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Proteins in solution affect the structural and dynamic properties of the bulk water at the protein-water interface,
resulting in a contribution to the order of the hydration water. Theoretical and experimental NMR relaxation
methods were developed to study the dynamic properties of water molecules in the protein hydration shell.
Water non-selective and selective relaxation rates, were shown to be sensitive to contributions from ordered
solvent molecules at protein surface. The average rotational correlation time of water molecules in the protein
hydration shell was determined for three protein systems of different size: ribonuclease A, human serum albumin

and fibrinogen. The knowledge of these properties is an important step toward the determination of the size of
the water ordering contributions originate in proteins systems.

1. Introduction

Water molecules surrounding a protein system are highly organized,
giving rise to structures of different complexity and creating a long
range ordering effect to a distance of several Angstroms [1,2]. These
water molecules show restricted dynamics compared to the free tum-
bling motion of bulk water molecules [3-5]. Water solvation of bio-
molecules [6,7] and metal ions [8-12] is an essential process in che-
mical and biochemical functioning [13-15]. Moreover, protein hydra-
tion leads to an increased flexibility, an important property for protein
functional roles [16-22]. In the past, theoretical and experimental
studies have highlighted the role of water and specifically of hydrogen
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bonds formation in the protein-protein interactions [23-26], as well as
in the study of metal-macromolecules recognition processes [27-31].
In the present study, we investigate the dynamical state of water
molecules interacting with the protein molecules. Three proteins with
different conformation and molecular weight were studied to highlight
the water behavior in specific surrounding environments. In particular,
the ribonuclease A (RNase), human serum albumin (HSA) and fi-
brinogen were used. RNase is a small (~13.7 kDa) and stable enzyme
[32]; HSA is a globular, water-soluble, non-glycosylated polypeptide
that contains 585 amino acids with a molecular weight by ~66.2kDa
[33] and fibrinogen is a ~340kDa homodimeric glycoprotein con-
sisting of 2Aa, 2Bf3, and 2y polypeptide chains linked by 29 disulfide
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bridges [34]. Proteins in solution can define three water environments,
i.e., the buried water molecules (which are integral part of the protein
structure, often present in protein crystals [35,36]), the surface water
which is present in layers around the macromolecules, and the bulk
water. Different dynamical properties are typical of each environment
[37-39]. NMR relaxometry can be used to characterize protein dy-
namics and to determine the rotational correlation time of the buried
water molecules [40-43]. Water proton spin-lattice relaxation rates,
obtained in selective and non-selective modes were used to determine
the rotational correlation time of the water molecules in the layers
around a protein surface [44].

Bulk water dynamics were previously characterized, revealing or-
ientation relaxation of the order of picoseconds [45-47]. The results
indicate that the macromolecules induce an ordering effect on the water
molecules present on the protein surface. This study reports an NMR
relaxometry method aimed to quantify the effect of water in protein
systems, highlighting that the ordering contribution on water molecules
is a function of both protein size and conformation. This will indicate
that the protein conformational change, induced by protein-ligand in-
teraction, modifies the protein ordering effect of the water molecules in
the protein surface layers.

2. Materials and methods
2.1. Experimental

Ribonuclease A, human serum albumin and fibrinogen were pur-
chased from Sigma Chemical Co. and used without any further pur-
ification.

The solutions for the NMR experiments were obtained by dissolving
the appropriate amounts of protein in D,O. In all the experiments
protein concentration was 2 X 10~ 2mol/L.

'H NMR spectra were obtained on a Bruker AMX 400 and a Bruker
AC 200 spectrometer, operating at 400.00 MHz and 200.13 MHz re-
spectively. The spin-lattice relaxation rates were measured using the
(180°-1-90°-t),, sequence. The t values used for the selective and non-
selective experiments were: 0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.4,
0.8,1, 1.5, 2, 3,4, 5,7, 20s, respectively, and the delay time (t) was
20s. The 180° selective inversion of the proton spin population was
obtained by a selective soft perturbation pulse, generated by the de-
coupler channel. All the selective and non-selective spin-lattice re-
laxation rates refer to the water protons. The maximum experimental
error in the relaxation rate measurements was 5%.

All the spectra were processed using the Bruker Software
XWINNMR, version 2.5 on Silicon Graphics O2 equipped with RISC
R5000 processor, working under the IRIX 6.3 operating system.

