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The Structure and Biological Function of Polyphosphate-related Proteins

HUANG Jin-Ling'’®’, WEI Zheng'’* | YU Albert Cheung-Hoi'’-**-**
(V) Neuroscience Research Institute & Department of Neurobiology, School of Basic Medical Sciences, Peking University
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Peking University , Beijing 100191, China; *) Infectious Diseases Center, Peking University, Beijing 100191, China;
) Laboratory of Translational Medicine , Institute of Systems Biomedicine, Peking University, Beijing 100191, China)

Abstract Polyphosphate (polyP), comprising several to hundreds of phosphate (P,) residues linked by
phosphoanhydride bonds, the same type of bond that links the phosphates in ATP, has been found in every
cell examined, from bacteria to mammals. PolyP-related proteins include polyP-related enzymes and polyP-
binding proteins. PolyP-related enzymes, such as polyP kinase ( PPK) which catalyzes the reversible
synthesis of polyP from the terminal phosphate of ATP, and exopolyphosphatase ( PPX ) and
endopolyphosphatase ( PPN) which hydrolyze polyP to shorter chains or P., have been identified in a
variety of micro-organisms. PolyP-dependent kinases that transfer a phosphate from polyP to small
molecules such as glucose and nicotinamide adenine dinucleotide (NAD) have also been described. PolyP-
binding proteins bind polyP and exert many physiological effects. We speculate on the roles of polyP in
biological process are to understand the structures and biological functions of polyP-related proteins.
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AR 6 MEEATTR BT R AT
B> WL (LA BERR TR FIBEIR R 55 ) JE T A A A i
R A PN A A A T 6 5 1D AR i) A i A A
RO R RTOUNEE. SRR 2 Rk
i ( polyphosphate , PolyP) , T 1888 4 &I, &% A JLA™
ZHOA M EBERR IR L 1 = REBE IR T B TE B
HECAETCHLIAEE AT B | JF R B A L
SWITEN A HLAE i R N FRAFTE S polyP. HIFSE
7N, AR N B polyP RE % A 80 FIR T 8% 25 FR 45 ik
AR B N (stringent response ) |, fiE A4 )
BRHE B, 2 55 AR W 5 24T D A0 40 T 5 0 B A
AR, polyP b J& 85 B I EE LS540 1, 2 5
PEAIN ML A A5 T B I AE AR . L 1995 4R,
polyP 177 T Wi L 3h ¥ 41 i N A 45 2 3E 522 ik
J5i , polyP 7 i A5 AR My vh e ¥ A= BRI B B A (A W
WidE R, BlIAnEHESh Y B g AR Y i AR
AAERES BEMIETT T I RGN P2 ZARAHY

PO B A BRI A, polyP WAk IE AT BE 5 3k A2k
YIIPG  H J J 1% 240 L P B S5 A S B8] A ek g 4 i 3
U0 SRS AZZE MBI O LR BE R 250 AR
TR L R IR £k R T R S R BT B0 A i
@%2[15-18] .

BT, 7E RS AE W i 22 1) 22 SR Wl R A %
B, KRETE A b 3O 21 R E A 5L X R
polyP 7E i S LE W rh YRR ATk T IRIME. H RTRIFSR &
L, polyP HHKE T (Fig. 1) FEALIE polyP i K i
F polyP 5 &5 . polyP M CHEALEE 3 25, Z Rk
PR ARSI | 22 SR Tl TR il 21 R 22 SR Wl TR AR 1) DR il 288
(Table 1). T polyP 45 & 8 11 v bR 17 Bl M 1 £F 4k 4
it A K PR AR I S, H e KR TE TS 2R ).
ARSI polyP FEEAH BAE I 09 8 11 T A5 il
&, FEI5E polyP 2 55 24 M PN Wl FN i 1t U A7 J2E L K¢
G55 Z R 1 43 FHLE, B polyP 2 5 i 4 Ml
WA R A .

(A)PPK1: utilizes ATP to synthesize polyP; PPK2: prefers GTP to
synthesize polyP, involved in GTP signal transduction; PPK3:
synthesizes polyP concurrent with actin-like polymerization,
involved in cytoskeleton function; PPK4: links polyP synthesis
to P; transport across membrane

(B) GMK: utilizes ATP or polyP to
phosphorylate glucose and mannose; PPGK:
utilizes polyP to phosphoryiate giucose,
involved in glycolysis; PPNK: utilizes polyP to
phosphorylate NAD to NADP, involved in
cellular energy metabolism

PolyP,.,

Pool

PolyP,

ALP, alkaline phosphatase;
Cyt-18, tyrosine-tRNA
synthetase; DIPP, Ap,A and PP-
IP, phosphohydrolase;

F2, thrombin; FGF2, fibroblast
growth factor 2; GMK,
polyP/ATP-dependent
glucomannokinase;

P, inorganic phosphate; LonP,
Lon protease; LtrA, LLLtrB
intron-encoded protein; PolyP,,
PolyP,,,, polyphosphate
{n=phosphate group number,
nz4); PPK, polyP kinase; PPX,
exopolyphosphatase; PPGK,

