was infused at flow rate of 1 ml min�1 with a declus-

tering potential of 30 V and collision energy of 25 V. Where the ob-

served signal was within 0.06 amu of the theoretical mass of a product

ion and had a minimum peak height equal to 20 counts, the signal is

labelled with its m=z value and the identity of the corresponding

product ion
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Fig. 4. Positive ion MALDI-TOF MS spectra of endoproteinase Asp-N digests of a histone H4, b–d phosphohistone H4. In a, c and d the matrix used

to prepare the sample comprised a-cyano-4-hydroxycinnamic acid in 50% acetonitrile=10 mM ammonium bicarbonate, pH 8. In b the matrix was as

above but with 0.1% trifluoroacetic acid replacing the ammonium bicarbonate and the pH of the matrix was 2. The spectra a–c were collected in linear

mode, while spectrum d was collected in reflector mode. The signals that are close to the theoretical m=z values (see Table 2), of peptide and

phosphopeptide ions derived from Asp-N digests of histone H4 and phosphohistone H4 are labelled with m=z values and the corresponding

(phospho)peptide ion, where the numbers indicate the sequence positions in full length drosophila histone H4 of the N- and C-terminal peptide

amino acids, p indicates a phosphopeptide. In d there are two unidentified major peaks in the spectrum labelled (i) and (ii), with m=z values of

2362.23 and 2493.13 amu, respectively



associated with phosphohistidine-containing phospho-

peptides, nor is it easy to envisage how a mass-loss of

92 amu could arise.

Reverse-phase HPLC separation of phosphopeptides

from the endoproteinase Asp-N digest of drosophila

phosphohistone H4

Figure 5a is a chromatogram showing the elution of pep-

tides and phosphopeptides from the reverse phase column.

MALDI-TOF-MS analysis was performed on all peak

fractions and Fig. 5b and c shows the linear and reflector

mode spectra respectively, of a fraction corresponding to

Peak 5 in Fig. 5a. The linear spectrum (Fig. 5b) has a

major peak with an m=z that closely corresponds to the

theoretical m=z (see Table 1) of the phosphopeptide ion

[H4 69-85p]þ. In addition, there is a peak that corresponds

to the theoretical m=z of the peptide ion [H4 69-85]þ. The

peak at 1903.46 amu in Fig. 5b is suggestive of an ion

corresponding to the peptide [H4 69-85] which has lost

water (18 amu). In the reflector mode spectrum (Fig. 5c)

the ratio of the amplitude of the peak corresponding to

[H4 69-85p]þ to that of [H4 69-85]þ has diminished com-

Fig. 5. Reverse-phase HPLC separation of pep-

tides and phosphopeptides in an endoproteinase

Asp-N digest of drosphila phosphohistone H4.

Chromatogram a shows the elution profile of the

digest from the reverse-phase column and the

acetonitrile gradient. MALDI-TOF-MS analysis

of a fraction corresponding to Peak 5 in a, in

linear mode (b), and reflector mode (c)

Table 1. Peptides and phosphohistidine-containing phosphopeptides de-

rived from digestion of drosphila histone H4 or phosphohistone H4 with

endoproteinase Asp-N, together with the theoretical monoisotopic m=z

values of the corresponding singly charged, positive ions

Peptide=

phosphopeptide

Amino acid sequence m=z

(amu)

H4 1-24 MTGRGKGGKGLGKGGAKRHRKVLR 2505.49

H4 1-24p MTGRGKGGKGLGKGGAKRpHRKVLR 2585.46

H4 2-24 TGRGKGGKGLGKGGAKRHRKVLR 2374.45

H4 2-24p TGRGKGGKGLGKGGAKRpHRKVLR 2454.42

H4 25-68 DNIQGITKPAIRRLARRGGVKRISGL 5004.92

IYEETRGVLKVFLENVIR

H4 69-85 DAVTYTEHAKRKTVTAM 1921.98

H4 69-85p DAVTYTEpHAKRKTVTAM 2001.95

H4 86-103 DVVYALKRQGRTLYGFGG 2000.07
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pared to that in Fig. 5b (0.56–0.07). This is indicative of