NMRD profiles were measured on a Stelar Spinmaster FFC field
cycling spectrometer (FFC2000, Stelar, Mede, Italy), operating in the
field range from 2.4x10" % to 8.2x10 ! T (corresponding to proton
Larmor frequencies from 0.01 to 35MHz). NMRD profiles were ac-
quired from samples of the proteins in water solution. The field-
switching time was 3 ms, the polarization field was 30 MHz, the free
induction decays were recorded after a single 90° excitation pulse ap-
plied at 14.8 MHz by using a receiver-delay time by 10 ps.

2.2. Theory

In a proteins system, we assume a distribution of water molecules in
three different environments accordingly to their dynamically proper-
ties.

Using this model, the system contains:

(i). bulk water with a rotational correlation time typical of the order
of picoseconds [44-47].

(ii). water present in the hydration layers around the protein surface
which exhibits a restricted re-orientational motion. The dynamical
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properties of water molecules in this environment it is assumed be
represented by a distribution of correlation time values. The limit
values are the protein rotational motion (which include the buried
water molecules), and the free tumbling bulk water. A fast che-
mical exchange conditions between the water molecules present
in each existing micro-environments of the protein hydration
layers and the bulk water is assumed.

(iii). buried water molecules. These long lived water molecules show
dynamics which are determined by the slow rotational motion of
the protein with correlation times values (t.), typically of the
order of tens nanoseconds. These molecules are in slow chemical
exchange (on the NMR time scale) with the water molecules
present in the layers around the macromolecular surface.

The magnetic relaxation dispersion studies [6,43], give information
about the rotational mobility of a protein and the buried waters, as well
as on the number of buried water molecules that are associated with the
protein. The number of buried water molecules is usually a very small
fraction of the total number of water molecules in contact with the
protein [6]. Nevertheless, relaxometric investigation cannot be used to
monitoring the dynamics of water molecules present in the hydration
layers around the protein which are characterized by shorter rotational
lifetimes, in the limits from nanoseconds to few picoseconds.

Water proton spin-lattice relaxation rates obtained in either selec-
tive or non-selective mode allows to compute the protein contributions
to the water relaxation for those molecules present in the hydration
layers. The fast chemical exchange between the bulk (A) and the water
molecules in the layers around a protein surface (B), can be described
by:

M(H,0)8 + n(H,0)* = M (H,0); + n(H,0)" )

where M is the protein.
On the basis of the previous equilibrium both R;™ and R;%F can be
described as:

WRiexp = Xp Rup + Xlef 2)

where WR;., is the experimental relaxation rate of water in the pre-
sence of the protein, R;; and R;f the water relaxation rates of the pure
bound and free environments respectively. The values of x; and x; are
the molar fractions of water in bound and bulk conditions and jy; can be
defined as [48,49]:

_ n[M(H,0); 1] _ n[M(H,0);]
T [H0)] + [M(H,0)}] ~  [M(H0] 3)

Xb

where y; is the free water molar fraction: 3 = 1 - x; = 1, considering
that [H,0] > > [M(H20),1.

Dipolar non-selective R;™ and selective R;*F spin-lattice relaxation
rates can be described as [50,51]:

RY = Zpij + Z Gij 4)

R =3 p, )

where p; and oj; are the direct and the cross-relaxation contributions to
proton spin-relaxation, respectively.

For any (ij) dipolar coupling, RN and R;F assume the explicit
form:

RNS — iyélhz [ 4Tc T ]

= +
! 10 18 |1+ 4wt 1+ wft? 6)
4 hz
se_ 1 7u 37, 67,
R™ = ———% 22+ 22 T
10 1y |1+ whr? 1+ 45T 7)

where 7. is the rotational correlation time modulating the internuclear
interactions, ry is the internuclear distance between i and j atoms, w and
y are the proton Larmor frequency and the proton magnetogyric ratio,
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Fig. 1. Water proton R;™ and R;** dependence on ..

respectively and h is the Plack's constant. The water proton R;™ and
R;%F dependence on 7. are shown in Fig. 1 [52].
The cross-relaxation term oy is described by:

_Lyéhz[ 61, ]
C

g = 6 |71 + 422
10 7 |1+ 4wt

(€))

In pure water both water non-selective and selective spin-lattice
relaxation rates, wR;™* and wR ;" respectively, assume the same values
as the water cross-relaxation term (0,,,), affects the selective and non-
selective measurements to the same extent. Being the water proton spin
population affected in similar way by the 180° pulse of the inversion
recovery pulse sequence used for the experimental measurements of the
relaxation rates.

In a water protein system a negative protein-water cross-relaxation
contribution to the non-selective spin-lattice relaxation rates is ex-
pected. The negative cross-relaxation contributions originate from
water molecules in close contact with the protein whose motions are
outside the fast motion limits: wyt. < < 1 (see Eq. (8)). As a con-
sequence R;5% > R;™ is observed.