Shorter Chain POIyP €

PolyP,

polyP-dependent glucokinase;

t PolyP-Binding Protein J

Polyphosphatase

PPN, endopolyphosphatase;
PPNK, polyP/ATP-dependent
NAD kinase; {p}ppGpp,

N\

(C) RpoD: regulates stress-induced

guanosine-5'-triphosphate,3’-
diphosphate /guanosine-5'-

diphosphate,3’-diphosphate;

transcription; LonP: promotes ribosome
degradation under starvation; FGF2:
regulates cell division; LtrA, XapR: affects
intron insertion; Cyt-18: involved in tRNA
synthesis; F2: involved in coagulation

(D) ALP, DIPP: phosphatase; PPX/GPPA:
degrades terminal phosphate of polyP,
regulates stringent response through
{p)ppGpp; PPN: degrades polyP to
generate shorter-chain polyP,
involved in regulation of chain length

PPX/GPPA,
exopolyphosphatase/
guanosine pentaphosphate
phosphorylase; RpoD, RNA
polymerase o 70 factor;
XapR, xanthosine operon
regulatory protein

Fig. 1 Summaries of the involvement of polyP-related proteins in biological processes

Arrows indicate the

metabolism of polyP and inorganic phosphate through functional polyP-related proteins. Four groups of polyP-related

proteins are involved in the regulatory functions for the dynamic phosphate pool. ( A) PolyP kinase group; ( B) PolyP-

dependant kinase group; ( C) PolyP-binding protein group; ( D) Polyphosphatase group
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1 ZREBIERMBERE

2 RWER I ( polyphosphate kinase , PPK) H.A
G polyP I RE. H A A B 2 R BRI i A7 4
DRI, BV Z R I 1| 2 4(PPKI 2 4).

L1 ZREBEANEE 1

R RN Z RBEMR MM (EC %5 N
2.7.4.1), RG % N ATP-% R W B2 W IR 5% 7% i
( ATP-polyphosphate phosphotransferase ) , f# £, ATP
F1 polyP, A= i, ADP I polyP, ., () ] 33 52 )7 . It it &
T 22 RWEIR % 28 7% ( polyphosphate kinase family) ,
FEANEE P AR H AR SF. PPKL A3 1 AR A IS B
D gﬁﬁﬂiﬂﬁ( phospholipase D domain ) , X GER
B B S S AR AL B, A RS
WA F LS OBEIE A B ( cardiolipin synthetase , EC
B 5 N 2.7.8.-) . BE 5 BEH O OBE R & N
( phosphatidyl glycerophosphate synthase, EC 4“5 &y
2.7.8.5) Wil # D ( phospholipase D, EC %5 N
3.1.4.4) BRI 22 A R & M ( phosphatidyl serine
synthase , EC 4i*5 4 2. 7. 8. 8) Fl Jt L35 75 f14) K 4 i
FE . Behs D ( phospholipase D, PLD) H—Fp g
FBEFR A (lipid phosphatase ) , 1 2 #4015 & F 34 C
(protein kinase C) 25 NJEFL MR B 405 5 e =
PR HLTb R R T B A L AR
= 5 51 A M, EcPPK1 (1 C1 Al C2 2544 125 4B
T PLD WAL S M, B8 PLD 88 520 (145 1 07 52
AR ( 20 IR -X -0 2 1R - X XXX - R A B IR - X XXX XX -
H &R - 22 2R -X- KA W) A EcPPK1 36 M7 55
A 23 ARIRLPE . EcPPK1 Al PLD S0 AT g i 4k
(6] 4 REL S 7 SR A 7 A 1 3 32

EcPPK1 BEor A2 R H T ATP 242 R
%i. EcPPK1 & JUH ik 750 AN Bl AR 4 141 41 11
polyP,s (K HBE i 1o A A Wi i 5 AT, LUAH 1 1Y) = g
Wi s e B A BRI, PPKI J2& H T oT e I
A 22 WM , PR M B A A Rl ) Ah B
ANTRVRE ARG ELAZ AR W) £ L IR BT ( Dictyostelium
discoideum) 1) DdPPK1 5 EcPPK1 #HLL N %5 2 ) 1
ARARF [F] 5 7 51 1Y 370 DA ERR , £ SRS 5
DAPPK1 FYBEE | A0 5E 7 A0 2E 21 D) AT 320 ¢
APV IR R Ppkl 275 Bk, HA0 i 4 25
FEH 1 M 3 42 Bl ( eytokinesis ) 32 2| T 52 . 2B
LYK ( Vibrio cholerae) F IR W) VePPK1 45 EcPPK1
FALG, A S 19 3 1 2E S HOR TR, B Km 2y 0. 2
mmol/L 1fij EcPPK1 & 2 mmol/L, {H /& LLif# 1 polyP

