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Abstract: Polyphosphate (poly P) is a polymer of tens to hundreds of phosphate residues, which is found
in various biological cells in granular, colloidal, and dissolved forms. It has been verified that poly P can
be an energy source and regulate intracellular osmotic pressure to maintain the stability of membrane. In
addition, it binds to protein and DNA to stabilize them and protects cells from stress injury. Granular
poly P organelle stores poly P granules, metal cations, proteins, amino acids, and water in cells. The
poly P granules in the parasite are called acidocalcisomes and those in bacteria or other microorganisms
are named metachromatic granules. Further research shows that they have similar structures and thus
they are both called granular poly P organelles. Crucially, this organelle is thought to be the only one
preserved from prokaryotes to humans and may even be last universal common ancestor (LUCA). It is
crucial for the origin of life, anti-stress, biological interaction, and metabolism regulation. It is
meaningful to develop this organelle in pharmaceutical research and biogeochemical cycle of
phosphorus.
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Table 1  Progress in granular polyphosphate organelle from metachromatic granules to human platelet dense

granules'™

Year Research References

1895 Metachromatic granules were observed in bacteria for the first time [7]

1902 Volutin granules were widely observed in plant, bacterial and fungal cells and their shape is same  [8]
to metachromatic granules

1904 A methylene blue staining method based on particle stability was designed and the name volutin [9]
granules were widely used

1907 Volutin granules were found in protozoans, such as Trypanosomes, Coccidioides, etc. [10]

1952 “Graham salt” was isolated from Saccharomyces cerevisiae and identified as a long-chain inorganic [11]
phosphate, and these volutin granules were renamed “polyphosphate vacuoles”

1977 The polyphosphate vacuoles were studied by X-ray microanalysis and shown to contain high [12]
concentrations of P, Ca and Zn

1995 Acidocalcisome were first used to refer to organelles capable of transporting protons and Ca* [4]

1997 Acidocalcisome and volutin granules have similar structures and are considered to be the [13]

homogenous organelles of different cells

2000 3P NMR studies show that polyphosphate, inorganic phosphate and pyrophosphate are the only [14]

phosphorus compounds in acidocalcisomes

2000 The first gene for v type H'-PPase localized to acidocalcisomes, is identified in 7. cruzi and [15]

functionally expressed in Saccharomyces

2004 The dense granules in human platelets were considered to be highly similar to acidocalcisome [16]

2012 Acidocalcisomes were found in egg yolk of chicken
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Figure 1 ~Granular polyphosphate organelles under microscope®”. A: Citrobacter freundii; B: Methanosarcina

