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biocatalytic phosphoryl transfer reactions. Polyphosphate kinase (PPK) is a versatile enzyme
that can transfer phosphate groups among adenosine monophosphate (AMP), adenosine
diphosphate (ADP), ATP, and polyphosphate (Poly P). Utilization of PPK is an attractive
solution to address the problem of ATP regeneration due to its ability to use a variety of
inexpensive and stable Poly P salts as phosphate group donors. This review comprehensively
summarizes the structural characteristics and catalytic mechanisms of different types of PPKs,
as well as the variations in enzyme activity, catalytic efficiency, stability, and coenzyme
preference observed in PPKs from different sources. Moreover, recent advances in
PPK-mediated ATP regeneration systems and protein engineering of wild-type PPK are

summarized.
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Figure 1 Schematic diagram of poly phosphate
kinase (PPK)-mediated ATP regeneration system.
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Figure 2 Schematic illustration of this article. The
schematic illustration includes classification and
structure of PPK enzymes, biological catalytic processes,
and the construction of ATP regeneration system.
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Figure 3 Reaction diagram of PPK1 and PPK2.
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Figure 4 Catalytic schematic diagram of different types of PPK2!"% Preferred reactions catalyzed by PPK2

leading to ATP synthesis.
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Figure 5 The diagram showing the structuring of a
model enzyme of PPK1 (EcCPPK1, PDB 1XDO). The
structure contains four structural domains. The
N-terminal domain of both subunits (residues 2—106)
is colored in red, the head domain (residues 107-321)
in green, the C-terminal domain CI1 (residues
322-502) in blue and domain C2 (residues 503—687)
in yellow.
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Figure 6 The diagram showing the structuring of a model enzyme of PPK2 (SmPPK2, PDB 3CZQ). This
structure and its three-dimensional protein structure are related to the conserved sequence Walker A
(GXXXXGK), Walker B (DR) and LID module.
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Figure 7 The diagram showing class I, II, and III protein sequence alignment of PPK2. The sequence
alignment involves PPK2-1: SMc02148 and DR87_59; PPK2-I1: PA3455; PPK2-11I: AAur 2811, MrH 2468,
CHU 0107, and DR_0132.
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Figure 8 Analysis of PPK1 catalytic mechanism. The proposed mechanism for PPK1 autophosphorylation.
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Figure 9 Application of PPKI1 catalytic

mechanism!'*"), ATP-binding site of poly phosphate
kinase (PPK) and the chemical mechanism for PPK
autophosphorylation (screenshot of Figure 5 from
literature [18]).
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Figure 10 Proposed catalytic mechanism of
PPK2s: Poly P-dependent phosphorylation of
ADP to ATP!'' A: Ternary enzyme-substrate
complex (PPK2+poly P,+ADP). B: Transition-state

intermediate. C: Enzyme-product complex (PPK2+
poly P, i+ ATP).
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FEF M (10 mmol/L) T Mg™ 't Mn® L350 %
B, (HATE Poly P& HIAIA, M
PPK2 %} Poly P & i #5425 2] 5 PPK1 AH 1Y
KB, T 48 A R #E FT B (Corynebacterium
glutamicum) PPK2 AR BIMINE, Wi Mn**
2 R AR R, TSR A B
T, B ATP/GTP 4 i Poly P2,

%1 PPK (SMc02148, PDB ID: 3CZQ). PPK (NCgl12620)F1 PPK (SMc02148, PDB ID: 3CZQ-KET)HJ

hhESH>
Table 1
PDBID: 3CZQ-KET)™*"

Kinetic parameters of PPK (SMc02148, PDBID: 3CZQ), PPK (NCg12620) and PPK (SMC02148,

Variable substrate Constant substrate

Kn (mmol/L)

Keat (1/5) Keat/Kin (L/(mol-s))

PPK (SMc02148, PDB ID: 3CZQ)