FEPUIRHEPREE . Wit 57 37 i 1L T (Acinetobacter
sp. ) [ PPK1 5 EcPPK1 A LG, HoA AL B i AT —A4~
Jr 18], AR polyP I ASFEA# polyP ™. 38 H AT 14
( Caulobacter crescentus) ] CcPPK1 [ C % 2 A 1EH
far 4347 B9 % FE (short positively-charged tail ) 2544,
5T R EmHAN o B TR

EcPPK1 ZRIRGE M & 2 MK 687 4~
IR, 5y F 0 80 kD MR, 4 ANEEHI (N,
H.C1 F1 C2) 40 L JE 4544 (L-shaped structure).
F PPK1 &, polyP [ I (55 1 4 My iz i b 4 & R
FRIEH) A B R 1L, H EcPPK1 Ay C1 &5 4 1 1Y
His435 J& [ SRR 57 IRk, PPK1 A H
JEH S TR I ( histidine kinase). EcPPK1 fmfA%b#y
R, R EEORSF I A I8 (tunnel ) 5 ATP 4545 H 48
( ATP-binding pocket) , ATP 7] §& M 45 38 (1) — % i
AL polyP £ M 55—t A AR XA U I S AR
HOH A R EE R W RNA R A B ( RNA
polymerase ) #H{EL, (It , EcPPK1 AJ DL X4 4E 3% A A A
MR AT. PolyP e i) F 2R 1E 2R
PPK1 BEAE A 18 76 14 Bt 3 26 4 10 25 4 S s, OF HL
PPK1 1Pk 58 R B2k Rl b OE . gk
R SRS ER A IR R,
1.2 S RBIELHNES 2

TE Ppkl 3 O AE (WO S B
( Pseudomonas aeruginaosa PAO1) %) polyP & & fy Hf
AR 20 % . LR B, REME R polyP 1E M ik iAokt
GDP Wiz 1k Jy GTP 4 PPK2 ™. PPK2 7E4 i
polyP B HEff F GTP 5 ATP, A[A T PPK1 H AE{fi
ATP. BRItz 4h, PPK2 i il polyP Az i GTP J2& i
SR 75 A% 1 PPK1 AL polyP 45 U 30 SN 1 4
. PPK2 & % GTP Wi IS¥-h & A 30 2 50 4
WML IL A1 i rh &5 polyP, PPK1 NI FH 15 & 700 /M
FREEH Y polyP. PPK1 F1 PPK2 FLA %45 B R 1k
fif ( nucleoside diphosphate kinase, NDK) Jif 1, i 1
P NTP( U ATP Fl GTP %5 ) Fl ANTP 1) £ /b 1 40
J e K 2 5 A 4 24 A A7 S i R

P. aeruginaosa 3£ ZH 1) BLAST £rifi &k 8, A 2
A B 3 ( Ordered Locus 3% [H 44 & PA0104 F0
PA2428) Fi1 1 > B 1K ( Ordered Locus %t K 4 K
PA3455) PaPPK2'7' . Flsl PPK2 H A polyP < fiY
ADP % 12 Ak B 75 P4 ( PPK2D 5%, diphosphate-specific
PPK2) , A= i ATP; Ifif Sk PPK2 3K polyP K i
B AMP % R 1k i 7 4 ( PPK2M 2§ monophosphate-
specific PPK2). B FIXUS, PPK2 L HEKF GMP iz



118 T EAEYI A 50 T AR

5530 &

2 GDP, B0k GDP B IR 1L GTP, {Hix — &k L
WRH TR (AMP Fl ADP 45) {24 3 4.

PPK2 5 & FR 4 ( thymidylate kinase, TK) H.
A7 46 7 19 30l R AR AL L. TR A,

P18/ a8 QA LY 3 A 2T = WG #8 4%
(sandwich fold) , I B o-18jjE 5% 1. TK B 244
i sife PPR2 A AR PR ST, O Walker A (H 2 -
XXXX-H 2 R-H 2R ) BAAH Walker B(RAZ MR-
K2R ) k. AR, =AY o 1RE T
FHAAT BB IR A 1 AU I8 S5 44 , 3 i 2R
o 2% T i HL 272 40 BT (surface electrostatics analysis )
R U N BE LA AR SR 09 OE B A O3 AL X Sy
fIE S5 7 LY polyP FRALPE B AHEC &, 45 B F
55 polyP FUAHEAEH]. X RFHEE A& A Fik i
AL, I HAAFTE T AT MR PPK2 Z5 44 15
Hal27)

PA3455 ( PaPPK2 ) Fl 24 K KN 3 #F
( Acinetobacter johnsonnii 210AA ) " & B B polyP .
AMP Wk R %% % B ( polyP: AMP polyphospho-
tranferase , PAP) 5 40 % B ¥ 51— 201, DA K AR ] )
AT IR 45 A BEAK ( nucleotide-binding motif ) |, [A] J& T
P 3R (P-Loop) 2 A & J%. PAP {1k polyP Hy iR 3
PR 3] AMP, 52 J R 16 SR A2 i ADP 9 i 7.
FH TR 2 P4 ( adenylate kinase , ADK) f# 1k 2 4~
Jr ) ADP AR 1 23 FH9 ATP A1 2359 AMP,
K PAP 5 ADK 55 PPK1 K PPK2 {5, i polyP
Z 54008 ATP (HE. PAP ALY AN RIAZ T
BRI B S PR AR, AMP > GMP >
UMP > CMP*'. i F PAP {5 2 Rl 1) PPK2 45
a3, R PAP AHA N2 —> PPK2.
1.3 ZREBERAEE3

