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Abstract: Glucose-1-phosphate is a key precursor for starch biosynthesis of photoautotrophs.
Phosphoglucomutases (PGMs) belonging to the phosphohexomutase family have a high
conserved characteristic and perform the interconversion between glucose-6-phosphate and
glucose-1-phosphate to regulate the starch biosynthesis. Compared with the higher plants,
microalgae possess unique photosynthetic systems. Additionally, some microalgae strains can
utilize organic carbon sources to produce valuable biomass by heterotrophic or mixotrophic
cultivation, which might endow PGMs with specific structural features and biological functions
in starch metabolism to regulate the levels of carbon fixation by photosynthesis, carbohydrate
metabolism, and other pathways in microalgae. This article summarizes the molecular
characteristics, functions, and activity regulation of PGMs for microalgae. Moreover, this
article elucidates the potential mechanisms by which PGMs regulate microalgae starch
synthesis to influence intracellular protein and lipid metabolic pathways. This review lays a
theoretical foundation for microalgae carbon sequestration and the value-added utilization of
microalgae resources, contributing to the achievement of China’s “dual-carbon” goals.
Keywords: phosphoglucomutase; microalgae; starch synthesis
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Table 1 Molecular properties of microalgae PGM proteins
Species GenBank ID CDS Number of Molecular Isoelectric Hydrophilicity Subcellular References
(bp) amino acids weight point (GRAVY) localization
(aa) (Da)

Chlorophyta
Dunaliella salina ADD25038.1 1815 604 65084.14 8.01 —0.226 Chloroplast [27]
Klebsormidiumnitens ~ GAQ78653.1 2421 806 87 710.80 6.89 —0.190 Chloroplast [28]
Klebsormidiumnitens ~ GAQ91740.1 2046 681 73 633.40 6.41 —0.119 Chloroplast [28]
Micromonas pusilla XP_003056074.1 1803 600 64 792.99 4.97 —0.176 Chloroplast [29]
Micromonas commoda ~ XP_002507519.1 1728 575 62170.11 5.08 —0.222 Chloroplast [29]
Ostreococcus tauri XP_003083406.1 1680 559 60461.36 4.93 —0.179 Chloroplast [30]
Scenedesmus sp. KAF6254198.1 1809 602 64 633.81 5.88 —0.097 Chloroplast [31]
Chlorella sorokiniana ~ PRW59596.1 1875 624 67218.24 6.49 —0.187 Chloroplast [32]

(15%8)
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Species GenBank ID CDS Number of Molecular Isoelectric Hydrophilicity Subcellular References
(bp) amino acids weight point (GRAVY) localization
(aa) (Da)
Monoraphidium minutum KAI8462587.1 1875 598 63 782.74 17.09 —0.101 Chloroplast [33]
Raphidocelis subcapitata GBF95149.1 1 806 601 63 735.44 6.30 —0.044 Chloroplast [34]
Auxenochlorella XP_011399073.1 1698 565 61191.86 5.13 —0.190 Chloroplast [35]
protothecoides
Nannochloropsisgaditana EWM21792.1 3210 1069 115173.24 6.02 —-0.126 Chloroplast [36]
Polytomella parva QKY14898.1 1674 557 60 447.55 6.08 —0.205 Chloroplast [37]
Cyanobacteria
Xenococcaceae MDJ0573558.1 1632 543 59293.04 5.20 —-0.216 Cytoplasm  [38]
cyanobacterium
Trichodesmium sp. MDJ0518457.1 1635 544 59 194.48 4.90 —0.305 Cytoplasm [38]
Calothrix sp. MDJ0621091.1 1635 544 58992.64 5.28 —-0.200 Cytoplasm  [38]
Leptolyngbya sp. PZV16368.1 1635 544 58 760.67 4.87 —0.249 Cytoplasm  [39]
Shackletoniellaantarctica  PZ044876.1 1635 544 58 685.69 4.98 —0.233 Cytoplasm  [39]
Leptolyngbya sp. PZU97200.1 1632 543 58601.42 4.98 —0.261 Cytoplasm  [39]
Oscillatoriales sp. HIK31139.1 1632 543 5903422 4.87 —0.237 Cytoplasm  [40]
Leptolyngbyaceae sp. HIK46815.1 1635 544 58989.48 5.26 —0.179 Cytoplasm  [40]
Nodosilinea sp. MBW4461093.1 1635 544 58 639.38 4.88 —0.245 Cytoplasm  [41]
Trichodesmiumerythraeum MDT9339139.1 1635 544 59349.01 5.19 —0.284 Cytoplasm  [42]
Trichodesmium sp. MDES092974.1 1635 544 59 403.05 5.20 —-0.297 Cytoplasm [43]
Hydrococcus sp. NJP19473.1 1632 543 59 383.86 5.33 -0.272 Cytoplasm  [44]
Phormidesmis sp. NIMO98782.1 1632 543 58 781.89 4.71 —0.235 Cytoplasm [44]
Trichodesmium sp. MCH2048694.1 1635 544 59 420.10 5.26 —0.301 Cytoplasm  [45]
Trichodesmium MBS9770748.1 1635 544 5933499 5.20 —0.294 Cytoplasm  [46]
erythraeum
Pseudanabaena sp. MCA6612058.1 1635 544 59268.60 5.16 -0.221 Cytoplasm  [47]
Tolypothrix tenuis BAY99341.1 1641 546 59 603.03 4.94 —0.238 Cytoplasm  [48]
Phormidesmis priestleyi  KPQ33795.1 1632 543 58 641.77 4.78 —0.250 Cytoplasm [49]
Ana
Rhodophyta
Porphyridium purpureum KAA8499052.1 1743 580 62 222.64 5.13 —-0.115 Chloroplast [50]
Gracilaria domingensis KAI0560001.1 1755 584 62912.43 4.83 —0.211 Chloroplast [51]
Chondrus crispus XP _005717288.1 1755 584 62 703.72 5.18 —0.147 Chloroplast [52]
Diatoms
Fistulifera solaris GAX13287.1 3180 1059 114 682.51 4.97 —0.186 Chloroplast [53]
Fistulifera solaris GAX25814.1 3180 1059 114 659.54 4.97 —0.181 Chloroplast [53]
Phaeodactylumtricornutum XP_002185375.1 3 174 1057 114 608.54 5.11 —0.185 Chloroplast [54]
Chaetoceros tenuissimus GFH52288.1 3177 1058 114 032.03 4.97 —0.118 Chloroplast [55]
Phaeophyta
Saccharina japonica AIQ80989.1 3216 1071 115362.10 5.19 —0.186 Chloroplast [56]

