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For decades, the extreme difficulties in analyzing histidine phosphorylation have limited the 

study of phosphohistidine signaling. Here we report a method revealing widespread and 

abundant protein histidine phosphorylation in E. coli. Our new approach enhanced 

sensitivity and specificity of phosphopeptide enrichment in E. coli and more particularly of 

histidine phosphopeptides by a factor ~10. Thus, we generated the largest E. coli 

phosphoproteome dataset to date, with a total number of 2129 phosphosites, of which a 

remarkable high percentage (~10%) are phosphohistidine sites. This resource enables a 

major step forward towards a better understanding of the biological function of histidine 

phosphorylation, as well as of bacterial signaling pathways in general. 
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In bacteria, as in eukaryotes, reversible protein phosphorylation plays a key role in the regulation 

of virtually every cellular process1. It has been widely documented that protein phosphorylation 

primarily takes place at Ser, Thr and Tyr residues. Although protein phosphorylation can also 

occur at His residues, this was for a long time considered as an archaic type of phosphorylation. It 

has been well established that histidine phosphorylation plays crucial roles in bacterial signaling 

pathways, linking external stimuli to gene expression (the so-called two-component systems)2 or 

bacterial cell metabolism (phosphotransferase system)3. In recent years, evidences that protein 

histidine phosphorylation also occurs in more complex organisms has emerged4, but its role or 

abundance remain largely unknown, primarily due to the lack of adequate analytical tools. Indeed, 

since the discovery of histidine phosphorylation in 19625, only limited advances have been made 

in the detection of protein histidine phosphorylation and in the elucidation of its biological 

function6-8. Although excellent methods exist to analyze protein phosphorylation at Ser, Thr and 

Tyr residues9,10, such approaches are considered not to be suited for the study of histidine protein 

phosphorylation. Several fundamental issues hinders the large-scale analysis of protein histidine 

phosphorylation. The high ΔG of hydrolysis of the phosphoramidate bond makes the 

phosphohistidine relatively unstable in comparison with commonly studied O-phosphorylations 

and protonation of the second nitrogen atom of the imidazole ring of histidine leads to the 

hydrolysis of the phosphate group under acidic conditions11. Consequently, commonly used 

methods for the enrichment of substoichiometric phosphopeptides, such as IMAC (Immobilized 

Metal Affinity Chromatography)12 and MOAC (Metal Oxide Affinity Chromatography)10, which 

involve strong acidic conditions, were so far incompatible with the study of protein 

phosphorylation at His residues. Here we challenge this dogma and present a new method allowing 
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the very efficient and sensitive enrichment of histidine phosphorylated peptides using Fe3+-IMAC-

columns, as well as an optimized sample preparation workflow.  

The acid lability of histidine phosphorylation was considered to be an unsurmountable obstacle, 

as such acidic conditions are essential for selective phosphopeptides enrichment, good 

chromatographic separation or efficient ionization in positive ion mode. We assessed the validity 

of this statement by generating chemical histidine phosphorylation standards13,14 that were 

subjected to different treatments (Online methods). As expected, strong acidic conditions led to 

hydrolysis of the histidine phosphorylation, but interestingly, most of the histidine phosphorylation 

could be preserved under relatively mild acidic conditions (pH=2.3) (Figure S1). This unexpected 

observation prompted us to attempt phosphohistidine enrichment using Fe3+-IMAC columns, as it 

has been recently reported that this workflow does not necessitate strong acidic conditions to 

achieve high enrichment specificity15. As a first proof of principle, we performed enrichment of 

chemically histidine phosphorylated peptides and observed that pHis peptides were efficiently 

retained and preserved during enrichment (Figure S2, Table S1). 