TE L JE 00 T Ppkl AR BR T R BT
DAPPK2 , B PPK3'™'. PPK3 &A% a,B FI € 13 4
LBl £ A0 5 85 H (actin-related protein, ARP) W %&
W HE A, A ARP K6 & 1 -1 )7 51
PPK3 Al RG22 bELh b BRI 2R 25 5
ALY polyP & JL S I [|) I 347, B v Xl ARP
(G) +nATP<>ARP(F) + polyP + nADP.

BFLBEAENA Y, A AE T A A ), 22
WA ITLL polyP RJEUEAE ATP FifiEsE. PPK3
S5HLANLEhH A (muscle actin) 75 A0 )7 51 A
60% RIARMINE , I HAE T3> R/ 22 4R 45K 41
ey IESTT C 2D B €24 o SRR KBl RS8N

JIK( phalloidin ) FIJIE AR MEAZ RS | (DNase 1) X5
N PPK3 A% polyP. 15 53 IR T £ 4 P itk L
VLI A A 38 ( Chlamydomonas reinhardtii ) J& T L 7%
(microalga) B —F, Bk EA PPK3 FEIE T, dL ]
BOREIARINE. B AR Y & A LT 2 5
EHERANAMER, 2 5 ML S — R 401 E
Py ope™ | b BT EAREE polyP, A 7E R 4%
FMITE PPKL & B polyP B A 220K 41 % T 1, polyP
AR ol [ A IR 52 0T 9 R S8 B IR ), {5 3L PPK3
I

PPK3 # 45 7] fig v F 45 R & ( acidocalcisome )
P9 ISR polyP JHUA PRI N A R TR 7 AR T R A
LS L ALST., polyP X FP T £ I BEVRY) i 2 5
TE S AN ( protocell ) B 2R # FTRERY. 4
JH 2 R A SR AR A AR L A R T B R 254,
i Ppk Al Ppx P> JE [N A RS polyP 11 2 BE IR 4%
J, A A A ) /N ( minimal cell ) A9
THESEEZ A BS AR . SR/ NA 7 N T8
FEIEL T polyP $& it fE i 58 il b 1 A= 1 2
ThRE, 4EF B B i AR R B
1.4 ZREIRAEE 4

TE B A W) 213 ( Saccharomyces cerevisiae)
W I, & B F% iz 118 (vacuolar transporter
chaperone, VTC) & &K IY5E 4 AN VIC4 HAT
ZRWER BB YE . ARG PPK 19 & ST H5 3
145k 22 RWE BRI 4 (PPK4 ). PPK4 Rl RNA —#%
MR ( RNA triphosphatase ) Cetlp 5 [ Z5 R AHAL 2

PPK4 ()R ZE ) A 1 AMEIETE 1148 (tunnel -
shaped pocket) , &y ATP i %54 X8, (HAEREMN
& TEWE R 45 & 45 #4 ( phosphate-bound  structure ) 7
A DL T S T HES A B R R A A 2 A
FAIESE , polyP 34 2 5T Hh 1 HL A7 43 A1 1) /8 1 25 4
KAEMEAEH, X polyP M 1/ T A= 42
NG L) P HAT B L

2 ZREBEREE

IS A A R RV LR polyP , 5L T 4%
TR W AL IR % , AR IR AR IS B AN ), 20 S SMT) SR
Fi2 i ( exopolyphosphatase , PPX ) F1 N 1] 2 #% iR
( endopolyphosphatase , PPN) . PPX 7E 2 R W R 7P iK
% — VBT IR IF R, Mo 25 B IR B 4k, 1T PPN JUJ DA 1N
2.1 SMIRHEERES

SR BRI MG (EC 4550 3.6.1.11) , REL4
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£ B OB R BE R K M B ( polyphosphate
phosphohydrolase ) , & ## 1& polyP, 1 H,0 4 i
polyP, AR () S 7. PPX JiZ 7278 TR G4
th. H2L PPX FEHE T Gppa/Ppx RN E G, ik
WL HE 5 W T BE PR B R K % B ( guanosine
pentaphosphate phosphohydrolase ) ; 73 4 — %6 £ H it
WJJ& T PPase class C X% , 5 1 o i A 465 4 MO 1)
JC ML £ BE M B ( manganese-dependent inorganic
pyrophosphatase ) 1 Prune £ [ [/ I 47 5%, tbAh, 4154
FE WIS EE A Surk BAT SN R BEIR N 15 18, & T
SurE R H TR 5 , 53 i AU AR PR VE W IR I ( acid
phosphatase ) 1 5’2 FR i 45

