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Figure 1 Research perspectives and related methods of biomacromolecules interactions with heavy metals
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Figure 2 Schematic diagram of biomacromolecules interactions with heavy metals. (a) Adsorption of heavy metals onto functional groups; (b) metal-

binding domains of various MerR family protems[
metallochaperone CusF™; (d) binding of inorganic As(III) to the ArsR repre
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(c) Cu binding sites 1n peptldylglycme a-hydroxylating monooxygenase and perlplasmlc
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ssor! ; (e) outer membrane electron transport protein complex MtrAB!!

ia B M AR 7, 7EX S8R F b, Culliid 5414k
AR 2RI AR R B AL, 4eds T8 A b
JFURZS B HF RIS e & 4. XESHFIE &, M3
W2 5 2H R - TR E TR AL AL D RE 5 Cu d' Bl
Zedl, SE @R ECulp-dBLE IR A M 5 T 45
AR R E LD, KB XES/MT &, Cu(l)
1B R 2 HATRECLAL; KBy s AE It A JHRHIE
FW, Cu 3de AENEIL THLES S T O,/
Biti 5 R T — SO IR AR R, Rk kR
Z. B XEasEorik, SRR TR S
594 Py b ER A 2E i AR S P

AN AT IR 5T TR ANZE T BB KT,
WORZS il FR AT BT IR MI3EZS, FRAm 6 nT
=456 (R (3D-EEM). ﬁﬁ J& B X sk
P RANEH, FRHTOEEK, AIE AT 54
| Sl VA ONE G 71 P -9 =0 ] %) B o | B 8
A IRTEE, WK HREE R Cu(l) > Pb(Il) > Ccd(n™.
[JFE, EEMAMHTR I, AsitafbE FMep & U X AT LA



P A

i o PR IE A R R ME 25 A As(TD), (HAS5As(V)
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B ERRAME A BEY RS S TN, &5 55k
Fsm Y s &, Cd() 5 Chlorella vulgaris EPS
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PTG 2E. F Rk Cryo-EM A B, E. colifi 4@
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M B2 SRR, Cu(IDTEB. thuringiensis~ P. puti-
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[ SR, Po(Il) 5 Serratia Se1998. P. putidalWg
Bk LR B, AR E—2.1~=9.4 kJ/mol, WAETE
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FRIL KA G4, TR IS 2 RERTRIRIE A
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MG (surface complexation model, SCM)
DA 2 R I B 3 O Sk, B M s S
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FTESN T RN A AL TP X TR 2R3 40,
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(Vienna Soil-Organic-Matter-Modeler, VSOMM). {k2%
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O3 R 4w AW B LA 2EAE R 2. EPSIA 2352 4
TR LX) B 4 e W B R, JSBREPSFEAIR 1 B. subtilis
FIC. vulgaris%F Cd(ID)f) Wz o6 3k 2, 17 J 25 4 1 T B. sub-
tilis X PO(TT) A% ik 005 2 B A RSt 2 S T
& B E TN 1%l 8, FET-Bacillus cereus?Ijifd
S CA (D) W B S RIS 28 R T 4. 7E b
o, EPSEHMHEMCE T WXl 4@ b, BaEHm
T RAXIPb(ID). Cu(Il)s Zn(IDZE B T2, i
XK GH B INT., R TR RIRE, ARy
T H5EERIEHN A B, L EHES
e [ 7 AR ) Bh A2 B 5 Tl A 1 A R R A AL
v AN B A

3 NAMRE Y -2 okt B 4 JE g

FH 735 m%

T ASRIME T, YT e A AR P A ] 25
RWE Ry FEHESEE T RERN. Hhidy
EPSHMNE 2R, SHEME. 0. BiR. I5ISLIE
FEIR G PR, SRR T PRI i 1Y
W—EBEREGRD). AR, FIHDGIE. Bk s
ZRHTHEAR, BHHARBIEPS /i AL E 4t =7
JRvE AL AR, XMW ST R, B. subtilis
T B S EPSHY S AT & 5 b ARG i, B LASi A
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Table 1 Functional genes related to heavy metal adsorption, resistance and transformation in microorganisms