acetivorans; C: Chlamydomonas reinhardtii.
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Figure 2 The schematic structure diagram of granular polyphosphate organelle. A: the arrows mean the
direction of transport; PPK is polyphosphate kinase; PPX is polyphosphate exonuclease. B: protein structure
diagram of proton pump of pyrophosphate (PPase, Sulfolobus acidocaldarius), each asymmetric unit is
composed of homologous hexamer; each subunit is 20 kDa; the green dot represents the active site of sulfate
radical and Mg”". C: secondary structure diagram of PPK (E. coli); PPK asymmetric unit structure is A dimer
(dimensions: 152 Ax152 Ax150 A). D: the secondary structure of PPX (E. coli), whose asymmetric unit contains
four copies (45 Ax50 Ax96 A) in which the n-terminal has 10 residues and the C-terminal has 7 residues.
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Figure 3 Schematic diagram of phosphorus metabolism pathway in Escherichia coli under stress or nutrient
restriction. In the case of the nutrient restriction, the glycogen of the E. coli is used to activate the protein
RelA, which activates SpoT to promote (p)ppGpp synthesis.
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PNEREE 368 17 3850 47 1) ) B B TR ORLIR R
WA M 25 i D g AR T 5 3. BT poly P Y
L 1 P KA 45 4 5 DNA I RNA 250, 875
5l B R A ), X SR
A OSSR, SE AL poly P AR I %
T 1 i) 3% 35 07 1] 805 200 Jf 2R G 5 40 ZRRE B
wn, AR R AEARAS A AW, e
KAEZTINYE poly P HIFRE, KHIEH R0
20-50 A5, SEm Ay T4 1 URLIR SRl A
TN PR R 3 PR 7 107 2 DA R 5 H A 40 B 4 43 1)
PR A
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4.1 EFVIRREIRARIET
BT IR . BRI . AU RN AR R AR ik =
A ] RE gl B A Yy an e A B . R AR
(Escherichia coli) 2T poly P BUMFIT 45 L2 HE,
TEIEH FREE 9, 40P PPK Al PPX 5 AR fb 45
No MEFREERZ A RNEER, B SR E
pppGpp X ppGpp ., H1 T (p)ppGpp HA7 5 2L il
PPX [if§fi# poly P B9FEH, {H A PPK &Pk,
poly P & BUHH AR 43 i R AL, EU%
FEMIEE TR IRET poly P 2B 3)PY. [,
— VIS0 pppGpp & MELE KA 1) S0 A #R
IR poly P &R, X —MTETS KA
Py B U R AR BN T N . TEA AR
SERSPRER) ST T o IR BRG], EY SR p-2
LT (PHB) & MURBE, TR B AT T B
Ao R 2 REEIRER G W PHB. 1L 1%
PHB B, #4320, AT LUK A e 5
R RBERE (AR, PAOs) 5 KU Ak SR B8 147 (I Al iR
ih, DNPAOs)* >, el W47 S8 S Wi i ol
AR A E AL, IR T R TR TS U
% (sequencing batch reactor activated sludge
process, SBR)FJVG/KACFE T2, MiGti5 IR 4y
2 B R R AR 2 AN BT RS (Acinetobacter) A&
HA TR & (Pseudomonas) AR Fr T J& (Lampropediaa)
%HFMH%E(Alcaligenes)%m], PSER sl
DIWLEER] poly P UKL AAAE . A TR X 35 G
¥ B TR AT B (C. freundii) 17 2 3 B TR 14
(PPK )Y it X (2 E 4 e W e R £, 72 SBR
B s T LS Y 12.7% TERR I
BRI AT, SR A B AT B R A B AH L
Toh Rk 22 TR R A 1) 91 AT AR TR AT T 40 L PN
TURLIR SR B AN ML 28 B o 2, (RB R
Poly P n A FHLAT ¥4 ATP RYZhEE, fEMMA
ZAF T, poly P REGSIN AMP ., ADP . #j%3Hk |
AT A= 49y CHNAZ 1 R0 5 Tl ) A0 2 79 Tl R
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) Tl 1R b BE AT 78 4 1 e B B (Sulfolobus
acidocaldarius) I HEAR/MEF | WA IH —F
BT L poly P AE Jy Rk (I 1A w18 11>,
FER RS, BRI BRI &, (HEA
G 0 B0 R — B RGE, X IESE TS
SRS EAZAEY), B2, X poly P A
FEAMRIME . BB, X5 2= 90 40 i Py okt
R AN AR A AF 5T 1T DA 7R A 0 R % i o A1
Jr AL HERE

LR A AN P S B ATP X 2B 4 {16 BE B 40
s, (HORAE R LR ER G BT & B (1)
REAN4x, RIIFWEAE A 56 4 0k # o7k 1 T A Ak
iRtk . R EAXFEIL LM Ca® N 2
T, RSP, BORCR IR B 40 i
WA Ca™ W FEA T, WIS Ay =6,
HL 8 UL 28 K BIL AT A6 35 T A B HE HL (procyclic
form, 7. bruzi WHEZF T ) ki iR ] DLk 4 7
FERE, A SC AP S, i I v R A
[C4fE H1 (bloodstream form, 7. bruzi 27 ETE )
FILERIAREN 25 T 52 S E I B , TRk i1 4R
oAb, g R WUEE-1,4,5- = 8 iR 2 1k
(InsPsR) %A Bl 45 B 35 7 E— 2B A 9% I
A FCHE R FL ALy 2, R RS
R A 2 i 422 3 5 (VDAC) 5 2R b AR5 B 1
HIEMCU), 38 i B il 2 (MCS) SRR M E5 4
TGS B FIE I, (2 A P A B R B R T
8 fiF, IS T A LB BRIk R (4, it
Gh, FRYESSIRIE i V-H-ATPase 54 ki{k N
[ I ) F-H'-ATPase Jit T a1 A i, BRI,
HE DT 7E L 28 Jp a0 PRI o R PR A5 K FT R 5 o A
P BT T--W R SR AR FR , LA B ATP S 4R {245
W AR A AR T B T B RE B
4.2 1R# DNA 188
AR R & R AEE DNA 1))
“BERR AT ER(NTPs) &4 AL DNA fil RNA