KIGFFE EcPPX, Hogmfd 3 R T 4wt PPK &
P 4 9 T (operon) T iF, L 5E M U1 KK & 1Y
polyP.o, , X} ATP Fl%E 4% polyP WA 167, EcPPX &
513 MREEER, 4> Tk 58 kD, H A& ¥ e KIG MR
P Mg®* M KCL 7EfE 2440 T AL =) R &4 P,
FI PP,. PPX/GPPA H A PPX I L o iR i R Bk iR
AR A BUEE 36 M. GPPA ¥ 55 1F H 8% R ( guanosine
5'-triphosphate 3’-diphosphate , pppGpp ) 7K f# A & Ff
VU % X ( guanosine 5’-diphosphate 3’-diphosphate ,
ppGpp) , ppGpp 1 Ky 4 i N 17 5 43 F 5% i %
(alarmone ) , 7£ % FE iR 55 5 FR 5k = 51 & W™ & RN
B 2 ST S B T RN A S e R

HAZAEY R PPX AT BES3 A T4 b 2 4% P
PR % B A B 5T th A7 7E 45 kD R4 1 & (Y PPX
(ScPPX1) , TMIFEBL SARLIANEE A0 A% LA K A 200 i
SPAEAE R 43 T (291 000 kD) 9 PPX' A i o
S Mg RE Y. AN B AT B PPX AR B IR Y)
FEAME, 55 47t PPX AR LL, IR T4 PPX BT i
6] T B polyP. PRIPTERETH Ppac JE A Y 5 A8 45 1l
4 ffL N k= TR EE Y polyP, BT N AT 55 R polyP 1Y
I BT ScPPXT AF 37 CI 1 ANEESTT
TR PP REREIL 3 T3> i B R AR A , WA IS R AT
I PPX 4 40 1%, Rtk & FH ScPPX1 1E A 5T polyP
Uifeny T HE. 78 MCF-7 ZLERIE 40 2 rhddi A BERE
Ppx B IR, WL %56 2 B 4L 40 i A fiE i % mTOR
( mammalian target of rapamycin) , i % H PHAS-1 A~
RERIEIR L.

EcPPX A 2 A IIREL I (N 5 Al C Ui ) . N ¥
AR (T D) |, A0 B i B ML s a0 P-3R
25K, C USSR (TIL AT IV) A 5 A7 polyP 45 & 454
S, WA K T, S R B T
PPX —RIKPFAAAE 1 A S FEIRAY (S-shaped canyon)

SR T 45 A K BE polyPP . T RN I 45 M del
AaPPX/GPPA S5 K5 AR BL, T Rl T1 4% 149 35 i) 1) 24 i
(cleft) FLAT B HE XA, AL TG M7 077 Xk
fit} J& - ASKHA (acetate , it /i i ; sugar kinase , ¥
g s HSP70 , K 111 70 5 actin, LBH AR 1) BERR 55 35
Jitf 8 2 % ( ASKHA phosphotransferase superfamily ) ,
Hrh 548 = W R — W% IR /K f% 1 ( ectonucleoside
triphosphate diphosphohydrolases ) 5 ¥4 fc AAHIT , 26 3
GERIERIE I 6-8R i@ A5 1, I ELAZ A Wy ) BR A
TR R — TG il ( cyclic nucleotide phosphodiesterases )
A AL o0 [ UL PR B BE T PPX/GPPA & T
DHH B2 Fig it 2 % ( DHH phosphoesterase family ) ,
DHH ZEH5HR & A ARTR] Y R A 2 IR - 2H 24 R -2H 2 R
SPARAAR. ScPPX1 55 524 [ B T J 1) 45 i R 1l K
TR EE A e T B AR ABA | i D S X A ol 1 1 o
FL, T BN R A AR ALY R BIL R, R T R
ScPPX1 B 25 4 K Wi 47 1 4> 18A K #Y 1 38
(channel ) , 38 18 1 — ¥ & B 1 A KB B 1 TR 7
(polar cavity ) Z NI HEA AL SR

it h-prune 21 N TEMFL 30 B & BLA) PPX, IF:
H. h-prune 52 #| polyP AYIH35"*"  h-prune & 14> 1
B 50 kD, & A5 iR prune FIP & H , R4
prune Ji7 250 IR G B0 ph AR (0 10) 58 (AL i Rk
h-prune {7 [} 957 200 10 A9 f=2 22 8 0 155, B S 5 FLIR
I R S5 TR B R A R
2.2 AYIREEEAES

WUIRBERR RS (EC 54 3.6.1.10) , REE4
R B R £ B W TR K f# B ( polyphosphate
polyphosphohydrolase ) , i ft. polyP Fl H,0 M PN #%&
A EHRA R IE Y polyP A 4E. PPN 15 PEAR AT GEH
SOV polyP, HETTH IS polyP YK, 7 7] 9
JEC A In B e HEAS [ 4 A i

