Chinese Physical Society
M!l H Acta Physica Sinica .

€D Institute of Physics, CAS

N FEEKNERSHNERRER
tHE FEE O REE REF PR

Research progress of molecular structure and dynamics of biological water
Ye Shu-Ji Li Chuan-Zhao Zhang Jia-Hui Tan Jun-dJun LuoYi
5] 1% |2 Citation: Acta Physica Sinica, 68, 013101 (2019) DOI: 10.7498/aps.68.20181273

7 2% 1513 View online:  http://dx.doi.org/10.7498/aps.68.20181273
2114 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2019/V68/11

AR RABNEM T
Articles you may be interested in

Z X0 TR RO BB LI 7T
Experimental study on multicolor two-photon excited fluorescence microscopy
YyH 24,2015, 64(4): 048701  http://dx.doi.org/10.7498/aps.64.048701

FeiKE L SIS Bl R BT R G AT
A real-time axial activeanti-drift device with high-precision
YyE 22 4.2015, 64(2): 028701  http://dx.doi.org/10.7498/aps.64.028701


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.68.20181273
http://dx.doi.org/10.7498/aps.68.20181273
http://wulixb.iphy.ac.cn/CN/Y2019/V68/I1
http://wulixb.iphy.ac.cn/CN/abstract/abstract63336.shtml
http://wulixb.iphy.ac.cn/CN/abstract/abstract62658.shtml

I F 3R Acta Phys. Sin.

Vol. 68, No. 1 (2019) 013101

8 KRFEA LR

\Y

EMNFEEKNERSEHFEMRER"

ARk

FHEE wEER

REE IR

(hERFER AR KRS, ARG EY R E F e, G408 230026)
(2018 4 7 A 2 Ak H; 2018 4 8 A 27 AR BIME M )

MGG AKAELES AR R 735 IO G5 ) S AR Wk DA R 80 g 2 P BRI A2 BEL T RE55 77 T A2 4 e s A A1 .

MG 5K BB A G IR T B S R 5 TR B

HE I E A A BE A R 5 AL, R B Ko 1

AR IO CRE H NI K ISR 30 10 MR LA FHT B, SO = A HIA R 240
LA 2K R B A 6 B KR R R AT R T4 T 388 MRS 2 5 25 DL

AR RN A S5 R AN D e

RN SRIE SR )1 TR K O 5 SR TERG DL i A TR RUBE S 3 70 2

JEYE AW 9T 5K T Z BB 1 A AR S B AR I 45 /K IRy BUs s S5 M N B 0 7K &30
TIEEIIBETURERE, FFRUAGN Y — 28 A A 2k — 2D A D (K k2 [

KEE: AWy T A S DIRE, HitoK, BIREh 15

PACS: 31.70.Hq, 82.39.-k, 87.64.-t, 87.15.H—

15 =

A=) Gy T 45 A KA R K ) — b R ) AE A
W&, BIEZRTEAK. M. DNA, RNA B4
FR IS 5 AR ) 4y 1 R AR T TG 2 N K 4 (0
K1) =4 B 20 T2 50 FEARIE SR A o T 45 &
IKAELE LASK P ok 2 1 E s R AR 4t Ak 2
2 R AE A i B AR AN T BB A WL G 4y, AR
YL AWK oy F B ARG S AR 1 DA R 8l ) 2
JoRRI AR B T B S 7 T RS e M (AR T 000 L
B AT, B A BAE v AT R e AR T
RE 4y FHL2E, H 57K 5 7 BOAH EAE B 4% )
B2 5EAREMKHERE. i, 5EAR
LA KT (TFR S G K) AT AN B 4 5
FEARTSHRELNEASEE, EHEE
AR B IR E AAR . B T IE T O TR RE
BER.EO-EAR A4 A B
Sk AR DIV T F 2 R AR, KAE
bk ) —E R, HDhReA fe b % SEal. sAk,

DOTI: 10.7498/aps.68.20181273

Biological water

Bulk water

1 JURAREKR G BRAMRAK S FamBE AXTRH
HRMEEEW DT, 31 ELH R RR, Fhk
TR MR AR, B KRG RN IIHEA KD, CI
AR R i E kg7 P

Fig. 1.

ent types of water molecules associated with differ-

Schematic depicting the existence of differ-

ent hydration modes. Water type (A) corresponds to
molecules bound to the surface. Their dynamical ex-
change is represented with dashed arrows, and k de-
notes the exchange rates. Water types (B and C) are

quasi-free and free molecules, respectively (31,

* [B K E AP AR (S 2017YFA0303500, 2018 YFA0208700) . [E 5 H 28R 3E & (fkHES: 21873090, 21473177, 21633007,
21790350) 1 Je i L AR L 45 2% B 01 % 4 (it 5. WK2340000064) 1 ERF2£ B8 (#E#ES: 2016HSC-1U003) 2 #IE T15

REARESHH (S AHY090000) ¥ B A,
T B E1E#E. E-mail: shujiyeQustc.edu.cn

© 2019 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

013101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.68.20181273
http://wulixb.iphy.ac.cn

3B 2 IR Acta Phys. Sin.