and
aYn
(o}
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V-H*-ATPase .-

F-H*-ATPase

PMCA

Matrix

Mitochondrial

4 FRMESABIE T K #E R (Trypanosoma brucei) 2 KA T IR 5% M 51 (B0E B £ % SCER[57])

Figure 4 The mechanism of acidocalcisomes regulates the mitochondrial respiratory chain in Trypanosoma
brucei. The arrows mean the direction of transport; the scheme shows Ac is the acidocalcisome; PMCA is a
kind of plasma membrane type Ca*-ATPase; InsP3R means the inositol 1,4,5-triphosphate receptor; VDAC
is a voltage dependent anion channel; MCU (MCU1) is a Ca®* uptake transporter named mitochondrial
Ca*"uniporter and its ligand; OMM and IMM represent mitochondrial outer and inner membrane,

respectively.

() FEIERE, T poly P& T HE{EA AL NTPs Jif
T RER LASL, HEBR B E S K NTPs MK
Y. EEZAEYYH, E4AHE poly P R LLE
1T DNA B 10 KIGFE(E. coli) Y K%
RAHEF RecA (DNA R, G 4IIERY
F%IER, BYRMFFER DNA HEZ2HinT,

Rec A P2 HE Lex A BHI& B /K A , WA T 305
SOS if %, Pk xRk A% TR TIE K,

B2 Z W DNA BN ke F B4
W 5, 24 Rk 40 i 2 31 28 0 B S, VTC4 (15
s R VA, TERRAN R 2 R R A ) B
RN ERE LT AR TUAATE R R T 50%. AHARL)
RIS S5 Rt BAE AR 40 HEK293 (%%

SHMES IR B B A AR, i i R AR BERR S
VING(PPX1), NMAAIHLAY poly P & it FFE 70%,
TE R R 20%%%, St slshm s, Bok:
REBBEAN A E T AP ANIERE, A
% poly P {4t AS BIHf (OG 12:ff 2 A BLE PPK
FP28), (HJEAT LUE 2 M & poly P 2 5 EINfi 7L 3h
Y1 DNA R8G5 08, Ban, 76 A A0 4 i
DNA 510, BRI SR (stress granule)5
AL K B R R R A RS AR L
U, R A0 FURE R SR B A M g g, X
JEREVRYT A R L
43 5&BAR%E
ZRETREL e S bk, gl
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B 1B A e A 3 ) B 1 R A R SR
s, Wik, fEX—8 L2 RmRE: 5% %R
K2 R &R B T 41+ RNA Al DNA
SRR E AL, R aT DAEN 2 R
R R AEAS (R 20 i b R AR LA VE A, i i
AMB R RS S E . SRR,
it 100 f509 poly P W IEM KIAATIE(E. coli)
(1) 240 LI v 3 B i 1) — Pl S e 1 i 1 4
HEM, XFEATRIES poly P ML & (HHE
T DNA Fil RNA), Ff H 5K 4% poly P ) 3 Fl
oE TR AR . 50-kDa By 4iifb 5 AT LSS A
30—-50 mol [ poly P 7F (44> poly P /> FHI TG
LR R EE K H 750), Wit 5 ARMNEES
XFERY poly P AEMINANE . HLZR A5 R 1445
TRK/ NG BRL, UL, poly P 4pShgs s
B A 7E ORI 2 B 20 I 28 R R P & S
PERM,
44 HFFRERZE