%Ry ScPPN1 (1 78 kD AR 1AL Ik 28 25 11 TG
P BRI D SR 2 TR 8 A R T P AR R
TR polyP™! . ScPPNL REHSAT A MR 15 40
P05, L7 e A A W P R R 3 ) PR A

i3 20 M 55 7 DDP1 ( diadenosine and
diphosphoinositol  polyphosphate  phosphohydrolase ,
DDP1) LA K i L 3l 4 v (4 [ 9 2 X DIPP1 | DIPP2
il DIPP3a/b L9k & B L AT PPN 3 £ & T
Nudix ( nucleoside diphosphate linked moiety X) 7K fiff
M5, A MutT BUA, SUFR Nudix & 9 AL 45 1)
BRI OB AT K A R IR LR 2 B R PP-1Pn,
S 50Mf5 5% S . Ak, PP-IPn AT RES: 5 Ml
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M polyP 7K1y 5 .

TERERE PPN1/PPX1 LA (R AERR b A7 A il
JFrR PPN 71, 5 DDP1 X RUABURS , i 2 (i HL e i
(R P AN [, B 40, e e B p rT BE A 5 3 R
PPN,

3 ZRBBRIR R B

IXZEMERE A F ] polyP 15 A B 14 If B R 1L
INFTIRY). BRTOFSEELZ YA 4 25 polyP 4517
7 B I8 B ( polyP-dependent glucokinase) , polyP/ATP
451 48] 25 M4 B4 8 ( polyP/ ATP-dependent glucokinase
PPGK) , polyP/ ATP <561 7 % 0 T &5 M I 15 ( polyP/
ATP-dependent glucomannokinase , PPGMK) #1 polyP/
ATP K #i NAD ¥4 /% ( polyP/ATP- dependent NAD
kinase , PPNK) .

3.1 HEEHMEEE

22 SRR A 1 4 28 WV (EC 2.7.1.63) ,
RO 4 2 Bk IR W AW o-k 1R % i
( polyphosphate ; D-glucose 6-phosphotransferase ) , f#
k. polyP, FIH 2 1 5 i A2 B polyP, | FlH] 25 0 6-1
2. XA I T e RS Bl AR | 3k R B 22 KU 5 AT
Z 5 WE WA FOBE S A R R R R RO T
( Mycobacterium phlei ) W /& B8, HAd H polyP =% ATP
VE W R AL AT LA i T4 i ] 280 W 4 32 e 7% AR R
IR AR A , A U AT 6B, UG A A S 5
Ja g Ak N 85 K% 4y B FE B ( Mycobacterium
tuberculosis ) & Y 1) polyP/ ATP 44 jiit %) 7 75 bl % 1
MPPGK , BE{f H] GTP \UTP I CTP 1 Ay i i 56 A1 {1t
& ( phosphoryl donors ).

M AN Arthrobacter sp. Strain KM ik polyP/
ATP {56 %) 78] %69 4 H 25 % 4 B ( glucomannokinase,
GMK) 24 30 kD HY 5 R EE F 5, RE DL S il MR 1L
ZPE S H— R S5 AN polyP B polyP/ ATP i i)
IO | N L e 2 T e T R W ) ) 2 W AL
TEAT 50 e AR, -5 8 22 G P A T ) A 2 W
i S A% A W v 1 OB ( hexokinase , HK ) AS[F].
SRy, #2410 Tl R A ol P 7 A= i 7 400 1) 4 T
HA P ) B TR AT RS AR J2: poly P, T 24 25 358 v i B
ATP J , HI B S 7T BB 3% 1 0 6 ol 6 F ATPH.
il polyP AHLE , 3 28501 B/ BN S AHE AR
LER RS S5 NI, B D WA PR AT (LA pry S
L. TE BB /N A B ( Microlunatus  phosphovorus
strain NM-1) & 8L, H A H polyP MiAEE(H H ATP
VBN Wi R AT A 1) 7 25 WE A, 5 MiPPGK 751

HAL, LD IR AR
3.2 PolyP/ATP #&#i NAD s

2R W R MK B NAD® B8 (EC i 5 0
2.7.1.23) 4k NAD * H#iRi A1 polyP, 4= BY polyP, , il
NADP " #fifif. NADP* % i 4y A= W) & s At 1 3d0 Jie
fiE /7. NADP* #iifi#)Js T NAD * S BE 5% , % B 5t
145 NADH 37 (EC 454 2.7. 1. 86) Al NAD ™
W (EC Ji5 0 2.7.1.23).