Vol. 68, No. 1 (2019) 013101

MR E K TRV 2 AR B T AR5 (5
JEAZ e FEDRIYS | G ST L 4 2 2 4 T R A A
TRRE R IAEE, FRRE A X e A it i 112190,
BN G KR EE, HRAT T B
b T AN KO AR K IR T DR R B P T T
— 7, AKEA AR B AR i AR W 4 S5 1, 1% 4%
SE L) R I A Z A E R A R AR Y T L B T AR,
55 8 BEK 577 AR I RIE AT AN Wi T B
K537 10 OH AR SRS e, T H A WA 4R 7K 43
T LA Gz B4 T I AR A DA gl K i AU 1 T
[F) 1 i A0 W 2R 1 R AR LT AR B LR A 1
[0 RS pAy (960 0 e ) 0k o e R ) P A AT Ayl S
L AT & A A S A il RS T AT R
5T, VT 5K T R A EAE A R
Wb, KEZENKD T LA EGED ST LR
HHELAE F R ARAE AP 53 T AR08, (B A RE K,
o IR T DA E S/ F S y E
B R TR A DS B s R s 07 5
BBIRIN, AEW 0 ¥ RIR B A%, 5K1EH 5
FVr 2 Wy, R 1 I E K F AT A
PR, T K SRR ) 45 5 RE (2979 150 kJ /mol)
SCHRCHR T JR) 8 6 TUAR] e 28 DL R S B AL 2 4k 22 ) A
HAEF (SRR aR A O8], 3 b AR v A i
FLA 5K TR, T AERR P2 (A1 0] 2 38 5K 45
2B AR AR F 0L AR 2 THT IR IX B AR 2 R

ER ST Nty
SINAEN

RBUE A
J P K 5

it 7R A
IEAFAEZSIK

?ﬁ@@%ﬁ AT WA IR AN [F]
=T =T =

|[[d945 1953 1957 | 11959 1965

_— s ==
CRBURSME SINGEHK Tay

A RS WA AR KB A IR
SRR S EYGi0E LK TEAE
AR A e KA K
Bil) 3= O fﬂﬂﬂﬁfﬁ SZDNAJEF
Tty = SEEINOE

1967 1971 1975 1983 1984

R, RORIE I T AW 1 5K 901 Z 1A
VERT B M, A S5 G /K B 5 H 7K B
AN [ 3y J3 2R 5020210 Ak T4k, A4y
TR K 5y T 1) JR B g n T 25% B2 & A
FEW T 5K T A AL IR T AR
KA K KB A5 A, AT RELLE T A 45 5 K I
2K 230 FEARARAK b, VR IK K 7 2 R PR A
AEBE I T AEBR R A A U R, TR R A
BK oy A BERAL BV A s s IR SR B R R
IKE R ALK G5 B 775 W BAFAE = A X, 7K
A e URAE —Fh X3 224 R G TR A 2 i
P 2 LR A K EAR HAE 3 05 s P IX . 546K
ELER, KGR A I S A1 s 2R B Y B R I Th)
g 2020 AR WK 12 AR B IR %, EERIAE
IR SR IR 31 2 1) 22 W 2R ) <1 249 3 4 LU AR AT 7K
HH PR W S A G i, BRER B SR K2 [
SRR AT K > 13 118 4T, SRR
KR AE B Ky T R ERE 120 R
é&[27].

1B RO E W 4 G K I R 2R L e 5 ARk
M5, 51 7T EY KT R % . H
A, NMIEZEN =7 T EAE S SR mw e —
FEWT T G KR AR AR A D RE RO RE ;. 2T 7L
W51 TR B R 93 1 45K =R FUE 7 1K
w1, Hil Qe A ERid Bas 7 AEME &K

A IR 55
A% 73 AL
; %

G TR

RS T

AT A FRF T 7]
PIZ ARG T4k, FWAFTE =

%E

CRECTE

ity Wu«mmﬁ%

k%w%@ﬁ%ﬁ%

2 GG IKRLERIIE TR S

Fig. 2. A brief history of biological water science.
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Fig. 3. Schematic potential-energy funnels for the fold-
10]

ing of proteins! The rim (red-orange) represents
the high energy of the unfolded protein, with fold-
ing lowering the energy towards a minimum-energy
structure that is at the bottom of the funnel (dark
blue). It should be noted that these funnels represent
three-dimensional landscapes, whereas the actual en-
ergy landscapes are multidimensional. (a) The folding-
energy landscape in the presence of low hydration;