Poly P ADP Not detectable Not detectable
ADP Poly P Not detectable Not detectable
PPK (NCg12620)
Poly P, ADP 15.242.2 5.6£0.9 0.37
ADP Poly P 0.03+0.003 9.1£0.7 303.30
PPK (SMc02148, PDB ID: 3CZQ-KET)
Poly Py, ADP 19.0+1.3 15.0+2.4 0.79
ADP Poly P 2.3+0.5 2.940.5 1.26

&: 010-64807509 IX: cjb@im.ac.cn
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222 ©€RBEFX PPK2-1I BS54 FRATFZ NG

PPK2-II AL FBIRAZ T IR L, R
— ARl R B BB R SR H A BT T (Acinetobacter
johnsoniii) Y AJPPK2)AE, BiFRHK Poly P-AMP
R4 A4 (Poly P-AMP phosphotransferase, PAP)!'"!,
RERSIHAE Poly P AT LIM ADP A AE Poly P,
AJPPK2 ] Poly P & alah 112+ S5 (Kn Al Kea) 5
EcPPK1 AHL. =5 #& (100 mmol/L) i &AL BEA F]
F Poly P HOVHFE, MAK/KF(20 mmol/L)H) 5 (b EE
A FIF Poly P (G, FRREMAMM 4R T
AREA BT PPK2 BB EFEH . AJPPK2
Ja MG AT LR L GMP Fil JAMP, {HARE
Wil fk CMP, UMP 5k IMP!'", AN 5056,
Mg BB Ad:, Co™ I N HYTE ME4E55 , 1 Mn**
I Ca> WA TEERY, Sun ZPELES] PPK2-1 4
B — kK ok 8 ¥ JC ML B OP T (Sulfurovum
lithotrophicum)f) PPK (SPPK), TEANTETE Mg
MG ROV LT A 175 24 Mg WRE N
20 mmol/L Bk F| i bA%E, 10 mmol/L i
T2 ATP B3R 1] 3K 76.0%.

®2 PPK2-II WEIHEsH "
Table 2 Kinetic parameters of PPK2-1111")

223 &£EBETFX PPK2-II EBEFAREN

Il 2§ PPK2 W05, REASWERRILAZTT Stk
MR B SRR (AMP 1 ADP), T XX SN
A4 KT W, Motomura %5 SEEIE T KA
Meiothermus silvanus, Deinococcus gethermalis,
Thermosynechococcus elongatus #1 Deinococcus
radiodurans i) PPK2 fE@5 | H Poly P )\ AMP &
jif, ATPUY, Nocek %5!"Hi & B 3 Bl 11 20 «
ChPPK2. DrPPK2 Hil AaPPK2 #FXf Mg*", Mn?",
Ca®", Co™' I Ni* FRHLH W AT, xR
1250 11 KA, PPR2-TIT (- AT LA A2 )
eI A= R (E I TIPS R
2.3 PPK2 HIFhNESH

F2MEAR T E A 5 &R PPK2 i ATP
AR 8 122500 24 0L ADP R IR,
PPK2-IIT ) Koo FL LA AMP iy EE W R 248 , MrPPK
1 DrPPK Y ke ™" {H7E 107" s JEFEIN . ChPPK
1 AaPPK %} AMP F1 ADP RIHEALZCRALL, T
MrPPK Fl DIPPK 1) Kead/Kin ™" Ft Kea/ K" 155 P
MRS, ik, ADP RIBERR 1L AT LI AT

Entry PPK2-III K, AMP K,,APP Koo "™MP Koo 0P Kt/ K M2 Kot/ Ky PF Relevant Relevant
(pmol/L) (umol/L)® (1/5)®  (1/5)™  (L/(mol-s))™ (L/mol's)'> PDB ligand
1 DtPPK 120 >50 56 N.d. 4.7E+05 N.d. N.d. N.a.
2 DrPPK 270 200 94.5 0.4 3.5E+05 2.0E+03 6AQE  ATP,
Mg2+
3 AaPPK 830 170 21.2 4.1 2.5E+04 2.4E+04 3RHF  Citrate,
PO,
4 ChPPK 620 350 16.8 9.4 2.7E+04 2.7E+04 6ANH  G4P
MrPPK 33 246 7.1 025 2.1E+04 1.0E+03 506M  ATP,
PO,*
6 LhPPK 5700 92 1.6E+01 5LC9  AMP
7 SPPK(PPK2-I) 610 140 2.3E+03 SLLF  ADP