PPNK ffi ] polyP B ATP 1F Ay fik & 4i 1k
NADP * kA a1 AN i, BN NAD * A i iR
BN, NADP 218 230 [ AR WA RO 1) E 2 A
+, 9 HZ A0 B A A L R 1Y) 2 R A
NAD" ¥ WM J&8 T B B R W ¥ M (6-
phosphofructokinase, PFK ) | — [k J& H i R %
(diacylglyceride kinase ) F1 ¥ 2 [ 34 1 ( sphingosine
kinase ) B G , 13X L g A7 A AL % Tl 1 35k AT (L4 1) &5
AT, BIANZE R AT BT IR NAD * 3l , A S & H
FIRIARST X3, A7 AE T N It Myl C 4ty
[i] 284 B ) B e DX s, G 5 Ak TR M A OG, A
NAD* NADP* l ATP 4544 %

4 ZRBRAEA/REAR

MEEY P2 RBEERS S EA
( polyphosphate-binding protein ) 7 /5 %5 4= ¥ h R $%
B [FE AR B RTHRGE 5 polyP HA A HAE I
HEHJTEA . RNA BA5 8 070 T (RNA polymerase
070 factor,080) \LI. LB W& T 4S8 A (LI LuB
intron-encoded protein, LirA ) | i & iR-5% iz RNA &
R ( tyrosine-tRNA synthetase , Cyt-18) | #5 I& 04 42 1
Be g\ 7 ¥ 7 B H ( xanthosine operon regulatory
protein, XapR) \Lon £ i B84 U 2T 24 40 Jfd A < A
AR NG , X S8 By T 5 polyP 45
B RIEE EEAINRE. bR T 0 T AR A0 AR K
THIGE M ARSI, A AR TR AR .
4.1 RNA R&5B 070 BF

R i SR 2 BUR S o T 5 RNA RA T
BOMEE A MR 3, o B30 e B ih A s, 1l
RNA 5 BEEE SR 3150 AL, YA R RL 2% A
TAEE T (regulator) IS . 5 KT EEAR
Ho , A T THR T B8 ( Helicobacter pylori) Y3 PR ZH #/)N
Bl SEAL DR NS TR B /L ] 42 48 31 ke = R0 I 9800 S o7
H oS .oH Ml oE AT, A 080,028 Ml o54 [H1.
H. pylori 1Y 080 FFJ& 070 EARGERRZ—, 5
E. coli #] 070 L, 080 B N &5 3(Z T 70 4>
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Table 1 Summaries of major polyP-related proteins

Enzyme Sequence similarity Structural information Multifunctional activity
PPK1 Monomer contains a region  Four domains (N, H, ClI, C2), central Catalyzes conversion between
similar to PLD domain and tunnel is ATP-binding pocket and where NDP and NTP

conserved  autophosphorylation  polyP is synthesized
site
PPK2 Monomer contains Walker A and  a-Helix/B-strand/a-helix  sandwich  fold, Prefers GDP to generate GTP
Walker B motifs central five or six B-strands parellel B-sheet,
flanked by a-helix
PPK3 Contains ATP/gelsolin/ profilin ~ Three subunits, belonging to ARP family Synthesizes polyP chain
binding sites concurrent with actin-like
autopolymerization
PPK4/VTC4 Contains SPX domain Anti-parellel B-strands consititutes tunnel- Transports polyP across
shaped active region membrane
PPX1 Belongs to DHH family N/C terminal domain contains three-layer o/
B/a, central five B-strands parellel B-sheet
PPX/GPPA Belongs to ASKHA phosphatase ~ Four domains (I, II, IIT and IV) , functional Degrades pppGpp to generate
superfamily dimer surface forms S-shaped channel ppGpp
PPN/DIPP Belongs to Nudix hydrolase  Classical Nudix fold contains mixed B-sheet, Degardes PP-IPn
family anti-parellel B-sheet and short helix
GMK Belongs to transferase family N/C terminal domain contains five - strands Phosphorylates glucose to
mixed B-sheet, the second B-strand is anti- generate glucose-6-phosphate
parellel
PPNK Belongs to NADase family N terminal core contains four [B-strands, Catalyzes NAD* to generate

parallel B-sheet and four

terminal core contains nine B-strands in two

a-helices, C

NADP*

layers

According to bioinformatics databases, we summarized the sequence, structural and functional features of polyP-related enzymes

FIEMR & F 15 polyP 456 B9 7 1E H i 22 192 [X 35K,
PEARTE M T WRFT B R Bl = DL R BB I polyP
WU A7 RTRE AR SR S AR (0 T Rk DR SR 3k R AN i
R,
4.2 LLLtrB A& FHRHEEA
TEEARZAEY) T 1T BN & AUEA 105 5%
TEPER AT BE , T ELJE A] B8 3l i 5% s ok, i
ERPFRRI, MRE TP WA AT A SR I BN T
EATREME 5L s )3 S A B [T N & 1 S0 AR
PRIE L, B 00 Sl PR A A B AR A AL BE R . T
ﬁﬁﬁﬂ@?(mobﬂe group II intron)@ﬁﬂﬁf&’ﬂj’ﬂfﬁﬁ
[l 7 F RNA (intron RNA) , LA B HAT 5% S I
PRI N & F 4% 8 H (intron-encoded protein ) , 75 N
TRt DNA BB 15 E. coli HPidFRIAFL
TR FLER T ( Lactococcus lactis) B L1, LB N &, Hidw
T LirA RESMNELS N & 7 RNA SE[RDE %R
1 25 FH UK ( ribonucleoprotein particles, RNP) , I %
AL TSR 35 BN & T4 A B E. coli 195 il
AL OriC AV ) 28 1k X 38, Ter. 124 polyP F
LtrA 2550, 5 30X Rl 5 07 A& A= 2, AT 52