In protein solution both the non-selective and selective water re-
laxation rates can be described as a sum of the following terms:

WRﬁfp= ZP]£W + Zguf;w + X ZPS,W + X Zg‘gw + X Zpﬁp +2X Zov?)p

(C)]
WRG = D o0 + D3 Ty + X5 D P X D Tow + X D Phy

where pf,vw and of,,, are direct and cross-relaxation terms for bulk
water, pa,w and ob,, the intra- and inter-molecular water interactions in
the bound conditions and p,,, and oy, are the water-protein direct and
cross-relaxation terms respectively (the indexes f and b indicate the free
and bound water environments). The difference between the non-se-
lective and selective measurements is due to they, Y o), term, which
contains all the negative cross-relaxation contributions arising from
protein-water interactions. The y, Y, UJ",‘, term is responsible of:
lese}ip > waVe,iu.

In D,O solutions, both Eq. (9) and Eq. (10) are simplified as:

(10)

Wle\g(p = va{;w + z o'\/lf:w + X Z 'Ovllj)p + X Z le.))p (]1)
WRL, = Dol + D ot 2 D, Pfip 12

Combining Egs. (4) and (5) and Egs. (11) and (12), the following
expressions can be obtained:

WRIS, = WR™ + 3, (D] pup + 2 Gup) (13)
wRE = wR + 3, o) (14)

from which the protein contribution to the water relaxation rates, AR,
can be calculated as:

ARM = wRS, — wRM = 24, (X 0y + . Oup) = RIS 15)
ARSF = Wngp —wRE =y, (Z Pup) = XLRY (16)

where Ry, and wR;,5E are the non-selective and selective relaxation
rates of the water molecules present in the bound conditions.

If W, is defined as the AR;“S/AR;*F ratio, then the average T,(ave)
value of water molecules present in the protein hydration layers, can be
determined. This value represents the average rotational correlation
time among all the contributions arising from the water molecules
present in the hydration layers around the protein:

12701 37c1
1+ 40?72 1+ w73
— NS SE _ NS SE _ pNS SE __ H"cl H"cl
W = AR /AR = X, Ry’ /X, Riy = Ry /Ry = 671 T
2.2 22 T Ta
1+4wpts 1+wf14
a7

The T,(avey Value is expected to be in between the protein rotational
motions (10°7/10~85s) and the water free tumbling reorientation (pi-
coseconds).

In Fig. 2 the frequency dependence of W, (W = AR;™ / AR;F) on
the basis of Eq. (17), is reported. Three values of the proton Larmor
frequencies were considered: 200, 300 and 400 MHz. Three values of
the proton Larmor frequencies were considered: 200, 300 and 400 MHz.
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Fig. 2. Frequency dependence of W, (W = AR;™/AR;") on the basis of Eq.
7).

3. Results and discussion

Three systems containing proteins of different size and conforma-
tion were investigated: ribonuclease A, human serum albumin and fi-
brinogen [32-34,53,54]. The water selective and non-selective spin-
lattice relaxation times at 400 MHz were determined as a function of
ribonuclease A, human serum albumin (HSA) and fibrinogen con-
centrations. The experimental results are reported in Fig. 3 and showed
that the water selective spin-lattice relaxation rates for protein systems
assume a larger value with respect to the water non-selective spin-lat-
tice relaxation rates. This is consistent with the presence of a negative
protein-water cross-relaxation contributions to R;. Both AR;® and
AR;™ vs protein concentration showed a linear behavior. The values of
the W ratios were calculated for ribonuclease, human serum albumin
and fibrinogen systems, and reported in Table 1.

Similarly, selective and non-selective spin-lattice relaxation mea-
surements were performed on both, human serum albumin and human
serum albumin-Lamotrigine systems using a spectrometer operating at a
proton frequency of 200 MHz. These measurements were performed to
verify the validity of the proposed approach using a different operating
proton frequency. Lamotrigine an anticonvulsant drug is known to have
a specific affinity toward human serum albumin. As reported in lit-
erature, the interaction between HSA and lamotrigine was studied by
spectroscopic techniques and molecular modeling to highlight the
aminoacids involved in the binding site. Experimental data reported by
Poureshgh et al. 2017 suggest that subdomain IB of HAS was involved
in the interaction process and that Van der Waals interactions and
hydrogen bonds were the dominant forces [55-57]. This system has
been studied to analyze the contribution of protein conformational
change on protein ordering effects on the surface water molecules. The
plots of AR;5F and AR;™ vs protein concentration for HSA and HSA-
Lamotrigine systems, are reported in Fig. 4 and calculated W ratios for
these two systems are also reported in Table 1.