Source of sequence information: NCBI. Protein molecular properties: Molecular weight, Isoelectric point, and hydrophilicity
(GRAVY) date source from Expasy-ProtParam tool. GRAVY: Grand average of hydropathicity, a higher positive value indicates
stronger hydrophobicity, while a higher negative GRAVY value indicates better hydrophilicity. Subcellular localization was

analyzed by Plant-mPLoc.
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Table 2 Secondary structure and signal peptide prediction of microalgae PGM proteins

GenBank ID a-helix Extended strand B-turn Random coil Signal Secretory
Amino Proportion Amino Proportion ~ Amino Proportion Amino acids Proportion Peptide protein
acids (%) acids (%) acids (%) number (aa) (%)
number number number
(aa) (aa) (aa)

Chlorophyta

ADD25038.1 211 34.93 97 16.06 38 6.29 258 42.72 0.001 0 No
GAQ78653.1 289 35.86 132 16.38 62 7.69 323 40.07 0.001 4 No
GAQ91740.1 239 35.10 118 17.33 36 5.29 288 42.29 0.000 6 No
XP_003056074.1 212 35.33 97 16.17 42 7.00 249 41.50 0.001 3 No
XP_002507519.1 209 36.35 97 16.87 44 7.65 225 39.13 0.023 5 No
XP_003083406.1 203 36.31 96 17.17 41 7.33 219 39.18 0.000 8 No
KAF6254198.1 208 34.55 103 17.11 41 6.81 250 41.53 0.001 9 No
PRW59596.1 220 35.26 91 14.58 38 6.09 275 44.07 0.002 6 No
KAI8462587.1 221 36.96 100 16.72 43 7.19 234 39.13 0.001 9 No
GBF95149.1 227 37.77 99 16.47 41 6.82 234 38.94 0.002 5 No
XP 011399073.1 207 36.64 100 17.70 39 6.90 219 38.76 0.000 7 No
EWM21792.1 366 34.24 194 18.15 97 9.07 412 38.54 0.000 9 No
QKY14898.1 201 36.09 93 16.70 42 7.54 221 39.68 0.001 8 No
Cyanobacteria
MDJ0573558.1 202 37.20 97 17.86 36 6.63 208 38.31 0.016 2 No
MDJ0518457.1 206 37.87 97 17.83 38 6.99 203 37.32 0.009 3 No
MDJ0621091.1 197 36.21 94 17.28 41 7.54 212 38.97 0.010 4 No
PZV16368.1 200 36.76 87 15.99 37 6.80 220 40.44 0.012 2 No
PZ044876.1 203 37.32 86 15.81 39 7.17 216 39.71 0.012 2 No
PZU97200.1 211 38.86 85 15.65 36 6.63 211 38.86 0.013 1 No
HIK31139.1 196 36.10 101 18.60 35 6.45 211 38.86 0.010 5 No
HIK46815.1 204 37.50 94 17.28 37 6.80 209 38.42 0.012 2 No
MBW4461093.1 197 36.21 99 18.20 35 6.43 213 39.15 0.012 5 No
MDT9339139.1 196 36.03 97 17.83 33 6.07 218 40.07 0.005 0 No
MDES092974.1 194 35.66 98 18.01 36 6.62 216 39.71 0.005 0 No
NJP19473.1 198 36.46 97 17.86 36 6.63 212 39.04 0.011 4 No
NIM98782.1 197 36.28 102 18.78 37 6.81 207 38.12 0.011 3 No
MCH2048694.1 202 37.13 97 17.83 36 6.62 209 38.42 0.005 0 No
MBS9770748.1 200 36.76 100 18.38 38 6.99 206 37.87 0.005 0 No
MCA6612058.1 195 35.85 99 18.20 41 7.54 209 38.42 0.024 8 No
BAY99341.1 197 36.08 100 18.32 39 7.14 210 38.46 0.003 6 No
KPQ33795.1 199 36.65 98 18.05 37 6.81 209 38.49 0.013 6 No
Rhodophyta
KAA8499052.1 204 35.17 96 16.55 42 7.24 238 41.03 0.003 5 No
KAI0560001.1 204 34.93 99 16.95 37 6.34 244 41.78 0.003 4 No
XP 005717288.1 201 34.42 97 16.61 43 7.36 243 41.61 0.001 3 No
Diatoms
GAX13287.1 374 35.32 175 16.53 85 8.03 425 40.13 0.001 0 No
GAX25814.1 378 35.69 175 16.53 95 8.97 411 38.81 0.001 0 No
XP_002185375.1 356 33.68 180 17.03 93 8.80 428 40.49 0.002 1 No
GFHS52288.1 371 35.07 184 17.39 81 7.66 422 39.89 0.001 7 No
Phaeophyta
AIQ80989.1 353 32.96 190 17.74 102 9.52 426 39.78 0.000 5 No