i) PN 5 T4 AL O B Y Y E. coli 4R MU AL T
o7 PR AS B E AR BB, P9 AR R T Y polyP
W AT RERLAS E. coli W HA FHFEAEH & H BTy &
AL, 52 M) 35 PR e S R 5 7 .
4.3 MEE-IE RNA SR EMNEERZEFRH
FATER

HLRE Ik 16 2 ( Neurospora crassa) R RN -ER)
FR-5%i2 RNA G hff Cyt-18 1, E. coli 1) HTH %
B SR XapR 8, 7E Gppa Fll Ppx FEH 2848 B
R REOR A3 A, T R S AR YR Ppk 98 A8 R 2 AR
4345 ( pole-localized distribution) ™. 33 5 HF 3 1
SRR BT HAEES S polyP BERRE HE 1 BT E
7, BR8240 it P B
4.4 Lon EAME

AN Kt BV, rRNA T RNA 94 B
B[ AZ BRG] b A% AN O B Bl R R R —
H IR AE FEOR B g BLR]. DU BRI S &
o Hp B PP B IR - (stringent factor ) B 303 , 4N
RelA 5 3000 B8 0 3 4 10 AR B2 A ATP 5475 3]
GTP & 1 pppGpp, pppGpp 4 GPPA Ak 7K it A i,
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5530 &

ppGpp, P& BT A1 RNA RA 1 B 547 1 &5 64
TN T N SR Y KA E N pppGpp M
ppGpp AT S5 PEA I PPX 36 PE, 52X polyP B9 T+
e RIAATARAE™ B S o B Ak 2 1 o R
AEMY Lon H IBGREAS 5 polyP 254, WO R A% 0%
PRI THRREE I AL Lon B I AR 1A
polyP =35 WS G 1A | e 25 52 M A M A A8 1 Joi ) e fe
AR, S5 A RS KRR
4.5 WHERTEMABERKEF

TEMFLEN Y it 5 polyP 4545, BV LT 4k
4 e 4=+ A F (basic fibroblast growth factor,bFGF 1
FGF2 ) 7] sk Gl A B3 A, 15 DA SE 4~ 5 9] O 15 2
b T A= T AR A 5 A0 R T A2 AR TR =R UK
(‘tyrosine kinase ) %% AT s RO ( heparin
sulfate) 1] M2 #F FGF2 55 1% 2R il 32 AR 45 4,
PRHZR ZRIENIE N RE S 5RERSE S,
polyP 5 FGF2 By45 47w v RE- 5 MR 45 & L S AT
FEFE S, H polyP WA K IBAE FHZL LU IF 2R .
4.6 EIIEs

FEAE T NI/ MRECE BURL Y polyP , AT 7E il
AINBOBOE S AR T RIS M. ISR R IR, polyP 25
MR BE [ RS N EREE I K FV )& AR FVa
(R A, 38 5 T S5t ) 7 A A & I 74 ( thrombin )
. 551 AP 9 I, polyP 5 BE Ifi B4
{5 1 (exosite 11) i@ #FHLAE ] 1 455, BEMAGAT
BT 5 AM A TR L 3R T S oM, Fnr 2 B 1]
B IEYE RO SR (glycosaminoglycans ) W 2 45
455, HAATERER TR polyP 5 &E ML HFFM &
I &5 G A TR B A B polyP B4 32 i JIF 3 1Y
USRI

5 OB5RE

P A i A R P ) T 2 BT, polyP 55 A il
EIA 5 TEBE I 2 b — B T RE R IR AN R
ST HEA R (0, R I3 n] BE AT B 22 A 40 i 9 42
IR ZIRBERRAN DGR 3 i 4= ) polyP (14
I WA 2 32 25 polyP S5 A HYRE I, S8 UL R %
T RS AT 2200 R AR B R R A
BB AR A Y. A, polyP AR T RE S 5 BEIR
EEEBFA R R, 2l AR B EEARTT
15 TG BRI SRR DA A o RE W R (LR R 2 54 p
(AR BE R A7 2, K 48 78 polyP 1X A4~ 3k 5 UL 14
e PRI T B HABE A D RE. HATET X polyP
ZEEEETT polyP RIMLEI BT SETIA TR IR 1X 4k

TAERITFRA B THESD polyP AWk 550 F A4
SPAERRAIEST, JFR T RE 5

BOST  EA SCEEE ] R R b R AE A A Rt
B, BB A B 5 5 S A S = R [
HAZ AN SO A 45 5 AN 20 Bl B b R
SFR AR RLEIF G Greg Vatcher T8 - R TAE.
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