[a] measured product was ADP. [b] measured product was ATP. Abbreviations: Polyphosphate kinase from Delftia tsuruhatensis
(DtPPK, PDB ID: N.d.), polyphosphate kinase from Deinococcus radiodurans (DrPPK, PDB ID: 6AQE), polyphosphate kinase
from Arthrobacter aurescens (AaPPK, PDB ID: 3RHF ), polyphosphate kinase from Cytophaga hutchinsonii (ChPPK, PDB ID:
6ANH), polyphosphate kinase from Meiothermus ruber (MrPPK, PDB ID: 506M), polyphosphate kinase from Lampropedia
hyalina (LhPPK, PDB ID: 5LC9), polyphosphate kinase from Sulfurovum lithotrophicum (SPPK, PDB ID: 5LLF), guanosine
5'-tetraphosphate (G4P), not applicable (N.a.), not determined (N.d.).

http://journals.im.ac.cn/cjben
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it PPKs /AU AMP 724 ATP ] (18R 58 A
¥, T PPK2 /e AMP #ERRILAYSLER, ATP
A I HE R B G th X — S5, il b
ANFEIE R PPK2 REMS S AT B T RRAR 2 A 1of
PRI TEPE AR DM T2 AR L

3 ETPPKHWATP BHAKRMA R

3.1 PPK H4% ATP HOWESREXEMEN RS
JEF PPK (1) ATP FAE IR R HE RN 54 AT
HRAE A= P AL 1 8 A AR e R TIRAG Y,
BB GG HR A AR WA R 2 A
EFRIEC L . R Ak, LA i 58 p= R
[(space-time yield, STY) g/(L'h)]. A=y~ #iiiss;
FLRSE S R 7 19 5L i 5% % (total turnover, TTN),
WHAIK, HETFAY TIN T2 8 10° 5] 10°,
Kameda 25U°FI FH 22 2 R W IR % 7% 1 (PAP)
2B BRI (PPK) BETT T — BT iy ATP £ R
55, 1% - “PAP-PPK”ATP Fi/k: %t . PAP figfit
1k AMP BiR%: 1k ADP, PPK fi{k ADP K,
ATP., PRI EEER 8 FH TCHLZ B R ER Poly P 1E M
g b fitiAk . 7E“PAP-PPK”ATP Fi4: 245, FIH]
Poly P it PAP F1 PPK BRI 1 AMP i
SEA AL ATP, IZJV HT, ATP FiA: 39.8 1K, 99.5%
) CoA FeAbhy LMt A, “PAP-PPK”ATP 5
ARG LN GMP 4 GTP, ‘Etn] IFIfE
GTP Fi4: &45: ., Strohmeier Z:P° 7 & 17 —Fh e g
MR Z, UGBS ) MrPPKFIE 75 h AR
HR98 TR SMPPK I F - 35K B 3 12 19 SR B R e
FEAE LR N AMP A2, ATP, H-UIRRIRER I
JE , A AN 05 B . 22 SR IR T R PR 77K
F P E R JE R I A % ST AR T LAY
g7k ATP FiAE RGN, 55— 7 i A i
G L2 BRSO . B, 200
at 3OV ) ] 5k T 25 BR 40 40 7 (Rhodobacter
sphaeroides)i) PPK2 #4 & T H3RiE ATP FA:Fi

&: 010-64807509

LR AR A M EA R R, SR
B R R B (PPK) Al 4% & Bt B O & R
(glutamylmethylamine synthetase, GMAS)JL[H ¥
G, f Rk E A FURLEE AR BL21(DE3)
Wi, #£37°C. pH 7.0 T, M 5 mmol/L Y
ATP 5 200 mmol/L ¥ L-75 & BR4H W 24 h )&,

L- PRI 7 ZE AT IR 5] 86.0%.