On the basis of the computed W ratios and using Eq. (14) the
average rotational correlation time values, Tyave), Of water molecules
present in the protein hydration layer was calculated.

The rotational correlation time of the protein buried water, the
average correlation time of the water molecules in the protein hydra-
tion layers, and the tumbling rotational correlation time of the bulk
water molecules, together with the protein molecular weight, are re-
ported in Table 1.

The rotational correlation time of the buried water molecules were
obtained from relaxometric measurements and then compared with the
previously obtained measurements [6,43]. Fig. 5 reports the “fast field
cycling”, FFC-'H relaxation dispersion curves of ribonuclease A, human
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Fig. 3. AR;%F and AR;™® water selective and non-selective spin-lattice relaxation
rates dependence as a function of protein concentrations: (a) ribonuclease A, (b)
human serum albumin, (c) fibrinogen systems at a Larmor frequency of
400 MHz.

serum albumin and fibrinogen systems. The results indicate that the
dispersion region was not detected in the range of frequencies used. The
reason of such behavior is probably due to the fact that fibrinogen is not
a globular protein. The fibrinogen sizes are: longitudinal axis 434 A and
transversal axis of 50 A. The protein may contains also few buried water
molecules no detectable by a relaxometric study.

In protein systems, water protons spin-lattice relaxation rates con-
tain information on both bulk and protein surface water environments.
Protein presence induces an ordering effect, which depends on the size
of the protein and on its conformation. Fig. 6 shows a model of a HSA



C. Bonechi, et al.

Table 1

W, 7., Trcavey and 7, correlation times, of water molecules in different environ-
ments, protein buried water, protein hydration shell and bulk water. Values
obtained for different proteins systems, at 400 MHz and 200 MHz, and at 298 K.

Mw (kDa) W 7 (ns) Tr(avey (1S) Tw(avey (S)
Buried water  Surface water Bulk water

w, (400 MHz)

Ribonuclease A 13.7 0.88 6.6 0.60 2.5x107°2
HSA 66.2 0.36 48 1.50 25x 1073
Fibrinogen 340 026 - 1.70 25x 1073
®, (200 MHz)
HSA 66.2 0.71 48 1.50 2.5 x 1073
HSA-Lamotrigine ~ 66.2 0.54 48 2.00 25x 1073
AR, (s) ¢ ARMS B ARE
0.40 y=2313.2x
(a) R?=0.9999
0.35
0.30
y=1,647.58x
0.25 o
0.20
o
0.15 n/
0.10
0.05
0.00
0.0E+00 5.0E-05 1.0E-04 1.5€-04 2.0E-04

Albumin (mol/L)

AR, (s) o AR m  ARSE
0.60 y = 3535.4x
(b) o R?=0.9968
0.50 /
0.40 Y
y=1932.9x
R?=0.9943
0.0E+00 5.0E-05 1.0E-04 1.56-04 2.0E-04

Albumin (mol/L)

Fig. 4. AR;%F and AR;™S water selective and non-selective spin-lattice relaxation
rates dependence as a function of human serum albumin concentrations at a
Larmor frequency of 200 MHz: (a), pure human serum albumin and (b) human
serum albumin-Lamotrigine system. Lamotrigine concentration 1 X 1072

mol.dm 3,

protein with ordered and bulk water, as obtained by molecular mod-
eling simulation starting from the HSA structure (pdb code 1A06) in a
water cap (Amber 16.0, tLEaP suite) [58,59]. Three environments with
different dynamics, each characterized by a different profile of the
normalized Spectral Density function J(w) (Fig. 7, for HSA protein
system), can be defined on the basis of Eq. (18):

J(@) = 2t./[1 + (w*c?)] (18)
4. Conclusion

The protein ordering contribution on water molecules was quanti-
fied using the average correlation time of the water molecules present
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Fig. 5. FFC 1H relaxation dispersion curves of (a) ribonuclease A, (b) human
serum albumin, and (c) fibrinogen systems.

in the protein hydration layers. This result shows the importance of
quantifying the size of the protein ordering contribution on the water
molecules. This study confirms the theoretical and experimental ap-
proaches developed for the calculation of the average correlation times
of water molecules in the protein hydration layers. These systems are
very important in both theoretical and experimental studies, allowing
for the simultaneous identification of dynamical properties of each of
three different water environments.
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Fig. 6. Schematic model of HSA protein in which ordered and bulk water are

shown.
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water.

