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Abstract: [Objective] Micro-nano flake hydrogen-autunite can be rapidly formed on the surface of
biological cells. [Methods] Through simulated calculation, we investigated the interaction between
uranyl and the biological macromolecules containing phosphorus (BCP) of phospholipid (ubiquitous in
organisms), lipopolysaccharide (unique to Gram-negative bacteria), teichoic acid (unique to
Gram-positive bacteria), and phytic acid (unique to plants), the interaction energy, and the distance
between related atoms. [Results] According to the Monte Carlo analysis, the adsorption energy of
teichoic acid, lipopolysaccharide, phospholipid and phytic acid fell between —109 kcal/mol and
—114 kcal/mol in the pure uranyl system and the uranyl-carbonate system, and the energy was mainly
relaxation deformation adsorption energy (Egeformation). Considering the adsorption ability and adsorption
probability, lipopolysaccharide showed the best ability, followed by phospholipid, phytic acid and
teichoic acid. The molecular dynamics relaxation showed that U atom mainly interacted with the group
containing P in BPC in the case of uranyl interacting with BCP. In the pure uranyl system, U-P distance
was the shortest in the presence of lipopolysaccharide and phytic acid (6.662 A and 6.539 A,
respectively). In the uranyl-carbonate system, the U-P distance was the shortest in the presence of
teichoic acid and phospholipid (5.225 A and 12.472 A, respectively). This can be explained with the
structure of BCP and the acting force on uranyl. To be specific, in both systems, the dominant force of
lipopolysaccharide acting on uranyl was electrostatic force, and that of teichoic acid and phytic acid
was van der Waals force. As for the forces of phospholipid acting on uranyl, the van der Waals force
was comparable to the electrostatic force. [Conclusion] To sum up, the phosphorus atoms in the
phosphate groups have affinity for uranium atoms in uranyl in the process of interaction between the
four biological macromolecules containing phosphorus and uranyl ions.

Keywords: uranyl; biological macromolecule containing phosphorus; interaction; simulated calculation
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The simplified models of lipopolysaccharide (A), teichoic acid (B), phospholipid (C) and phytic acid (D).
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Figure 2 The models of uranyl ion (A) and carbonate ion (B).
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Energy changes of four macromolecules with phosphorus before and after optimization

Optimized Bond valence energy/(kcal/mol) Non-bond valence energy/(kcal/mol)  Total energy/
Structural model .

conditions Bond Angle Torsion Inversion Vdw Ele (kcal/mol)
Teichoic acid Before optimization 149.58 82.26 1.00 0.00 8.64 0.00 241.49

After optimization 2.16  76.38 0.36 0.00 10.77 0.00 89.66
Lipopolysaccharide Before optimization 856.11 185.23 20.75  0.31 4291.09 -284.47 5069.01

After optimization  27.39 218.34 32.93  0.81 79.48 —473.64 -114.69
Phospholipid Before optimization 66.75 208.26 10.86  0.25 249.08 -134.16 401.05

After optimization 3.37 84.57 2.84 0.01 17.59 -115.95 -7.58
Phytic acid Before optimization 522.61 507.07 2.15 0.00 59.58 0.00 1091.41

After optimization 6.89  472.54 2.29 0.00 15.35 0.00 497.07
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Figure 3 Adsorption energy and probability of
four macromolecules with phosphorus for uranyl in
pure uranyl system (A) and uranyl carbonate system

(B).
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Table 2 Adsorption energy of four macromolecules
with phosphorus to UO,>" in pure uranium system

Energy/(kcal/mol) EAd ERigid»ad EDefor

Teichoic acid -332.09 —4.46 -327.63
Lipopolysaccharide -337.31 -9.68 -327.63
Phospholipid -334.30 —6.67 —327.63
Phytic acid -332.42 —4.79 —327.63

F 3 REQHELART 4 MEHMA S FXIHHELHY
R Bff e
Table 3 Adsorption energy of four macromolecules
with phosphorus to UO,>" in uranyl carbonate
system