FEH B 7R FE KR Gk Y 27 CHk
eps MishZHER A B - EZ7 0 [58]
— wz_ kps m%%%%%;%E - E. coli% [59,60]
ABC transporter EPSH;iz - ZYkh [61]
PEP-CTERM TE I PR S22 R 4 - Z W) Fh [62]
smtA cadB cadD SIRMEA Cd% EZ /L [7]
BHEL cusF fﬁﬁ@ BRCulfE & Cu E. coli [63]
pbrR SR ERA Pb C. metallidurans [8]
Flagellin HiEEA Pb Serratia Se1998 [64]
cueO EZ IE=0ld Cu(I) E. coli [65]
hydA NADH/I & i Cu(II) E. coli [66]
aio_arx_ As(II&EE KAk As(III) ZYFh [67]
nemA PERIR TRl MASIII Enterobacter sp. [68]
AR .
arsH FHUM, P65 LEEF  MAs(IID). PhAs(III). Sb(III) P. putida [69]
arr ST 5 As(V) Sb(V) EZ L [67]
arsC TR R 140 L il As(V) Z )T [67]
mer Hgif J5 i Hg(I). CH,Hg E27/0i [70]

2) TR IAER BRI T

E, AB35%HIBEAA LB, M4 & ASEPSH B ik Y
FBUR, UL, EPSH R A
R AL ZREE AT AR P, Raman)Gik 45 & i 43
Wi, P. aeruginosa=WINEEPS MG . RZSHEAS
ZHERE AN, b R Is e 2 B oy
TEATH, BB TR BOERE . (il ks
Wik, RIMEHRIR. mMIRICEE 20, MR EA
ML o3 2 S AL RN G S0 1 15 VR EP S (1 EE 22 41 A
AT eAh, EPSHI A RIIIDNA . IS HI AR
Jr. PR a5 R R W, Shewanella sp. HRCR-1
AW BEEPS TP & 586 (I BpfA . 22 SR R . A% 1T
WRW. FRWime. SERKEERZ AR EERT. e
KoYt 17 HEYIRG R e, HrhfistDNA.
TEMESE [ TasARIBUK MR FI7EB. subtilis ISR F
YRGS R g mEAE TS R, EAThE
AR 5 HM AN TS S, WA NE Sy, Ut
— R IR AU E . AN, R AR TR TS
e, BTkt 4E e DS A O-RBELE A S R
Y. AR TEPS AR RIZEEIA WL T 45k Y
INHIE FEAR R, AP LK o3 19 53 A F D fg
v A B

R T XSRS, A0 &S T —EEPS/r b

O T4 R L B R I ) T sh B s, IR
WIS K R, EPSIH It 2 FE R IR B A1 i 25 5 VE FH 3
SR (WP, putida B. subtilis) 4 8 455 HE
S R AR B AR R M BB R S,
I 3 P EPSZH RN B R A F L. BT oA
WiE R, PR E CA(T). Cr(VI)FICu(IT) AT 4l
Cupriavidus pauculusFBacillus spp. EPSH EEH
epsB. epsPFIWzzeik iy . FTIRFIEEM 4 #it—
AAIESE T EPSHIFR R, Horh i 1 B2 40 7 4 e BHAE h
2 EEfERE FEPb(IT) ¥k Tt 151, Rhodotorula mu-
cilaginosa EBPSH A EL F BT AI A e H K29 A v
i, Y B R A AEPO(ID) K 5 1500 mg/Li
FREESEEEAES. FTIRRM, B, &
. BIFZMEREMZ 5 TB. cereus EPSYH AR
ML G AE ;NIRRT EE 4 51X 4l 1 43 A EPS Y
PAEAAAE 22 5%, VEHIBRIEINF APb(Il) > Cudl) >
CA(n)™. JU A Pk o 4 e o 7 SRR T BT
FYIFIRR 51, EPSHY-G BURIS3- WA 2 Tl A W) A 45
p3E P AL

4 HAEEBOREYEYERAR
EPS {11534 2 P 0 AR B85 1 35 A L,
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A A o B 4 @ e s f v, ki A
4 I [ R DI RE A RR IR R U R 0. AR AR Y
MisZfE A+, FlingmmEn. WMEER
Fi DERFEER 5 G 0 & s B e TIRE(R ).
SIEME AT ZAE1E T Synechococcus~ Pseudomo-
nas~ Mycobacterium~ Anabaena 5 ZFAETAYIH,
HopF81E3.5~14 kD, srFrepitam b S 2d 5 R S
T 1923%~33%") WF5E B, P. aeruginosa WI-1H1bmitd
FE R G Y &SRB AR 14050 11 kD, Al fE dE4n s
LoD, ARRZEEMA: Y 4 B 1 B4 7454
MHXEL RS TSI AR EESR. XAsR-
SmtBFIEFER AL B o3 B & R, AN [R] TE 4 b Ay B 1Y)
EEBEATTEEREKR, BoTEaS5E8RET
GEAE R ZRDY Pseudomonast90% 1) 4 JE B R
FIEBYCCxxCHUL S, S5 rp3sf e iR sk Ak a]
R A B ECAIRE ST, AT RUEYIREE S R R T
TEML A B [ 5 R ™ A mEHAR T R R, R TP
Sfluorescenst4: JE B R FPAQ2 & A 11 JUF A C- 7K i,
[ AL A A PR Gk B, 3o T A H A5 M AR e
PP eah, 1ESerratia Se19987 K IR T — R PoA 1
FHIRMEEEN, IMERABS T A45E 16-Pb(1D)
Bl Cupriavidus metallidurans CH34 1]y —fp&:
PR AR PR, 380 3 ORSF 9 2 e 2 R 5 P (1) AT
1, TE A RE 1 = MR a5