http://journals.im.ac.cn/actamicrocn
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Figure 1

Microalgae PGM protein system phylogenetic tree and conserved domain coding sequence analysis.

Phylogenetic tree was constructed using the neighbour-joining algorithm in MEGA 11 with 1 000 bootstrap
replicates, and the number on the branch represents bootstrap calculated after 1 000 repetitions. The accession
number of the corresponding gene was shown in parentheses. The conservative structural domain model was
constructed based on the predictions from the NCBI Conserved Domain Search (Table 3); Search against

database: CDD v3.21-62456 PSSMs.
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Table 3 Conserved domain prediction of microalgae PGM proteins

GenBank ID PSSM-ID Starting position End position of E-value Bit score Short name Superfamily
of conservative ~ conservative
structural domain structural domain
Chlorophyta
ADD25038.1 177 942 47 604 0 1 047.32 PLN02307 cl38939
GAQ78653.1 177942 222 806 0 1 059.65 PLN02307 c138939
469 662 56 211 4.47E-18 82.73 DNA BRE cl00213
C superfamily
GAQ91740.1 177942 117 681 0 1 134.37 PLNO02307 c138939
XP _003056074.1 177 942 33 600 0 1130.14 PLN02307 cl38939
XP_002507519.1 177 942 8 575 0 1 157.49 PLN02307 cl38939
XP_003083406.1 177 942 1 559 0 1 126.67 PLN02307 c138939
KAF6254198.1 177 942 37 602 0 1 062.34 PLNO02307 c138939
PRW59596.1 177 942 62 624 0 1 034.61 PLNO02307 c138939
KAI8462587.1 177 942 39 598 0 1018.43 PLN02307 c138939
GBF95149.1 177 942 53 601 0 1 008.03 PLN02307 c138939
XP _011399073.1 177 942 2 565 0 991.08 PLN02307 c138939
EWM21792.1 476822 471 1 069 0 960.65 Phosphohexomutase ¢138939
460 300 28 442 7.12E-148  447.73 superfamily UDPGP cl46593
QKY14898.1 177 942 1 557 0 1 054.64 PLNO02307 c138939
Cyanobacteria
MDJ0573558.1 100 087 4 543 0 1026.78 PGM1 c138939
MDJ0518457.1 100 087 4 544 0 1037.18 PGM1 c138939
MDJ0621091.1 100 087 4 544 0 1042.57 PGM1 c138939
PZV16368.1 100 087 4 544 0 1 033.71 PGM1 c138939
PZ044876.1 100 087 4 544 0 1 032.94 PGM1 c138939
PZU97200.1 100 087 4 543 0 1 030.25 PGMI1 cl38939
HIK31139.1 100 087 4 543 0 1037.18 PGM1 c138939
HIK46815.1 100 087 4 544 0 1016.38 PGM1 c138939
MBW4461093.1 100 087 4 544 0 1 025.62 PGMI c138939
MDT9339139.1 100 087 4 544 0 1023.31 PGMI1 cl38939
MDES5092974.1 100 087 4 544 0 1021.39 PGM1 c138939
NJP19473.1 100 087 4 543 0 1032.56 PGMI1 cl38939
NIM98782.1 100 087 4 543 0 1 024.08 PGM1 c138939
MCH2048694.1 100 087 4 544 0 1021.77 PGM1 c138939
MBS9770748.1 100 087 4 544 0 1017.15 PGM1 c138939
MCA6612058.1 100 087 4 544 0 1014.84 PGM1 cl38939
BAY99341.1 100 087 6 546 0 1022.16 PGM1 c138939
KPQ33795.1 100 087 4 543 0 1036.41 PGM1 c138939
Rhodophyta
KAA8499052.1 100 087 7 580 0 966.69 PGM1 cl38939
KAI0560001.1 476 822 3 584 0 947.94 Phosphohexomutase c138939
superfamily
XP 005717288.1 476 822 8 584 0 928.17 Phosphohexomutase c¢138939
superfamily
(k)
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8k 3)
GenBank ID PSSM-ID Starting position End position of E-value Bit score Short name Superfamily
of  conservative conservative
structural domain structural domain
Diatoms
GAX13287.1 177942 464 1059 0 1 008.41 PLNO02307 cl38939
460 300 21 429 5.48E—-144 437.33 UDPGP cl46593
GAX25814.1 177942 464 1059 0 999.94 PLNO02307 cl38939
460 300 21 429 3.42E-143 435.02 UDPGP cl46593
XP_002185375.1 177942 462 1057 0 1 051.17 PLNO02307 cl38939
132 998 65 373 2.21E—143 431.29 UGPase_cuk cl11394
GFH52288.1 177942 469 1058 0 1 002.25 PLNO02307 cl38939
460 300 21 428 2.49E-146 443.49 UDPGP cl46593
Phaeophyta
AIQ80989.1 177942 475 1071 0 981.07 PLNO02307 c138939
460 300 33 439 1.07E-147 447.35 UDPGP cl46593