(b) a protein is sufficiently hydrated.
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Fig. 4. Schematic of protein aggregation mechanisms leading to polymorphic fibrils 3], On the left are

solvated peptides. Water in the hydration layer is in red and the bulk water is in blue.
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Fig. 5. Illustration of key residues near the hydropho-

bic cavity in cytochrome c oxidase and general proton
path ways to and from Glu286 [°2]. BNC is the abbre-
viation of binuclear center which comprises heme ag
and CuB.
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Fig. 7. A schematic illustration explaining the mechanism of the hydration-regulated domain motion

in glutamata dehydrogenase (GDH). The hydrophobic and hydrophilic surfaces are colored in grey

and blue, respectively (66], Each subunit of GDH is composed of a nucleotide-binding domain (N-

domain) and a core domain (C-domain) for hexamer formation. A large cleft between the two

domains can work as a active site to which substrate binds.
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Fig. 9. At charged lipid/water interfaces, the orienta-
tion of interfacial water is governed by the net charge
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terface, water is in the hydrogen-up orientation, and
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Fig. 10. Schematic representation of the three distinct waters at the zwitterionic lipid/water interface (1017,
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Table 1. Different relaxation time of biological water observed by dielectric relaxation (DR) and NMR.
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Fig. 13. The hydration dynamics, 71 (a) and 72 (b),
of all mutants plotted according to the order of their
time scales in the native state. (a) The beads above
the bars represent the native-state mutants and are
classi?ed according to their probe positions (yellow),
local charge distributions (green), and local secondary
structures (blue). (b) The native-state mutants are
simply grouped by two bars, dense charge surfaces
and distant probe, and an arrow with the increased
structural rigidity, colored with the same code for the
beads in (a). (b) Inset also shows the correlation of

two hydration dynamics [124]
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Fig. 14. Coupled water/side-chain relaxations in a potential energy basin. (Upper) Four panels show the snapshots of

MD simulations following several typical inner-layer (red) and outer-layer (blue) water molecules with the relaxation

motion corresponding to the observed solvation dynamics. At time 715 (20 fs), only the outer-layer water molecules

locally relax. At time 7og (130 fs), all water molecules proceed to significant rotational motion. However, all water

molecules remain in the local positions, and the protein does not move significantly. At time 735 (50 ps), all water

molecules have made significant rearrangements and also exchanged with bulk water. Meanwhile, the protein surface

topology was also altered. Note that the simulated 715 and 7og times are significantly shorter than those observed in

our experiments. (Lower) Shown are three relaxation processes of hydration water and coupled tryptophan side chain

in a potential energy basin with conformational substrates. The arrow in the white box indicates the constrained

relaxation pathway with the initial outer-layer ultrafast relaxation (71g), which is not coupled to the protein motion,

and two water-driven water/side-chain relaxations (75 and 73g), which access only a limited region in the energy

basin. (Insets) Two potential energy curves of hydration water and protein side chains used in construction of the

contour energy landscape (127,
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Abstract

The specific water molecules that are confined within the solvation shell adjacent to the surface of biological
macromolecules (including protein, enzyme, DNA, RNA, cell membrane, etc.) are called biological water molecules.
Such water around the biomolecule surface plays a very important role in the structure, stability, dynamics, and function
of biological macromolecules. A molecular-level understanding of the structure and dynamics of biological water, as well
as the nature of its influence on biological structure and function is the key to revealing the mechanism of the biological
functions. However, the researches in this field are still in the initial stage. Here in this paper, we review the relevant
researches and recent progress of hydration water from three aspects. The first aspect is about the influence of hydration
water on biological structure and function. It is evident that water actively participates in many biological processes such
as protein folding, proton donation and migration, ligand binding and drug design, and allosteric effects. For example,
water mediates the collapse of the chain and the search for the native topology through a funneled energy landscape.
The second aspect is about the structure of water molecules around the biomolecules investigated by nuclear magnetic
resonance (NMR), dielectric relaxation, neutron scattering, X-ray diffraction and ultrafast optical spectroscopy. The third
aspect is about the dynamic behaviors of biological water, including the relaxation time scale, dynamic property, dynamic
coupling between biomolecules and water molecules, and sub-diffusive motion of the water molecules along the protein
surfaces. Different techniques measure different timescales for the motion of proteins and their hydration environment.
While NMR and dielectric relaxation methods reveal the motion of biological water on a time scale from several tens
of picoseconds to nanoseconds, ultrafast optical spectroscopy such as fluorescence and vibrational spectroscopy probes
the hydrogen-bonding fluctuations of water on a time scale from the femtosecond to picosecond. It is therefore highly
necessary to acquire a real and complete picture of the structure and dynamics of biological water by combining several

different techniques. Finally, some unsolved scientific problems are also summarized in this review.
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