TEIRZFERZ Y, poly P 25
e AMINBERFRAE . 8= poly P F80i A9 i
B A, (L AR B MR AR . i, AR XS
FHP AR AR, = FURDIR SR Bl AN A5 10 43 5E
FC B (Neisseria) B AR IR G i i 2 3 i 25 R IR 1Y
AN, AN b poly P A A K& A fir, AE
i X SINIEPE BB - 1A TR o o I 4 L T
BiFR R B T Ykt 9- BTN (OAA) I I
2R, AT L] 0 I 5 R - 2 SRR R
B3 I 0 R 20 B R U 9OAA I RE ) IR T
WU SR, WOR BB RE 5 S 0 R AR
B R, R 9AA B ISR B 2 T
— H & B SRR IR, 3k 3% B A PR e
T, #Midh PPK LB I Bl ERIE, X
5 RUR R SR B A0 0 25 194 7 8R4 AR 2R AT,

T DA% R A 240 L b G DU 3] 22 2R e R
FZRFEEHE T R (poly P/PHB)A 54 ‘BN I1ERE NG
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XA TRN R A T H R TG 10 465 8 13 3, 3
INT WENE BT R NI . X5 A WA
JRERAA F 0L 2 T2, R —MA A K B
(1) 22 SR i T 5 I 48 A 2 S 1% 55 — ), -0 2ok
PPX VR AR o5 — i A< 2 1) L Wl i 6 33k 141 5 1)
Tk, BFPBERR (132 5 1 U TF poly PG K
LK MBS T . ORI R B A AR i 2 R
Yran s N #RA & B, & poly P IIIL S AE T HE
B AN ARG o S v A 3 3 S IR R ki A
£, I H BB P iH b 5 I At 40 i 25 2F 1 T W R AR
(SO TR, AN TR) A= 400 20 B A B ) A
EMETE—EFEE E 54NN poly P & &=L
A K. Poly P/PHB K& Wil i —Fil %
B TS m A, el BT OR B ROk
HAT, o 5k i A 4 T DA 3k 31 35 R o P 8
R ) B L AE R T, FERAE
AR, IR 2 (R TR R Ak 3 A L B v
A A B P, AR, X KT DNA 40
Al 25 3 Wl G U0y F B AL FRAR 1B 2 . A b
FEAR Y, TEITE B AAAEXFP LA poly P/PHB B &
Y1k v R A J5 38 3E  3X AT RE S SR DNA il i)
JEEE A L AN . HET, HoR7TE
AN N & BLA R poly P R4, (HIETE A
AN AR B A3 B T — RS B 1 ATP 2, iX
P A4S 2L R IF H A ATP-poly P 5B poly
P-ADP #4ASHEAGIETE. AN, KPP 1 5 1Y)
Oy F AR R AT, (I RE S IR M S AR B
AR DI RERA, XKW poly P i i o fi5
TE AR E AL 2 AA A T B . AR A
BAY Y, X T4 b poly P/PHB E 54
IR ST BT e B 1 A i T A i AL
4.5 {BHtg