the occurrence of post-source decay in which the frag-

mentation of the phosphopeptide, losing HPO3, is de-

tected. As seen in Fig. 4d, a peak was evident in Fig. 5c

(1909.75 amu) that is 92 amu less than the m=z for the

phosphopeptide. Again suggestive of an unusual fragmen-

tation of the phosphopeptide associated with phospho-

histidine. A peak at 1879.76 amu has also appeared in

Fig. 5c, which is 122.06 amu less than the m=z for the

phosphopeptide, suggesting another unusual fragmenta-

tion of the phosphopeptide. A similar analysis of a frac-

tion corresponding to Peak 4 in Fig. 5a showed only the

presence of a peak with an m=z corresponding to [H4 69-

85]þ. This indicates that good separation of the peptide

and phosphopeptide ([H4 69-85] and [H4 69-85p]) has

been obtained by reverse-phase HPLC and that much of

the [H4 69-85] seen in Peak 5 originates from hydrolysis

of [H4 69-85p] between the separation and MALDI-TOF

analysis of the fraction.

Analysis of the other peaks in Fig. 5a showed that

the major components present were: Peak 1 – [H4 2-24]

and [H4 2-24p]; Peak 2 – [H4 1-24] and [H4 1-24p]; Peak

3 – [H4 1-24]; Peak 6 – [86-103]. The good separation

of Peaks 3 and 4 is indicative that much of the [H4 1-24]

apparent in the analysis of Peak 2 probably derives

from hydrolysis of [H4 1-24p], as described above for

[H4 69-85p].

ESI-MS analysis of a tryptic digest of phosphohistone H4

Figure 6a shows a precursor ion spectrum for ions with an

m=z of �79 amu which is the m=z of the PO3
�. The two

peaks with the highest intensity correspond to precursor

ions with m=z values of 390.2 and 606.3 amu. In the MS

spectrum shown in Fig. 6b, there appears to be a singly

charged ion with a monoisotopic m=z of 390.1285 amu

(see Inset (i)) which is close to the theoretical m=z of the

singly charged ion of the predicted tryptic phosphopeptide

that contains H18 i.e. [H4 18-19p]� (390.1296 amu). In

Inset (ii) there is a doubly charged ion with a monoiso-

topic m=z of 605.7625 amu which is close to the theoret-

ical m=z of the doubly charged ion of the predicted tryptic

phosphopeptide that contains H75 i.e. [H4 68-77p]2�

(605.7472 amu). The other major precursor ion observed

in Fig. 6a with an m=z of 489.3 amu, appears to corre-

spond to a doubly charged ion in the MS spectrum with a

monoisotopic m=z of 489.2208 amu. This does not corre-

spond to any expected tryptic phosphopeptide derived

from histone H4, even taking into account possible missed

cleavages by the protease and maybe due to a product ion

with an m=z of �79 from the fragmentation of an unphos-

phorylated peptide.

Figure 6b shows the negative ion MS spectrum of the

tryptic digest with Insets (i) and (ii) showing expanded

regions of the spectrum around the m=z values of the

precursor ions observed in Fig. 6a. Inset (i) shows that

there are signals corresponding to a singly charged ion

with a monisotopic m=z of 390.1285 amu, which is close

to that expected for the [H4 18-19p]� ion. Inset (ii) shows

that there are signals corresponding to a doubly charged

ion with a monoisotopic m=z value of 605.7625 amu

which is close to that expected for the [H4 68-77p]2� ion.

Figure 7 shows the positive ion MS spectrum of a tryp-

tic digest of bovine phosphohistone H4. Inset (i) shows

there are signals corresponding to a singly charged ion

with a monoisotopic m=z of 392.1822 amu, which is close

Fig. 6. Negative ion ESI-MS experiments on the tryptic digest of phos-

phohistone H4. The sample was infused at 5 ml min�1 using a decluster-

ing potential of �50 V. a Precursor ion spectrum detecting the precursors

of the �79 amu ion (PO3
�). 120 scans were accumulated with a collision

energy of �50 V. b MS scan of the digest where 300 scans were accu-

mulated. Inset (i) is an expanded region of the spectrum from 380 to

400 amu to illustrate the signals that may correspond to the precursor ion

seen in a at 390.2 amu. Inset (ii) is an expanded region of the spectrum

from 595 to 615 amu to illustrate the signals that may correspond to the

precursor ion seen in a at 605.3 amu
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to that expected for the [H4 18-19p]þ ion. Inset (ii) shows