Data source: NCBI Conserved Domain Database. PSSM-ID: The unique identifier for a domain model’s position-specific scoring matrix
(PSSM); E-value: The expect value, or E-value, indicates the statistical significance of the hit as the likelihood the hit was found by
chance, the lower the E-value, the higher the credibility; Bit score: The value S’ is derived from the raw alignment score S in which the
statistical properties of the scoring system used have been taken into account, a higher bit score indicates greater reliability; Short name:
The short name of a conserved domain, which concisely defines the domain; Superfamily: Populated only for domain models that are
specific or non-specific hits, and it lists the accession number of the superfamily to which the domain model belongs.
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Figure 2 The starch biosynthesis and degradation pathways by PGM. Chloroplast, PGI: Glucose-6-phosphate
isomerase; PGM: Phosphoglucomutase; AGPase: ADP-glucose pyrophosphorylase; GBSS: Granule bound
starch synthase; SS: Starch synthases; BE: Branching enzyme; DBE: Starch debranching enzyme; AMY:
Amylase; ISA: Isomaltase; MAP: Maltose phosphorylase. Cytosol, EMP: Embden-Meyerhof-Parnas Pathway;
TCA Cycle: Tricarboxylic acid cycle.
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pPGM J& R/RSCIE IR B2 A G . Y4
Yy au A T S TR, 5 A A -6- B R A 41 i
s B iR, XMV E R pPGM A
DAY ) 2 AR -O- WA TR 0 A 28 - 1 - R I e Ak, 2 A -
1-BERRHE A2 AR BT 5, AT DL i 45 Fh e 4y
G lEE TREAT, HEATER Y BER,
AT R BV A A SR ) 0 2 L A
TEP7 VE B Y Wi & (Pisum sativum L), ik
W pPGM g TiE K& L de B e ) 0 4 b - 1 -8R
MBS pPGM 1 P 2RI 20 A Ve s 7 e Bl
FOCTEM AT, R R AP E ST pPGM, 2
IR i s A - 6- WA TR P Ak o A A - 1 -, T
il ADP-HZME G, I8 AVER A PRI
IR, Bk CRISPR-Cas9 HiA 42748
¥4 (Populus tremulaxtremuloides) 2 > pPGM
(PGM1 ., PGM2)JL[H, 2 b RS2 REIF
B TR SRS AR = yE R B,
R EBITERFRET, HYHL pPGM P75 TE
k& AR KA & A A B 20 E TP AR A G
SAEM . B, BFR NS T — bR T
pPGM1 PJREBRR ZRABAK, FERWIFh ¥ A& B
1, BT PGM IIReME R TICIL & ek, AR
TR 1R AR R, MELLAERERR & 0 ; @
b SO 1% o M A SR AR IR b i R D R
s, 2R ExR, fER—HHRAMT, pPGMI
GBI RF IR S R T 40%7, Sk,
AWFFEHE HEEE PGM XPRE SRR
WA ELEMER, = PGM MBS FEL
X SR CE A S R TS IV S 5 M BEIR T R
2 M 1R A2 (37 I &2 45 T (phosphomannomutase/
phosphoglucomutase, PMM/PGM) i 3% ik B,
WAL T 3K 4 7 3R S g 2 AT A A
LA, PGM UF A RIRTZ 55Eh &
B, IS 5 HAL R4, — S
- 1 -1 R 5 7 FR %% #£ il (mannose- 1-phosphate

guanylyltransferase, MPG) g 1k %5 25 H -1-%
MR o H R M- 1-B R S v s iR 7Y, P R
T = W IR 0 A OB £E Bk IR 1k 8 (UDP-glucose
pyrophosphorylase, UDPase)a¥, GDP H #& W ERER I
Ji{(GDP-mannose pyrophosphorylase, GMP) i {k. &
BRI s T,