TCVE A P U5 1 B8 I A 2 AR P B o,
I N 240 L DA R e 93 24 55 R G 40 B ™ A= 1
POV o I/ N 24 R A bR 2R 58 200 i 25 1
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SEF & BRUFSE T 22 i R £h 55 95 1 AH 5T
2000 4, FEAZEIM /MR AR & BT K& E
B URL , X Tl bl A IR 2 1 SO ORLIN B R R
W ATP, ADP, fE@EMR . poly P MIFGE T,
I H IR BB T 5 W A A va 2 [R5 A
R 75 (V-H-ATPase)") 1 46550 35 [k 7 Bk
MR FER R . ATP W] RAVE R PN B2 20 it )
P2Y ZZAK, fREHEIAFISI IR R G A — AL AR
R, MR M8 %7 5K 5 ADP 2 ifin /M 41 i
GRS, FEAMEVESELES , ADP {2 B 2l
INHR A I & A AL T AR RS s IS R A1
FURHRZEE Z 0 i/, [R5 4 il 45 DA e
G I3 B 5 45 - ] DA R 4 B 1 S /)
M2 RHAZE G, AP IR 85 2 e —Fh
BRI A A T, R AN I o R B 1
S4% 4% (calcium sensing receptor, CaSR)#ZIL
w9, KBS E TR AR poly P
2t (I b O = a N (| ANY i D R = R
RE TS BRI R -, [l B L A7 v e T e £ 4 R
AR RE P 24 4 i /NI 43R AL A, poly
P YW FETTIK 1-2 mol/L (75 ML H i R 1) .
2 AR /)N Al o SO R B F B, AR L i R
poly P & & b ABEAKZY 10 £, XKRHEH A
BT T] o /0N BV I 200 o I T - 4 L ] 9052 1)
LIS O BERR W 1 (Ipok1), T/ EHEE M)
REVSS , JFH ARSI, (H2F A HL
P AN BB o 0 SR DA% A ) R M A AR I
FLahYh BUE R, R BILRESE B
ZH I AN TR, 2 X 51 2 BH SRR SR B A4 i
i AT RETE 5 20 ML p el R AR I, 7 A T HAB I BE
BN, 1/ poly P UEEE ML 2% K 1A AR
F, AT I A B, R A B R SR DL
FI(TFPOMIGLEEL W (IR Xa [H 5~ HIEE i /il
Y E A ) T B IE P, B 9m AT 4R R e
38 P R I XoF 7 4 B S A BB poly P

PR R AR EE MR HA AR = AR e, R B A
PURAE 25 W) K (R385 1]

5 HRERE

5.1 PFRREBRSMPEEERIEW

Xof SR PR R W 200 2 e LA S A 9% K
B, JIURE R 2R Tl 4 g 2 — s RS 1Y) At
i, AFTE TR Y S B Y ez,
SRR R IL RIS, e, Xk
L AR B AFTE WAL BT 15 (V-H -PPase), iX
FITT 25 & A BE DRSO B B39 o A 228 o
B T M9 1+ BT 1R (Agrobacterium  tumefaciens)
R A 1 5 25 1 8 11 5 4 #y o (P fam) '),
S5 BRI AEAE — AN ST 1 £ Bl R I
£ PF03030, HAZO X 57 D2 BER 75
= ELRSY o 18 L D31 4347 (Bayesian analysis),
ZEEIAFTET 231 FRANEE . 17 BB L
31 A ITAZ A, ORI BT SR AR AR A Y A
WIIZAETE, AT RESE T JE B K P55 % (lateral
gene transfer)i& il . HAK, A2H BT 4A 12
J5 WL (Leishmania major)BRPEE5 K W 070 5 26
1 41 (VSP4lp) KA BFAZRAE, KIS T AP3-
AR A B, P AR T L 2 il AR G 4t
#H(LROS) WA R BB 0k, 26 B JURR R
A5 LROs A & # s R, Bk,
TF J FUR R 2R Bl A1 5 1 b 3 R S AL PR A Y
REMS 0 i poly P 7EHuEk F A A= A A TE i 5 Ak
FYER R, X FAMmEERMEE S, 6=
M2 IR BT 1 2 5 A O IR S 1 R R, X
DA R R A 1) B 11 0 RIA% TR 55 A= W R 4 T T
B FE, T B ORI 22 SR Wl R R 40 i 25 1 T
BEHLHITSE, W a] LIZRFE fe W) ) LUCA 4il i e
B FE, [RIES, WFFEAS [F] A PR Py R IR 2R
ML ER LA 5 oA, S URCIR 22 SR B IR 5 4
AR AT N LUCA 3253 Ak R hi AR A, REfg
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1) Y T X A A P 5 3 B A A AR S 455 %) 10 XT3
w55 AL TT Th)
5.2 FRDRBRSMMESER