there are signals that may correspond to a doubly charged

ion with a monoisotopic m=z of 607.8271 amu, which is

close to that expected for the [H4 68-77p]2þ ion. In this

instance, however, the signals are not as clear as in Inset

(i) since the signal observed at 607.8271 amu could also

be part of an isotopic series of another doubly charged ion

with a monoisotopic m=z of 607.3442 amu. In addition,

the isotopic series at higher m=z values is obscured by a

large signal at 608.4200 amu, although, as indicated in

Inset (ii), there is a shoulder on this peak at 608.2882 amu

which could correspond to the next isotopic series signal

of a doubly charged monoisotopic ion at 607.3442 amu.

In order to confirm that the ions in detected in the

positive ion MS spectrum of the tryptic digest of bovine

phosphohistone H4 described above, do in fact corre-

spond to the predicted tryptic phosphopeptides pHR

([H4 18-19p]) and DAVTYTEpHAK ([H4 68-77p], pro-

duct ion experiments were performed. Figure 8a shows

the products of collision-induced dissociation of the sin-

gly charged ion (�392 amu) seen in Fig. 7. The vertical

dashed lines indicate the positions of signals in the spec-

trum that match the theoretical m=z values of the expected

products of [H4 18-19p]þ (within the constraints detailed

in the figure legend). The theoretical masses of these

product ions are given in Table 2. Signals corresponding

to immonium ions of both histidine and arginine were

detected, and most significantly, one corresponding to

the immonium ion of phosphohistidine was also detected.

Expected x, y and z ions were detected, along with b and c

ions, but only the dephospho- forms of these ions. The

dehydro- form of the phosphopeptide ion was detected,

along with ions corresponding to losses of HPO3 and

H3PO4 from the phosphopeptide ion. Taken together, these

data provide good evidence that the ion observed in the

Fig. 8. a Positive ion ESI-MS=MS spectrum showing product ions of the

possible phosphorylated peptide ion (m=z¼ 392.1822 amu) ([pHRþH]þ,

[H4 18-19p]þ, m=z¼ 392.1441 amu) derived from the tryptic digest of

bovine phosphohistone H4. A product ion spectrum was obtained where

the sample was infused at flow rate of 2ml min�1 with a declustering

potential of 20 V and collision energy of 30 V. Vertical dashed lines

indicate where the observed signal was within 0.06 amu of the theoretical

product ion mass and had minimum peak height equal to 20 counts.

These vertical lines are labelled with the corresponding product ion.

b Positive ion ESI-MS=MS spectrum showing the y and b series product

ions of the possible phosphorylated peptide ion (m=z¼ 607.8271 amu)

([DAVTYTEpHAKþ 2H]2þ, [H4 68-77p]2þ, m=z¼ 607.7508 amu) de-

rived from the tryptic digest of bovine phosphohistone H4. A product ion

spectrum was obtained where the sample was infused at flow rate of

2 ml min�1 with a declustering potential of 20 V and collision energy of

30 V. Vertical dashed lines indicate where the observed signal was within

0.06 amu of the theoretical product y- or b-ion mass and had minimum

peak height equal to 20 counts. These vertical lines are labelled with the

corresponding product ion

Fig. 7. Positive ion ESI-MS spectrum of tryptic digest of bovine phos-

phohistone H4. The sample was infused at 2ml min�1 and 150 scans were

accumulated. The declustering potential was þ20 V. Inset (i) is an ex-

panded region of the spectrum from 388 to 396 amu to illustrate the

signals that may correspond to the singly positively charged tryptic

phosphopeptide ion [pHRþH]þ (theoretical monoisotopic m=z for this

negatively charged ion, [H4 18-19p]þ ¼ 392.1441 amu). Inset (ii) is an

expanded region of the spectrum from 604 to 612 amu to illustrate the

signals that may correspond to the doubly positively charged tryptic

phosphopeptide ion: [DAVTYTpHAKþ 2H]2þ (theoretical monoisoto-

pic m=z for this negatively charged ion, [H4 68-77p]2þ ¼ 607.7508 amu)
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precursor ion spectrum in Fig. 6a, the negative ion MS

spectrum in Fig. 6b and the positive ion MS spectrum in

Fig. 7 with monisotopic masses of about 391.1 amu cor-

respond to the tryptic phophopeptide pHR ([H4 18-19p]).