AR, AR B TERT T 76 B FR 85
TR LT B, TN ARG A A SRl
RIRSEA AT ZHEG BRI oL, AR
1 ARG HR e s £ e A7, Koo 45175
ib y FRSARA 7 UE R 3 1A A (Chlamydomonas
reinhardtii) 248k, TEArA 2 KH, PGM 3%
IR S DY A AL N AT A - 6-BRmR VK B (IR HLTE
Ky, xRS RIS PGM A FF B4 Py
ZIHE-6-WEIR I HAINE- 1-BERIVE L, (EUEEm G
e AR PGM A1t 335 AT i 246 — fAts
& ¥ (Phaeodactylum tricornutum) 4 i BL A 2 bl &
HIPREIHAR R &=, dRARER: PGM, W]EE
HOHZ WG BOCHIE R () RO B8, 1
BRI OGS % sk B AR, 25 iR
B PGM PR T ks h G 2RI B AR V)6 R
1 e ATHERT, PGM T RERERRAKIL &Y
A Az (B el o A S B A5

TER Y A, PGM 43 b 4K & v /9
pPGM Il 5 & 7 ) cPGM 2 A~ p 14501,
cPGM FEZ50A/FEM . WFIRIER . B
A0 B RE A U8 pPGM R B R T
KAt FE R A - - R A e UYL SR
M, FEAZMEE PGM 028 RO 7e £ 2= i ge
A . HAZ AR MRS G 4, H
PGM T BE[A] I # A M4 cPGM FI pPGM (42
fiE, SUEHA PMM/PGM & A8 AL HTIDE R
JO7 AR U723 e R R AR 4 2 o A
H—F kIR EAZ B PGM WAEBLDIEE, "N
PRI G L A B AR BT R AR
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3 WEAERESABRAL IR E M

3.1 FEBEFS PGM EMHHXFR
PGM WA 0 S 9 5, BEfS 11

SRR ISR PE A E AL . 0% PGM #4EE
BA 2 D22 Z IR IR AL RS Ser"” il Ser'**
Hop Ser" 7 FREMFM, AF—HFRA<H
B IR Ser™ X I T R TS P 22 SR AR
A, J\J\ﬁﬁﬁ'}’¥ 1l 2 ] Eﬁ@k@ai’%iz 3 3 6F

er’” Ml Ser'™ MBEER LA J B AR Ik E T B2
PGM &M, W 9, PGM%%E’J&HW
S AW - 1,6- — W A S v [ 1R S B 1R ik 141
TENCW) o>+ EEeRe , HA0E-1,6- B IR 1) ok
1R 5L A 78 [ o3 -1 e S R R A3 B, 18 6
V7 B VA O T A1 2 % B 1 0% P 22 PR e Ak
DN T 5 B0 2 AR - 1 - T 7 7 26 - 6 - Wi 2 1 A I
ek, mT HA—BEREEA R A eg, DRI
T PEOL R RN, PR R R R AL () 3)4,
Doello ™ HESL T, 7EAVUERET, #% PGM 5%
B (Ser™) W B W2 Ak 5 LR M B OE T R
Periappuram STV IRI ST % T —F PGM
T %) 4 5 4] (coding sequence, CDS) (GeneBank

H PGM active

Glucose-1-phosphate

Bl 3 PGM {1k Ay Ry**
Figure 3

Glucose-1,6-bisphosphate

ok AJ242601), HE 4 H A-PGMp,
RIEIRIFH 0T & IR At-PGMp Fe <7 X A i
A28 FRCy (Ser-Ala-Ser™ -His-Asn) . 43 )@ 45 &7
A5, (Asp-Gly-Asp-Gly-Asp) Fl 1] % B 25 25 5 {37 15
(Cys-Gly-Glu-Glu-Ser-Phe), PGM %5 [1 2 FE R ¥
H1IH 2 A~ Asp FREEXHIMREHER T Mg b iy, 18
#57% Saccharina japonica H 4% 1)) PMM/PGM &
BEARSTFIEF B8, PMM/PGM 2K [ H 145
A S 0 A% O 5 P Sk 2, 5 A R (Arg'
Arg"™® I Arg'™) S I R 5% I 2 55 8% 0 45 4 35k
(Arg” I Lys™)& L FRIRILIY ML T 77, X
2 MR IR A R AT IR S
BEASH S5 I, S5 F S 23 P 5 T LA AR S g BT
TR R HE R PR, IR 455 B IE 45 B
(Arg"®. Arg'® Fl Ser'")JE UM RRER 45 A0 5
Asp'® . Arg' Fil Arg” G54 H B 0E-1-BERR 0 A
- 1-BEER,  BEJS ) TE AL S T
3.2 ERBETNPGM E@;ﬁ'l‘imme
TEAEYI, &)@ B )% PGM 1 PEIH I A
HILR(F 4). M 48 PGM 16 T 7
(ST B i - Xof ] 2 W W P 2 7 T A 0
AR, 78 10 umol/L BeCl, FA1ERI T IL
T, B’ TE PGM PRI ;. FEVRIN Mg™ B ¥