Encouraged by these result, we set out to study protein histidine phosphorylation in Escherichia 

coli, grown under four different biological conditions, i.e. exponential and stationary growth phase 

with either glucose or glycerol as carbon source. In previous studies on bacterial 

phosphoproteomes only a limited number of phosphosites (~100) were reported16. Here we present 

several optimization steps to expand the coverage of the bacterial phosphoproteome while 

preserving histidine phosphorylation. These critical steps included: (i) improved cell lysis using a 

stronger lysis buffer, (ii) removal of molecular interferences by protein precipitation, (iii) 

enzymatic depletion of nucleic acids, (iv) no use of temperatures above room temperature, (v) 

sample desalting at low temperature and (vi) fast (total time of 14 minutes) Fe3+-IMAC enrichment 
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under relatively mild acidic conditions (Figure 1A). The remarkable change of the UV trace at the 

outlet of the Fe3+-IMAC column attests of the high efficiency of the elimination of interfering 

components inherent to bacterial cell structure (Figure S3). As a result, the number of identified 

phosphorylations drastically increased, with a cumulative number of 2555 unique phosphopeptides 

(Figure 1B, Figure S4), representing a ~10-fold improvement when compared to earlier published 

bacterial phosphoproteome datasets (Figure S5). 

With a total number of 246 pHis sites on 173 histidine phosphoproteins, we for the first time show 

the widespread occurrence of protein histidine phosphorylation in E. coli (Figure 1C). When 

comparing to previously published immunoprecipitation data6,8, our results confirm 85% and 73%, 

of the 14 previously identified histidine phosphorylated proteins and 15 phosphosites respectively 

(Figure 1D). While the ratio between Ser/Thr/Tyr phosphorylations is in accordance with previous 

studies on the E. coli phosphoproteome17, the major surprise comes from the fact that histidine 

phosphorylation represents around 10% of the E. coli phosphoproteome. Site localization was 

assessed by the database search algorithm MaxQuant18 and of the 246 pHis sites, 135 phosphosites 

could be retained as high-confidence Class I pHis sites (localization confidence ≥ 75%) (Table 

S2). However, amongst the remaining 111 non-Class I pHis sites, 9 phosphohistidine sites were 

reported as genuine in the literature, possibly indicating the difficulty of localizing histidine 

phosphorylation sites due to prominent neutral losses of the phosphate group (Figure 2A). Even 

when considering only the class I phosphosites, we increased the number of pHis sites identified 

by a factor ~10  when compared to the recently reported strategies using pan-pHis antibody-based 

immunoprecipitation8. Notably, the detected class I pHis peptides were on average two times more 

abundant than the O-phosphorylated peptides, revealing the high abundance of protein histidine 

phosphorylation and good preservation of labile pHis peptides during the enrichment (Figure S6).  
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To further validate the pHis site assignments, the fragmentation patterns of several pHis peptides 

were compared to their corresponding synthetic analogues, for which possible STY-

phosphorylated isoforms were also synthesized. The HCD fragmentation patterns of the synthetic 

pHis peptides presented the highest correlations with the endogenous E. coli pHis peptides, 

excluding the possibility of a miss assignment of the phosphorylation site (Figure S7 & S8).  

Markedly, histidine exhibits an intense immonium ion in the low mass region of beam-type 

collision induced dissociation spectra. We observed an ion signal at 190.037 m/z in the HCD 

spectra of histidine phosphorylated peptides, corresponding to the phosphohistidine immonium 

ion (Figure 2B). This unique marker ion signal was nearly not observed in the E. coli proteome or 

strong acid treated phosphoproteome (Figure S9). The existence of the histidine immonium ion 

has previously been hypothesized19,20, but to our knowledge, this constitutes the first report of the 

use of this diagnostic pHis immonium ion as a signature for the presence of phosphohistidine in 

large-scale phosphoproteomics datasets. In comparison with the well-known phosphotyrosine 

diagnostic ion, the presence of the phosphohistidine immonium ion was observed to be strongly 

dependent on the intensity of the precursor pHis peptide ion and the position of the 

phosphohistidine residue within the peptide (Figure S9).  