3.2 PPK 4% ATP MSERREAE ML RS

KTFRSMFI A PPK M AMP FiA: ATP AOHR
ER A, /B YR B T
Petchey 45VPYFIH ATP 4K 6t 1) 19k e 5 & 1 1t
McbA, f PRI ER A, A RAZEZK A 5T A
R IR FIN e A AL B BT I o 32 S by ol 8
AMP 5 Poly P ERBERRIATE AJPPK2-II /EH]
T4kl ADP, SmPPK2-1 % ADP #%4k- ATP
DISCERRE RGN, IRYHE 6 3>99% . Winkler
INEBFSE T LT SmPPK 5 MrPPK BEA Ak
ATP FiAE RSG50 Poly P 53K, ARG T4t
FR IR 14 )i i (carboxylate reductase, CARS) AR IR
WA R . WFFE R, AR T A RS
TR LY 2455 6 1511 Poly Pys (G T IE RS P
TN it e ) e 20 S0 58 P> . Mordhorst
W T HA ATP B4 R BEILAG A T4 R
8, RRGA BRI Z R ERE 5 — BRI,
2 Gl 5 1 Z W5 IR IS PPK2-11 (AJPPK2)FH T
¥ AMP W2 b ADP, B 1& tH AR I PPK2-1
(SMPPK2)H]T ADP 21k . P41 ATP A] LI
FRIR-CoA LM IR A7) —Fhiilis . 78 DU il
G, BESELHEEG A R ATP X R T,
Fha] FAE 2 000 1K,

Citoler %15k SMPPK ¥ AMP #:4kN
ADP, #| ] MrPPK ¥ ADP %4k ATP 23 ATP
PE¥R, IR IR IL 5 (CAR) FEL 2 i (0-TA)
HEAT Y HR B G B R B AR A% 4 1 IR D7 TR I Ak
MCcCAR Fll So-TA 7£ LA IE BEGEAE s i 55 2 1

IX: cjb@im.ac.cn
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MU Z 48 BN 5 TR PR PR IC , AR5
ik 96% IR bR, SEBL T IREER N C6
F| C18 M I AN B AR AR R 1 ek o

P, Yl AJPPK 1E ¥ T4 I
FIEZ U N AMP & B ATP B, Poly P ¥ B34 i
2.5 f5(M\ 200 mmol/L F] 500 mmol/L), #HZ M)
ATP ¥ P28 ™Y, i 44 F PPR2-T1T
BEEVE R ATP FAE MBI REAE W fE AL I, T2
1 2 BERRER (20 5 A5 00 7 el ) A S5 1
bR i KA PPK2-IIT i 1) 25 45t FH T4 i
B2 ENIOE A I R N N N P ]
n, i H PURE system™JC4l i 25 1l & L R 4
i3k B Cytophaga hutchinsonii ) PPK2-III ) C
R i A i 2 AR A RH 45 B R AR I B T R A
Poly P (i /G #2555 T2 25%. Sun 2332 T M
BRIFA R ATP W ZEHAZR, Ak B IR T
(Arabidopsis thaliala) ¥ AtAdk 7£ /& ATP 1E R
1R R LA TR 1 o 5% 0 AMP, 78 PPK2-11T
#) LhPPK (Lampropedia hyalina, DSM16112
(SHF67157.1))5 PPK2-1 K%+ SPPK /EFH T, #
=AY AMP, ADP #5404 ATP, EAMARLE
A 10 mmol/L (5544, ATP HYFE AL A3k
76.0%.
3.3 Poly P EXT ATP BE A RMEN

1EMd ] PPKs /560 ATP F4E A Z 1, Poly P
S E T P A i IR R A CRIR IR G ),
3 LAAS ) AR AN PR B R L T A T
Rl AT Poly P RBFIRTH ARG KR A
PR A, HABRE ¥, W Poly
Py2s. Poly P,ss. Poly P,—gs. Poly P10 Fl Poly
Pogo0 SERAEREIRER R G Y FIAERERR S . — MR
. DUBERREL S BRI R AP, Rk
EAAURT DUE iR L b, B mT DA 7 — s
PPK2 7R P IR eI R e . &
KAE 10-100 Z [B] ) 2 R B iR 618 & & PPK2

http://journals.im.ac.cn/cjben

LR E IR, WA Poly P,.s i) PPKs
/B4 CoPPK Fl SMPPK ZH P e, 43
FXHEMFT R W CgPPK 1] LA Poly Py A
i PPK WEEZ[EEH — AT H ADP 4551
R T SMPPK X =Bl R T T RE S
T ADP [%i A 4k 5% Poly P Z545 AP,