PGM active
site

Glucose-6-phosphate

The reaction catalyzed by PGMP®#%! The reversible conversion of glucose-1-phosphate and

glucose-6-phosphate was catalyzed by phosphoglucomutase (PGM). Glucose-1,6-bisphosphate was an
intermediate in this reaction. The initial step performed the transfer of a phosphate group (represented in red)
from the serine residue at the active site of PGM. The intermediate was rotated at the active site with 180°, then
the phosphate group (depicted in yellow) from the substrate was returned to the PGM active site for restoring
the enzyme towards its active state. Ultimately, glucose-1-phosphate was converted into glucose-6-phosphate.
This reaction is a reversible reaction.
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fl EDTA J&, BEEMH#HEE, HHEKE 7Y
20%MBEE 1, X ATRER ) EDTA M I f#
BT R T, SR 2 Fh
PGM RS PE R I X MgClL iy = B, >4
A ZR EDTA BIMEE#E T Mg™ (10 mmol/L)
k%] 30 mmol/L, PGM I&PERTEAMN; 74k,
TEBKIRZE A R, 24 EDTA ¥EE-N 3 mmol/L %
F Mg* i, PGM BERIIE TSN, X R Mg
JEYERE PGM BTG T b @e 1, IRMEE EDTA 1]
W BS5 A LS B M SR B 7, Mg T4
o S EES SO AE R S HE EDTA 254l
Mg SEEEPENL S 45 A 3 PGM AR 151,

#5%: Saccharina japonica ) PMM/PGM %
fF%& BN, 5 mmol/L 4@ {4 W[ MeCl, (Mg™)]
2B E PGM BIiETE, M T ARSI T
2521 /%, HIft 0.22 U/mg /M%) 4.63 U/mg;
MnCl, (Mn*")%F PGM i Pt 47 — 52 Y 38 55 1
Fi, PGM & 4% %] 0.80 U/mg ™, Jackson
AR T AN AR | pH Al 5 mmol/L ANr]
4 J& B F (MgCl, . LiCl, CoCl, ., MnCl, .
CaCl,, NiCl, fil ZnCL)X|#5%: Laminaria digitata
PGM JEPERGRZ I, SXTREAHEL, Mg™ . Mn* Al
Zn* X PGM BTG VA R IEE T, 2 e
T 10f%. 6 f5F0 6 fi5; Ca®", Co*", Ni*'Afl Li*"
Xf PGM & VA — & Ml /E A ; PGM 7B
35-45 °CilLE X [N fRFrmiG v, 165 °CLL 1
235 ; PGM 7E pH 8.0 IF BRI, 1E40
IR £l (sodium orthovanadate)j&:— {15 F it s B2 i
BRI, BESE W] PGM {5 M2 1l e 2 A -1 -
BERR A ICALURRERTE i 52 45 9 i okl 2

— BN Ry, EE 4 Ko T A — 2 A
YEM . Devi PRI HT T AMEAHT (Pb) X i
iR RERRICIH . JERM R . BEER bR
1. W R BT R, R AR
JitE /il 0.5 mmol/L Pb FYMME Z51F T, BiE PGM

A VEFE RN v a3 0 R 30%F0 24%,
BT Re i ok S 2 RO ARG RAS . TR
AEYIRRIOKRE ST, IR AE DR A K
3.3 BHLEYN PGM iEF IR M

— LY T PGMIETE(FR 4).
SrET % 56 (disperse blue 56) & — il 3E T B 1 4L
B, KR SR A N RER, & PGM
HIHAESE G, RSN s R LI IAE
M, REMSTERG SR A & A LA IS Y. Chen
GUNEIAE 5 umol/L 43EL>: 56 MR, 41
Gracilariopsis lemaneiformis PGM i 114 FI Bl
TR TEET 40%.

TEME AR R, TE G BGRTE H ]Y)
X PGM TEHEWRAT RN . 7E5 AT 2.4 mmol/L -
Lo- Wyl T, Mt PGM MR FE T
50%7, Ak, FESFHIEA 1 mmol/L IR
D- AR BE-1-BE R . D-2RWE-6-B5MR . D-H i -2-7%
MR, SRWE-1,6-—WERR . Hh-2,3- —# R . UDP-
WM. AMP. ADP m ATP AR R4 IEGE
P, SARBIAMERIAT ., 2 FF SR ER 0 6
T PGM 56%—60% 1B, 1 HAth 4y o 41 il
T PGM 5% 13%MREEEHEST. 3 Fh i T 24t
AR R R TR R PGM 3 M G55 B0 AR SR P
Kph A LRI, HEE-6-BER & i TR 1R U
JAT PGM ik, MRk TIEM i BER RS, wEoY
T, WEAIRSFFL PGM 5K, AT
HEL/ D T2 53%, Sk CRaran) Ree = Al 55
e, (HARSCAYHLEE i A AR,