WAL IN poly P % i 2 5 5 4 RR IR DA
MEMAR ., ZRFRER X, HI, poly P&
BCRB 25 T BA M S8 T 20 M A A TS R T R
AT T — S SO0 A= 40 1) 25 1 AR A G R 1K
Filan, i mBERI L S B (T, gondii) FURLIR 3B
W ZM M AR A ZE FE R TeA 1, T BUBURLIR SR k2
Mofs AT, Joi R R AR AR T RE, AT
REAIS 1 7526 o 75 e 1 A, A
A 1L 24t R 240 L e AR R SRl 4 2K
RIZSHER G N K A BB YIBCR , 8
aok /IR B SR R 2 ey AR I H poly P
5 RS A U B A R - R I AR S AL, AT
PBE Mt . AR, T URE IR SR 2 A
H1 poly P 1AE W40 Hr 43 A1 ¥ FEIR 1 EL 73 B
PRIXE , ] A 4 T A R 2Rl 40 i #5% 1 poly P Y
Wb, Wik, @ SR I %
i) 248 L R SR R SR e A4 L 1) gk AR 4 R
B WA URLIR SR W A 2 10 A= W) RE S AR 5
BT WA B ARG 3, 300 TR R UEY)
SR VIR B vy AR ek 5 3 7 0 A BRAILTR] 5 Tkt
T3 RkBE, A poly P IX—ESE R I3+
PRRE, ATVE IR 2 25 A . Bl ST Y
WA, PORCR R B M2 2 51 25 M B K
A IRITIRRER
53 FRCKBHAMI[RSHEIIKLE
EEZS

WA P ERAL AP IR X U ER AE S R B K
HE, ARKM TG SR8 M My,
BTG PR R i o B S o A S AE R R G AR
ENER BAHSG . ACh T TR T B4 Yy kb
FHEAA AR, WAEEAKS T REK =R
BERR L (AR R ERRAA 1.5 12 ik ATKIRF 3L
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KR B IR, X0 B IR AR Y R A
SRGINRE, PRI Fh PR AR S B S B0 s
B IE Bt S K SR [l i 2 —

ASUR B2 38 3o B 5 I R K AR Y SRR AL A

—ERREE AR TR K B ISR [ - e A
AR B A D SR U R AR e BR K A
Bl H AT 3220 75 K AR B 5 2% o A W OKR
poly Pz 5% 1k 4= ¥ B #% (enhanced biological
phosphorus removal, EBPR)[JCHE . X 4R
WA ) (PAOS) R WO 1 A B AE K Il 2 A8 i O
B HA W poly P, [HEM YRS, EBPR
RYH W WG TORHY 5 S R G RE

B X J& AN F EBPR REM R,

AATTRFFix s PAOs WM REEEAT Y E . poly P
B BB Ak DL R g P AL AR ke = TR ZA IR . AR
EBPR R4, PAOs 234 i 480/ S 1 32 B Ak
PR, RMIX AR A poly P FRR K
RZ—, PRI R B AN i AR DI RE A BIEST
e BRVE 22 4 55 1y 18 HR BEA fi K AR W0 AR T poly
PUST PR, AL 2 8 (R B ol a1 ) 175
A=) 22 TR R B R A SR ELAT B R S iy
S AR i TR H AR KRS TR AT R AL
LRI BE W (Microcystis aeruginosa)ff) ppk A, i
ST HAPE DL FR(ETRS) AR DA (ETRD) % 5
ppk IS IEKAE(ETR), 38820 7K R
BERCE A U FEAEM AT, poly P
F9 A2 W B AR R X A ) Y A A R Y
(B E /DA poly P BN EA LA EHY,

T3 5 7K B R 1 K B o XA B L
Z RV T, T3 Tl A= TR %
KA PIBR IR R, el il By R AR AL BRI R i
[, ZEWIA KT A - e R e b, Lk
PR 5 W UAE Y, T SRR AR i A= )
Z RBRIREL A RIOESE, AOE B WA Yy Bk
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