Energy/(kcal/mol)  Eaq Erigid-ad  Epefor

Teichoic acid -336.40 -6.92 -329.48
Lipopolysaccharide —344.34 —-14.85 -329.48
Phospholipid -339.71 -10.22 -329.48
Phytic acid -337.56 -8.07 -329.48
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Figure 4 Interaction between teichoic acid and
uranyl ion in pure uranyl system (A) and uranyl
carbonate system (B).
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Figure 5 Interaction between lipopolysaccharides
and uranyl ion in pure uranyl system (A) and uranyl
carbonate system (B).
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Figure 6 Interaction between phospholipid and
uranyl ion in pure uranyl system (A) and uranyl
carbonate system (B).
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Figure 7 Interaction between phytic acid and
uranyl ion in pure uranyl system (A) and uranyl
carbonate system (B).
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235 MHEMEHBIEMEETN
5 R R P BT B S W PR R AT 4
g fiFamg, Seif T NVT R45, 57T NVE &
25, 1SRN AW Wl o010 Bl %) B A R TS AR
Hrp, alighmt e 1K R T Hag R 25
N (5-8).
AEde:Ex+U022+-Ex-3EU022+ (5)
AEg:=Ex-+v0,>*-Ex-3Euo,> (6)
TRPRAR+Ah e 1A R H B AR A AT
AEv4w=Ex+v0,2+co,2 -Ex-Euvo,+-3Eco,2 (7
AEg:=Ex+u0,+co,>-Ex-Euvo,>-3Eco,> (8)
Hp, Exwopr Rnaififi s FIRRT, 4
T2 B R AR SRR Ex RoREBA T
BER T FIR R ERES ; Evop 2o/ lIHE 1Y
SVHETE 3 Exiuoprcog 2878 ik FRAR B Rl 25
THRRT, 5 Fah i ig)E ik R SEeht;
Ecop RNKIRAR B 1 1) BVRE ;. ABEvaw R/NA
FRZ B TR T Z 25 5 ABvew FRIE R Z[H] Y
L Z 2%
FEALEEIR R AR AR R T, 4 A
Wl R o3 - B B 55l Tk A P i IS A9 BB 8 Ak

R4 AR TEHEBERRIEMEET K

KA PR IEEZRHTRE, MEFRRESIRE.
SFEAIIEMBE, 2 FMART, 4 Rk
3115 BT A AR 2R R (A N AT A Sy e A TR
WEHRE S £ W, EYE#RS T
FE5 AL B T AN AR T, B T SR
BT B A I RE R AE AR I, LS5 M I AT 5
MW e ssibBa, WERBREAD TR
TESL Y iR ERE BB IR T, IR
FETRE, ElaNTHRE X dkPE
S 1 U I O TR R R A B A SR SE B, [
I A T AR R R AR S D (G AR T A
PRI D), A 1T A 25 BRI B RE
PER I, FELEGNTEIAR R T, BEBERR IR
st TR EE R S RS, T
HORHER R IS 2 08-S RS R ) o 32
S, 6 2B X T A I e R BRE L T i )
JE LT o fERRPRANBE AR T, BREERR R
M Bl L 32 28R ) 5 AR X Gk LA
WA R TR T, HE N T1. R2H
Xt il I P i L DA R TR 5] T

Table 4 Energy changes of four macromolecules with phosphorus before and after interaction with uranyl

Bond valence energy/(kcal/mol) Non-bond valence energy/(kcal/mol) Total energy/
Structural models ; -

Bond Angle Torsion Inversion Vdw AEyy, Ele AEg.  (kcal/mol)
U0, 109.21 - - - 0.00 - 0.00 - 109.21
CO32’ 1.85 0.00 0.00 0.00 0.00 - 0.00 - 1.85
Teichoic acid 2.16 76.38 0.36 0.00 10.77 - 0.00 - 89.66
Teichoic acid+UO,*" 12.31 90.68 0.77 0.00 9.67 -1.094 0.00 0.00 11343
Teichoic acid+UO,>+CO;> 10.79 89.34 1.01 0.00 11.38 0.610  0.00 0.00 112.52
Lipopolysaccharide 27.39 218.34 3293  0.81 7947 - -473.64 - —-114.69
Lipopolysaccharide+UO,*" 133.10 329.80 3062 0.32 3526 -44.220 -346.39 127.25 182.70
Lipopolysaccharide+U022++CO32’ 110.53 352.97 30.95 2.11 47.77 -31.710 -340.97 132.68 203.36
Phospholipid 3.37 84.57 2.84 0.00 17.59 - -1159 - —7.58
Phospholipid+U0,** 25.04 106.5 4.04 0.01 14.80 -2.790 -112.6 3.31 37.71
Phospholipid+U0,2"+C05> 23.51 112.54 7.54 0.66 16.59 -1.000 -1154 0.54 45.42
Phytic acid 6.893 472.54 2.29 0.00 1535 - 0.00 - 497.07
Phytic acid+UO,>" 28.89 495.70 2.76 0.00 21.17 5.823  0.00 0.00 548.52
Phytic acid+U022++CO32’ 25.45 502.66 4.75 0.00 15.16 -0.186 0.00 0.00 548.01

—: not detected.
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Figure 8 Schematic diagram of Gram-staining positive bacteria interacting with uranyl ions.
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Figure 9 Schematic diagram of Gram-staining negative bacteria interacting with uranyl ions.
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Figure 10 Schematic diagram of plant interaction with uranyl ions.
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