24-FIMFE R NBE(24-epibrassinolide,
24-epiBL)JE—28 N T & B 3022 & RS L
Y, PRk leBd Ak . IR &
EEBAAAERPY . /MG SO A R
JE 24-epiBL il 3 FPEEXTZ1 3% (Gracilariopsis
lemaneiformis) PGM ik &y, 455 %
B, 7E 15 °CH}, 0.5 mg/L 24-epiBL ) PGM %
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x4 ARMLEX PGM EMERIF MR

Table 4 Effects of different compounds on PGM activity

Chemical compound Concentration Effects of PGM activity References
Fructose-1,6-bisphosphate 2.4 mmol/L Activity reduced by 50% [70]
Magnesium chloride (MgCl,) 5.0 mmol/L Enhanced activity by 21 times [72]
Manganese(II) chloride (MnCl,) Enhanced activity by 4 times
Methionine 10.0 mmol/L Reduce transcription levels [73]
Disperse blue 56 5.0 umol/L Activity reduced by 40% [74]
Ethylene diamine tetraacetic acid (EDTA) 0.2 mmol/L Improve activity when exist together [87]
Magnesium chloride (MgCl,) 1.0-10.0 mmol/L
Fructose-1,6-bisphosphate 1.0 mmol/L Activity reduced by 56%—60%
Fructose-1-phosphate Activity reduced by 5%—13%
Fructose-6-phosphate
2-phosphoglycerate
UDP-glucose
Adenosine monophosphate (AMP)

Adenosine diphosphate (ADP)

Adenosine triphosphate (ATP)

Manganese(II) chloride (MnCl,) 5.0 mmol/L Enhanced activity by 6 times [88]
Zinc chloride (ZnCl,)

Sodium chloride (NaCl) Inhibition as concentration increases

Calcium chloride (CaCl,) Inhibition of activity

Cobalt(II) chloride (CoCl,)

Nickel chloride (NiCl,)

Lithium chloride (LiCl,)

Lead (Pb) 0.5 mmol/L Activity reduced by 24%—30% [89]
24-epibrassinolide (24-epiBL) 1.0 mg/L Enhanced activity by 2.38 times at 25 °C [90]

s, AXTER4IE 1.72 f5; 16 25 °CHI
31 °CHf, 1.0 mg/L 24-epiBL 4 H4H i) PGM # ik
WA, AR RRAE Y 2.38 £5 RN 1.51 £, B
Y NG & 5 PGM Rkt R IEAH LR,

4 % PGM BEZ™HEEN
ak Bzt

MRS REB R ZAMAIRTTR .. €
KERMME™Y, Bz TES ., &
aiy PR Al SF AU, BAT, BOERHL T
Ve —HE TR m ol B AR A s HoR
T, S ARMAT A SE . A
I, AR B TR PGM X & B i e
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=P REREE ) S 2 3 o S 7 & 1] D R
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AR T, BEARS RS 60%-70%, /)
RO AFHRETENAMET, HEAK
B Al Ik 50%L EPCT BUA TR R A IR
H S B AR, SO P TER IR
ek, BN 84 % 2OV 5T AN [ R X ok o8
A R AR R R B, DURE AN
ANBR R B IR B R i — R AT SRR AR T
B SR (<40%) 2 52.3%, H5I6HFEFAMN:
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B0 R 17 A PN UE 9 I T B TR AR 2R A
EYI IR . B RS SR, 7EH
FEWCBETE R A T, WFSE A O T A A -
1,5- "W PR R AL I/ i 42 it (ribulose-1,5-bisphosphate
carboxylase/oxygenase, Rubisco). AGPase %5
BRI SET IR PGM J& 75 A4 4R
A RGBS MR K. 28 B AriR,
% PGM 2 U TE M & U B il — o
I, A PGM IG5 A =R A G
BUEASF R AGHE

HHFREEFRAR, IR0 R A Pk
IR AT R AR M S S e R A . DA
SR /NEKEE R, U P R R (35% LA
), BRI L RME, B, A0
FEN G B B TR T (2o B A MR
WF 8RB IR 2350 ) 53 55 /N ek s Tk A
AR AH OGBS E A B
JIF s AR 2R 01 Xiao 50N i i Bt
RA A S R /N BB 2R 1 B A L E AR R
PR, /INBKEE MBFINU-17 7EBRVE R N IEM & &
Al 50.60%; Fifi 5 EA 7R AR, G2
MO iR W O R R R I R LA R i, Y
B R IR B (55.60% ), LN TER & it
Sl R R 20.61%, X RUITERIRE IR
Hr, R Qi /NEREE MBFINU-17 Mg B9
ARG S . AN, BT FE SR A BRI S TS
Y/ NER LN AR, 7/ Nkl MBFINU-17 7E
W& EH, AGPase, PGM . SS %5 K4 fiff
3 R RA T AT S A BRIk 2R, h
M, & TFITIRALHEE PGM 1 P A O S il 5 41 %)
P, A 3K 4 S il e R A | 5 /N BR 2R
FBA B JEFERLE, AT ok 5/ NeR e 2R 1
TF R AR
42 HfsE