Figure 8b shows the products of collision-induced dis-

sociation of the singly charged ion (�607 amu) seen in

Fig. 7. The vertical dashed lines indicate the positions of

signals in the spectrum that match the theoretical m=z

values of expected y-ion and b-ion products of [H4 68-

77p]2þ (within the constraints detailed in the figure

legend). These and other products of [H4 68-77p]2þ,

where there is a corresponding signal in the product ion

spectrum, are given in Table 4. Ions corresponding to the

loss of H3PO4 and both HPO3 and NH3 from the phos-

phopeptide were detected. In general, there was good cov-

erage of the expected product ions, providing good evi-

dence that the ion observed in the precursor ion spectrum

in Fig. 6a, the negative ion MS spectrum in Fig. 6b and

the positive ion MS spectrum in Fig. 7 with monoisotopic

masses of about 1213.5 amu correspond to the tryptic

phophopeptide DAVTYTEpHAK ([H4 68-77p]).

There was good coverage of the y ion series, with six of

nine detected, four of these were phosphorylated y ions

(out of a possible seven). Two deamino- (�NH3) y ions

were detected, but of these only one was phosphorylated.

Five out of seven dephospho- (�HPO3) y ions and four

out of seven dephospho- (�H3PO4) y ions were detected.

Three out of seven dephospho-, deamino- (�HPO3–NH3)

y ions were detected. Thus overall, 24% of the possible

phosphorylated y ions were detected whilst 62% of the

unphosphorylated forms were detected. The coverage of

the y ions and dephospho- y ions is sufficient to confirm

the site of phosphorylation of the peptide as H75.

The coverage of the b ion series was less extensive,

with three out of nine b ions, two out of nine dehydro-

(�H2O) b ions and two out of nine deamino- (�NH3) and

dehydroxy- (�OH) b ions were detected (26% overall).

Of all of these b ions, none are phosphorylated. In addi-

tion, no phosphorylated c ions were detected while 44%

of the unphosphorylated forms were, and from Table 3,

it can be seen that the phosphorylated b and c ions from

[H4 18-19p]þ were also not detected while the unphos-

phorylated forms were. The lower percentages of phos-

phorylated product ions detected compared to the un-

phosphorylated product ions, indicates the instability of

the phosphohistidine under these conditions, such that

collision-induced dissociation that fragments the peptide

chain also tends to remove the phosphoryl group from

phosphohistidine.

In the ESI-MS=MS experiments on both the [H4 18-

19p]þ and [H4 68-77p]2þ, no ions corresponding to a

mass loss of 92 (or 46 and 92 for [H4 68-77p]2þ) were

observed. Thus the process that seemed to be occurring in

the post-source decay MALDI-TOF MS experiments on

phosphopeptides in the endoproteinase Asp-N digest of

phosphohistone H4 does not seems to occur with the tryp-

tic phosphopeptides in ESI-MS=MS experiments.

We have demonstrated that phosphohistidine in histone

H4 that has been phosphorylated on its histidine residues

Table 3. Product ions of the possible phosphorylated peptide ion

(m=z¼ 607.8271 amu) ([DAVTYTEpHAKþ 2H]2þ, [H4 68-77p]2þ,

m=z¼ 607.7508 amu) derived from the tryptic digest of bovine phospho-

histone H4 that correspond to predicted product ions

Type of ion Specific ions detected (charge)

[H4 68-77p]2þ – H3PO4 (2þ)

[H4 68-77p]2þ – (NH3þHPO3) (2þ)

x – HPO3 x3 (1þ)

y y1–3, y5 (1þ); y8–9 (2þ)

y – NH3 y2 (1þ); y6 (2þ)

y – HPO3 y1–5 (1þ); y7, y9 (2þ)

y – H3PO4 y3–6 (1þ); y8 (2þ)

y – (HPO3þNH3) y2–3, y5 (1þ); y8 (2þ)

a a3 (1þ); a6 (2þ)

a – NH3 a7 (2þ)

b b2–3, b5 (1þ)

b – H2O b4–6 (1þ)

b – NH3 b5 (1þ); b7 (2þ)

b – OH b4–5 (1þ); b7 (2þ)

c c2, c6 (1þ); c7 (2þ)

c – HPO3 c9 (2þ)

