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Fig. 1 Development of methods for identification of histidine phosphorylation modification
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Fig. 2 Mechanism of histidine phosphorylation and dephosphorylation
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Table 1 Some known NME substrates, modification sites and motifs '’
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Fig.3 Diagram of signaling pathways involving pHis—modified proteins and their impact on cellular functions
E3 pHisigiFE B S 5MESERRITHMIEEMN RN TE

GLUT: #i#fliFsizik (glucose transporter); G-6-pase: #ij%iHi-6-BfLMF (glucose-6-phosphatase); FPK-2: HUlfli-1,6- " #5fA2 (fructose-
1,6-bisphosphatase 2) ; PFKFB: B F b fitE-2/ R4 -2,6- R (Phosphofructokinase-2/fructose-2,6-bisphosphatase) ; DHAP: Bz —#%
N (dihydroxyacetone phosphate) ; GA3P: Hilifis-3-#if8 (glyceraldehyde 3-phosphate); NMN: AL 4% R (nicotinamide mononu-
cleotide); NAMPT: HHEEMHERAZ B4 40 (nicotinamide phosphoribosyltransferase); NAM: It/ (nicotinamide); PRPP: MiFRAZ Hif:
2 (phosphoribosyl pyrophosphate) ; NAD": MBI IES — 4% B2 (nicotinamide adenine dinucleotide); NADH: i J5 75U A8 Bk iz [l s né
KA (nicotinamide adenine dinucleotide (reduced form)) ; NME: #%1F —# 2 i#f§ (NME/NM23 nucleoside diphosphate kinase NME/
NM23); TGFB: §44b4:KFFPB (Transforming growth factor-beta) ; MAPK: fE4ififi/rZ4i4 M (mitogen-activated protein kinase); RAS: K
FRUAJRE 9 7 (rat sarcoma virus); RAF: PREE LT 4E AR (rapidly accelerated fibrosarcoma) ; ERK: ZEAM S A3 4 (extracellular
signal-regulated kinase) ; PGAM: W2 T il R 2 (i B (phosphoglycerate mutase) ; PP1A: Z& [1#§ M2 1o (protein phosphatase 1 alpha) ;
FAK: Ki#EBEHEG (focal adhesion kinase); RB1: MR 1 (retinoblastoma 1); PI3K: WiIRMEIEE3-J4MEF (phosphoinositide 3-kinase) ;
Akt: 225415/ J R0 (AKT serine/threonine kinase AKT); Smad: FEF1Z% (SMAD family of proteins Smad); NDP: AZ{F % (nucleoside
diphosphate) ; NTP: #7F = @2 (nucleoside triphosphate) ; ADP: [ M2 (adenosine diphosphate); ATP: Jiif = #§f2 (adenosine
triphosphate) ; GDP: ST M2 (guanosine diphosphate); GTP: 577 =2 (guanosine triphosphate); CoA: HlififfA (Coenzyme A);
SUCLG1: BEITMEAAEA S BH (succinyl-CoA synthetase); GB: GEBIE (G protein subunit beta 1); PHPT: R0 ZMAWAAAE (phos-
phohistidine phosphatase) ; KCa3.1: H[f] i 54 % 1-if i 25 14 (intermediate conductance calcium-activated potassium channel protein 4) ;
TRPVS: Bih] 32 AR BHE F-l i W KR VAL (transient receptor potential cation channel subfamily V member 5) .
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Abstract Protein phosphorylation modification is one of the key regulatory mechanisms in cellular signaling
transduction and metabolic processes. The phosphorylation state of target proteins is regulated by specific protein
kinases and phosphatases, which add or remove phosphate groups. Histidine phosphorylation (pHis) plays a
crucial role in both prokaryotes and eukaryotes life activities and is linked to various pathological processes.
Unlike the stable phosphorylation of proteins via phosphate ester bonds, histidine phosphorylation is linked
through phosphoramide bonds, making it highly sensitive to high temperatures and low pH. This sensitivity has
historically impeded progress in identifying and studying histidine phosphorylation. In recent years, the
development of new techniques in phosphoproteomics and the emergence of pHis-specific antibodies have
promoted the identification and functional research of pHis-modified substrates. For the first time, more than 700
pHis-modified proteins have been identified in mammalian cells, and pHis-modified substrates such as focal
adhesion kinase (FAK) and phosphoglycerate mutase 1 (PGAMI1) have been found to promote tumor
development. This article mainly reviewed the key mechanisms and functions of histidine kinases and histidine
phosphatases in regulating the histidine phosphorylation of specific substrates, and highlights their significant
roles in human physiological and pathological processes, aiming to provide guidance for further research into the
biological functions of histidine phosphorylation.
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