DA% AW B v I - A3 43 AT TR 4 A

FLAZTSBE TG B 1A U 43 A 7 - A A A 5
) < N & X Sl S B LR R i
WIEASELE, A FREES B Z A LGP
PR AN S H T BEAF TR R 22 5 o Blan, B E e
Spirulina platensis 324 1 22 A1 A1k 15 12
JE - RRART Y, /INERYE LA O MR A o
JERRLO-10) - 140 Bk 955 (Nannochloropsis oceanica)
A AR SRR, Ik, FFAMEE A
LI g 17 -t 2 PR B T 5 0 3 ) A T T
HAT, JAEE e m g & 9 TAEEE
TE B IR 2 W RN or A= 2= TR i G DG
Mt ih o SR N PR R SR = A R A KR
i, IS ISR BT A R,
R RIITE R AT, S AR B TE M 5%
AR, VA =t H iR (triacylglycerol, TAG)
TR RN, B A Lz B e
IR AR R A B B SR, TEERENT, AR
£k (Chromochloris zofingiensis)f) PGM 457K
IR, TERA BUR AN, E T A R A B R
)4t v 1 4 AR TR A 33 A2 ) Al It 3 2 0 L 3 Bl
Wit A s, fRUEmPRE RN Y [k, B
‘i B (Desmodesmus sp.)7E AU 25 15 T~ R I
T G R K 0 (40%-50%)"" . FE Tk
Phaeodactylum tricornutum H, #IffE UGPase-
PGM Bl 5 5% S AS I R BR- B0 TAG LB 2R 1S
45 FEU BN EREE th il CO, TR,
Rubisco A2 M, Wei &S 1 7 bl Bk
7 (Nannochloropsis oceanica)H' i 5% H S 1
Rubisco DMEREDOAEMAEE, MAKRER T
32%, EYERREREY 50%, PR R
2y A1%. (HARTERAE, RS s
fie i et oK A HLR Y Bk AL S F & A i, 7R
iR SR e 2 A 22 0 N 1) O Tk
SIPE RN O fE MO B FH SR A
AT T me FE T o RO R Sk SR,
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I -6-BE IR . R WE-6-BRIR . W IR I I N
MR, ARG y-2 58 T RIS . WA — R
PR RUIR A, TSR ™, xF
T AFERGE, 485 B IO BRI 4
ARSI R, B S A T ok
ARy s AR A T IE
4.1 ek, {EiE A SR N R KA S AR
ZPLE G Z 4 H 7E Rubisco . AGPase 95
i, HHET, V8% PGM IEMEXT A SR A F £
AEFARDTR G BN W AFE , (EAHR ARG

XTSRRI, ORES BUm IR iR 2k A
SMIRIA NI . T2 IR 450 T G BRI s I
WORIZHE , ek bR AN R IR P
PR S fAR, MRS N R s R, 25
MR G BB R B ) R A2 5 1 i e e A
(TG T TR 448 R T A P B R 1 A ) I
Wy, W R SRR, L R SR
(Can/NEREE B RS ) R B K A5 Wi A6 TE
RO SOTEEEAS T R SRR R ) T 2 R
Mo B, sz, ek
IF, A AT R SRy Ok A B B N I
WU, X RESIEEAR A Y. ik, B
PGM S5 JCHE X 45 S It & B B A 2 AN
IR RR IVERIALE], AT T R 2 A
TG TR B BRI LA
43 BF

AN TRl e i e B AN (] ) 8 2% 5 B i
T HA A RFEAREE S . B A 20 Bk %
(Haematococcus pluvialis)f] & iR & 1207122
SFHE 4 (1sochrysis) & LA e = Y, FR R
BEEELA A B R R R, A R AN B
FOWEMBEEHDLA R, M ENA
AHEEMEN . A= R, FE sl
WRRMET, WOEPEREAE . BEIR ER  —
RIRTEIR AR 3, dEmife it R AR,
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AL, B E 2 & B R A i A R
o, — AR EVEERDCE kTR, —I7
AT AT ZRA 5 e e P R A I AR W B R . 191
n, TEmS RGN, SIS gEE SR
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[Fi) 10 R T X ol i € 36 i M e K272 R
RUTERE SR BB NAS I AT S AN R T $2 Tt
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SRR IR WA (12 AR E (16
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AR OI0 SR Al 05 ) B B S5 i 5 28 60 R 1 5 i
SR, & TR A 5 3R A A TR AL
WA B D o AR B kol A fh 2y
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AREHEY, Kk, B PGM SRR A A b
it o R T e 6 R G U SEHILTRL AT oA S
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KR EY, FFHRIEFRM RO RES H:
HHEBELTHERFE, HEORS RS
5o Flhn, SIRERSRR N T ERME R E
77, LR RS NKEE R RS 5.3 me/g HEESR
ApE RN AL AL, B
ks EZ 7.5 me/gPY, 6 HFRAM R e
BN A RS A AR B Y BR T
JCAFE, RS RTR AR TR, TR
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