W, S0 Poly P Mk EEXT PPK. K 1
#E ATP HYRERICIIHRIVER, B0 Poly P AJ L
1o BEL BT 7 P L R HE A RV A,
T o HE A BN Y AP BH T ) 2 1l % #5400 i 1
RS B BT R, AR RO T B A
Poly P RUKZ) ATP & BUS N 1 R A, X FPXf Poly
P PRCRI AT RE S B 84 PPK i dF 45K ik
R BERRER , SRR BN R A —
AN A3 AT DA SRy i R R LA, i R R
ERIBEE IR HER AL R . ik, s fife
Poly P 4H /%, . 434t 4B Poly P FIALALEE B+ 1k Ji
SRR
3.4 PPKI1 #1 PPK2 7£ ATP & B Anp&##E 5
5K E

ATP FiAE IR R g, fE7E ATP J2 ADP J
MBS, Keppler Z:1%1E 37 °C. pH 8 )
MR, L Poly P RILKH, H EcPPK1 Fi
SMPPK2 V& B 5351 5 ADP Fll ATP )i,
90 min Ji5 iE B P , HEA SN B AN 23 fF— 25 ek
AR PR E o PR S 5 SR 1 T 70%
Y] ATP F130%/%#) ADP (EE/K Ht, ADP/ATP=0.43),
R R R 5% AMP ., EGLIRE
(Vibrio cholerae) VcPPK1 ik At Sz it A5 2518l
B SF- i v BE (BB JR [, ADP/ATP=0.43), 4 2 FR ¥
¥ CgPPK2 LMY 51 B A8 & PPK2, {HEA
PPK1 3 )1 2= 4T - 7 CgPPK2 fEAL Y i,
ADP/ATP [t Z(ADP/ATP=35%—40%: 65%—60%)
(ADP 5 ATP N{AZ 1, ADP 35%M} ATP 65%;
ADP 40%f} ATP 60%), H: AMP 4= i 2 b HAth
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PPKs W47, 411 ADP NIEYINT AMP f2E il
B W . X CgPPK2 HA BH i AY LR i it
T, 3R PPK2 RIS B I G T 7

4 ReES5RE

RN ET AR PPK HIZEARAE . HH
RAEAHUE, DLRCAFRIE D) PPK 7ERES . i
FRRLEE | R MR P IR A 1 PR ARPAIE 22 57, 4N
T3 AR S ek vk e PPK RRE
PE . bsh 712250, SO S - PE A AR 5T
JAEYEAIR R R ATP FAR AR R AR T
TRl EARET A STt PPK JE,
Figf e A BRI, R& E AT PPK W HF Tl
FRSIE b . PPK Tl Akt BEFE R AY
T B R A WAL RN 7= B A AR BY IR T
25 5% 5 ) LA A 2 R 1% At B ) R 2R (% i PR
i) g —FhH WL ATP FEAER4%, PPK
5 ATP 12 AR I S5 7 1A 2R A i 55 49
AL, AR ATP FEAE 2R G0HH G Y n)

At ARG AN RIRIE PPK (A5 | M
VLRSS, X PPK A Tk AL R SR 58 m]
MEFLUR 3 5. (1) BNz R
5 DR 2R 0 ok A P TR TR o 4 9k O o o T
T B R Y Y A B s 8 AR R PPK; (2) FIFER (15
TAEXT PPK gkglolls, RASFREE MR, XA
[ HEK Poly P #A RUFHZ 1Y PPK; (3) %Y
TP A RS PPK IS I 5l N 5k
HRAE 7= P A = Wi RE s DTG PPK, JE AR Tl
R AEY G RIAR, ST LAYl
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