BAEER AT S E AR B TA5 G O A,
WH U SESEE PSS H B ARSI S —
MG b AR PSS B2 IR, YN
W B AT MR UE Bacillus R AT 7= A 8 255, T3
HIXH(IT) CAADFI AT WL IR, H {7 i 2 2 A
R R IR, R TSRS B 7E16.6~33.1 pmol/g”".
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Table 2 Biomolecules and functional groups for the redox of heavy metals
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Heavy metal pollution is a serious threat to both human health and the economic development of China. In soil
environments, microbial derived organic substances contribute more than 50% of soil organic matter, which controls the
migration and transformation of heavy metals. Over time, the microorganisms have developed a range of resistance and
detoxification strategies to deal with the toxicity of heavy metals. Microorganisms play important roles in pollution
remediation, hence, a comprehensive understanding of the underlying interaction mechanisms between biomacromolecules
and heavy metals is fundamental for the development of microbial remediation methods. In recent years, the application of
spectroscopic, thermodynamic, and omics approaches has expanded our understanding of the binding strength,
coordination structure, and redox mechanisms of heavy metals and biomacromolecules. X-ray absorption fine structure
(XAFS) and X-ray emission spectroscopy (XES) measured the valence state, coordination atom, and the structure of heavy
metals in biomacromolecules. Three-dimensional excitation-emission matrix (3D-EEM), Fourier transform infrared
spectroscopy (FTIR) and Raman spectroscopy detected the reactive groups in the biomacromolecules through changes in
the fluorescent and vibrational spectrum. The thermodynamic information for the reactions between biomacromolecules
and heavy metals was detected using isothermal titration calorimetry (ITC) and the surface complexation model (SCM).
Most of the models assumed the interactions between carboxyl, phosphoryl, sulfhydryl groups, and heavy metal ions
through a monodentate complex. The synthesis and secretion of extracellular polymeric substance (EPS) is the universal
mechanism through which microorganisms resist heavy metal stress, though the composition of EPS varied among
microorganisms and heavy metals. Furthermore, the microorganisms have evolved functional proteins to fix and detoxify
heavy metals, mainly through the sulthydryl groups in metallothionein, flagellin, and amyloid. The hemiacetal groups, c-
type cytochromes, and related functional sites in biomacromolecules promoted the redox of As, Cr, Cu, Ag, and Hg.
Meanwhile, the microorganisms regulate the redox processes through a variety of genetically encoded pathways. These in-
depth understanding of the interactions between biomacromolecule and heavy metal is essential for the treatment of heavy
metal pollution using microbial resources.

Despite the salient accomplishments cited above, there is a significant knowledge gap regarding the molecular level
interactions between microorganisms and heavy metals. The structure and physiological regulation of the functional
biomolecules involved in the stabilization and transformation of heavy metals are still unclear. Additionally, the behavior of
heavy metals in combined pollution systems and the role of biofilms in their transformation is also not clear. Furthermore,
the majority of available literature mainly adopted methodologies from either the chemical or biological field, and the
absence of interdisciplinary studies may account for these knowledge gaps. Therefore, it is important to combine the
biological and chemical technologies and focus on the interactions between the microbial community, function, and heavy
metals in composite biofilms. It is paramount to develop methods for the extraction and characterization of the
biomolecules and to investigate their electron transfer and complexation reactions with heavy metals. More attention
should be given to combined pollution systems and the interactions between metal-small molecular complexes and
biomacromolecules. These studies will promote the understanding of the interactions between heavy metals and functional
biomolecules at the molecular level, and improve the effectiveness of microbial remediation for heavy metal pollution.
Overall, this review summarizes the latest research methodologies and the underlying interaction mechanisms between
biomacromolecules and heavy metals and suggests the directions for further research regarding the methodology and
systems. The integration of the methodologies, innovation, and a vivid comprehension of the underlying mechanisms will
contribute significantly to the development of microbial remediation strategies for heavy metal pollution in water and soil.

biofilm, biomacromolecules, heavy metal pollution, molecular mechanism, redox
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