A product ion spectrum was performed where the sample was infused at

flow rate of 2 ml min�1 with a declustering potential of 20 V and collision

energy of 20 V. Matches were positive if the observed signal was within

0.06 amu of the theoretical mass (shown in the table above) and had

minimum peak height equal to 20 counts

Table 2. Product ions of the possible phosphorylated peptide ion (m=z¼
392.1822 amu) ([pHRþH]þ, [H4 18-19p]þ, m=z¼ 392.1441 amu) derived

from the tryptic digest of bovine phosphohistone H4 that correspond to

predicted product ions

Product ion Mass (amu)

Immonium (pHis) 190.0376

Immonium (His) 110.0713

Immonium (Arg) 129.1135

b – HPO3 138.0662

c – HPO3 155.0927

x 201.0982

y 175.1190

y – H2O 157.1084

z 158.0924

[H4 18-19p]þ – H2O 374.1336

[H4 18-19p]þ – HPO3 312.2070

[H4 18-19p]þ – H3PO4 294.1673
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is sufficiently stable that it can be detected, following

overnight pronase E digestion of the phosphoprotein, by

ESI-MS and ESI-MS=MS analyses of the digest. Not only

can the phosphohistidine be detected in negative ion

mode, under very basic conditions where it is stable, it

can also be detected under less basic conditions in pos-

itive ion mode. It is very useful to be able to perform

phosphoamino acid analysis of phosphoproteins by mass

spectrometric methods because of their high sensitiv-

ity and the obviation of the need to use radiolabelling.

In addition, incomplete hydrolysis by pronase E can

sometimes lead to unclear phosphoamino acid analyses

using conventional 32P-labelling and thin layer chromatog-

raphy=electrophoresis. A big advantage of a mass spectro-

metric approach which employs both positive and nega-

tive ion MS=MS methods is the greater degree of certainty

of identification of phosphohistidine.

We have also shown that phosphopeptides derived from

proteolytic digestion of phosphohistone H4, using both

trypsin and endoproteinase Asp-N, can also be detected

and analysed by mass spectrometry. We have shown that

the higher molecular weight phosphopeptides obtained

from the endoproteinase Asp-N digests are stable enough

to be analysed in MALDI-TOF MS experiments. They

can be identified by comparing linear and reflector mode

MALDI-TOF MS experiments where post-source decay

of the phosphopeptides is observed, leading to loss of the

phosphopeptide ion signal. Apart from a mass loss of

80 amu, corresponding to loss of HPO3 from the phospho-

peptides, an unidentified mass loss of 92 amu also appears

to be associated with this process. A corresponding mass

loss was not observed in the ESI-MS=MS experiments

on the tryptic phosphopeptide ions, suggesting that it is

particularly associated with a post-source decay process

and not collision-induced dissociation in ESI-MS=MS.

We have also demonstrated that the phosphopeptides in

the endoproteinase Asp-N digests can be separated by

reverse-phase HPLC. This suggests that on-line, reverse-

phase liquid chromatographic ESI-MS=MS analysis of

digests of phosphoproteins containing phosphohistidine

will be possible.

We have identified tryptic phosphopeptides by a com-

bination of negative ion precursor scanning for the loss

of PO3
�, negative ion MS, positive ion MS and MS=MS.

In the case of phosphodipeptide (pHR) the presence of the

immonium ion of phosphohistidine confirms the phos-

phorylation site. In the case of the phosphodecapeptide

(DAVTYTEpHAK), the y ion series detected were com-

prehensive enough to again confirm the site of phosphor-

ylation of the peptide.

In this work we have shown that if care is taken to

employ conditions under which phosphohistidine is rea-

sonably stable, then MS methods that have been em-

ployed to study the more well known forms protein phos-

phorylation, involving phosphoserine, phosphothreonine

and phosphotyrosine can also be employed to study pro-

tein histidine phosphorylation. We hope that this will

lead to a greater understanding of the role of this form

of phosphorylation in biological processes.
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