No clear histidine phosphorylation motif could be statistically enriched, which is consistent with 

the fact that known histidine kinases all phosphorylate distinct substrates (Figure S10)21. We 

observed that histidine phosphorylation is widespread in several important bacterial metabolic 

pathways, such as glycolysis (Figure 2C) and the phosphotransferase system, thus explaining the 

relatively high abundance of detected histidine phosphorylations. In addition to detecting pHis on 

highly abundant metabolic enzymes (~ 15,000 copies per cell), we also detected histidine 

phosphorylation on the histidine kinase sensors arcB and dcuS, which are present at very low levels 
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(~10-100 copies per cell)22, demonstrating that our strategy also enables the preservation of low 

abundant histidine phosphorylation, and covers a broad dynamic range. Our method also proved 

to be highly reproducible in terms of quantification of endogenous pHis peptides, which is a 

prerequisite for a full understanding of signaling networks (Figure S11). We observed significant 

regulation of pHis sites when comparing exponential and stationary phases (Figure 2D, Table 

S3), as for example the histidine phosphorylation on the stationary-phase-induced ribosome-

associated (Sra) protein being up-regulated in the stationary phase. However, the biological 

relevance of these phosphorylations regulations needs to be further investigated.   

When compared to previously antibody-based approaches6-8, in which histidine phosphorylated 

proteins are enriched, the approach presented here: (i) allows for direct localization of the histidine 

phosphorylation site on the peptide (ii) allows for comprehensive identification and quantification 

of all phosphorylation events simultaneously (iii) requires less input material and (iv) is less 

expensive. In conclusion, this work paves the way for a better understanding of the biological role 

of bacterial phosphorylation and in particular protein histidine phosphorylation. Better 

understanding the biological role of protein histidine phosphorylation will be of crucial 

importance, as many pathways in which histidine phosphorylation is involved are key to the 

survival and physiology of E. coli and many pathogenic microorganisms. In addition, the 

methodological advances presented here could also answer a long standing question: is histidine 

phosphorylation also playing a major role in higher organisms?    
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Figure 1: Experimental workflow and summary of results. (A) After cell lysis, efficient sample 

clean-up and protein digestion, the phosphopeptides are enriched using a Fe3+-IMAC column prior 

to LC-MS/MS analysis. Several steps were optimized to ensure the preservation of the acid-labile 

histidine phosphorylation. (B) Total number of phosphopeptides identified per LC-MS/MS run. 

Through sequential optimizations, the number of phosphopeptides identified drastically increased. 

Amongst the different optimizations, there are two key steps: protein precipitation (ii) and nuclease 

treatment (iii). (C) Distribution of Ser/Thr/Tyr/His phosphosites identified. Of the 2129 identified 

phosphosites (the deepest and most comprehensive overview of a bacterial phosphoproteome to 

date), 246 are pHis making pHis more frequent than pTyr and only half as frequent as pThr. (D) 

Number of identified histidine phosphorylated proteins in comparison with the recently reported 

antibody-based affinity strategy8. When compared to the pan-pHis immunoprecipitation method, 

the number of identified phosphohistidine sites increased by more than 10 fold.  
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Figure 2 
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Figure 2. Site localization and biological regulation of phosphohistidine (A) Site localization 

of histidine phosphosites using the search algorithm (MaxQuant)18, optimized for pSer and pThr, 

is less accurate. A significant number of histidine phosphosites reported in the literature and 

identified in this study exhibited a localization probability below the commonly accepted cut-off 

of 75%. This can be explained by the fact that this arbitrary cut-off might not be suitable for the 

localization of more than 3 possible phosphorylated residues, or by extensive neutral losses 

inherent to collision induced dissociation of histidine phosphorylated peptides. (B) HCD spectra 

of an endogenous E. coli phosphohistidine peptide corresponding to the His15 phosphosite of the 

Uncharacterized HTH-type transcriptional regulator YeiE protein. The phosphohistidine 

diagnostic immonium ion can be observed in the low mass region, as well as the characteristic 

neutral loss triplet8. (C) Histidine phosphorylation was detected on the majority of metabolic 

enzymes involved in the glycolysis. (D) Distribution of the 1469 quantified phosphosites in 

glycerol-fed E. coli cells in the exponential phase compared to the stationary phase, according to 

the t-test and fold change. The black curve indicates the significance level (false discovery rate 

(FDR) = 0.05, S0 = 0.1). Amongst the significantly regulated phosphosites, 19 pHis sites were up-

regulated in the exponential phase (right, pink filled circle), while 26 were up-regulated in the 

stationary phase (left, green filled circle). Amidst the significantly up-regulated pHis sites is the 

stationary-phase-induced ribosome-associated protein (Sra) in the stationary phase.  

  

 

 