Conflicts of interest
The authors declare no conflict of interest.

Acknowledgments

The authors thank the Centre for Colloid and Surface Science

(CSGI), for funding the research.

References

[1] S. Keiichiro, O. Yuichi, K. Naoshi, Hydrogen bond network of water around protein

investigated with terahertz and infrared spectroscopy, Biophys. J. 111 (2016)
2629-2641.

[2] X. Chen, I. Weber, R.W. Harrison, Hydration water and bulk water in proteins have

distinct properties in radial distributions calculated from 105 atomic resolution
crystal structures, J. Phys. Chem. B 112 (2008) 12073-12080.

[3] S.H. Chong, S. Ham, Dynamics of hydration water plays a key role in determining

the binding thermodynamics of protein complexes, Sci. Rep. 7 (2017) 8744.

10

[4]
[5]
[6]
[71

[8]

[91]

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

[18]
[19]
[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]
[371

[38]

Biophysical Chemistry 249 (2019) 106149

B. Halle, Protein hydration dynamics in solution: a critical survey, Phil. Trans. R.
Soc. Lond. B 359 (2004) 1207-1224.

V.P. Denisov, B. Halle, Protein hydration dynamics in aqueous solution, Faraday
Discus. 103 (1996) 227-244.

R.G. Bryant, The dynamics of water-protein interaction, Rev. Biophys. Biomol.
Struct. 25 (1996) 29-53.

D.M. Leitner, M. Gruebele, M. Havenith, Solvatation dynamics of biomolecules:
modeling and Terahertz experiments, HFSP J. 2 (2008) 314-323.

T. Janc, M. Luksi¢, V. Vlachy, B. Rigaud, A.L. Rollet, J.P. Korb, G. Mériguet,

N. Malikova, Ion-specificity and surface water dynamics in protein solutions, Phys.
Chem. Chem. Phys. 20 (2018) 30340-30350.

L. Bellarosa, G. Revilla-Lopez, N. Lopez, Diversity at the water-metal interface:
Metal, water thickness, and confinement effects, ACS Cent. Sci. 2 (2016) 109-116.
G. Tamasi, S. Mangani, R. Cini, Copper(I)-alkyl sulfide and-cysteine tri-nuclear
clusters as models for metallo proteins: a structural density functional analysis, J.
Biomol. Struct. Dynamics 30 (2012) 728-751.

G. Tamasi, A. Merlino, F. Scaletti, P. Heffeter, A.A. Legin, M.A. Jakupec, W. Berger,
L. Messori, B.K. Keppler, R. Cini, Ru(CO)x-core complexes with benzimidazole li-
gands: synthesis, X-ray structure and evaluation of anticancer activity in vivo,
Dalton Trans. 46 (2017) 3025-3040.

N. Pontillo, G. Ferraro, L. Messori, G. Tamasi, A. Merlino, Ru-based CO releasing
molecules with azole ligands: interaction with proteins and the CO release me-
chanism disclosed by X-ray crystallography, Dalton Trans. 46 (2017) 9621-9629.
M.E. Chaplin, Opinion do we underestimate the importance of water in cell biology?
Nat. Rev. Mol. Cell Biol. 7 (2006) 861-866.

G. Leone, A. Bidini, S. Lamponi, A. Magnani, States of water, surface and rheolo-
gical characterisation of a new biohydrogel as articular cartilage substitute, Polym.
Adv. Technol. 24 (2013) 824-833.

C. Della Giovampaola, A. Capone, L. Ermini, P. Lupetti, E. Vannuccini, F. Finetti,
S. Donnini, M. Ziche, A. Magnani, G. Leone, C. Rossi, F. Rosati, C. Bonechi,
Formulation of liposomes functionalized with the Lotus lectin and effective in tar-
geting highly proliferative cells, BBA General Subjects 1861 (2017) 860-870.

V.J. Hilser, Finding the wet spots, Nature 469 (2011) 166-167.

L. Zhang, L. Wang, Y.-T. Koa, W. Oiu, O. Okobiah, D. Zhong, Mapping hydration
dynamics around a protein surface, Proc. Nat. Acad. Sci. 104 (2007) 18461-18466.
A. Hospital, M. Candotti, J.L. Gelpi, M. Orozco, The multiple role of waters in
protein solvatation, J. Phys. Chem. B 121 (2017) 3636-3643.

Y. Qin, D. Zhong, Dynamics and mechanism of ultrafast water-protein interactions,
Proc. Nat. Acad. Sci. 113 (2016) 8424-8429.

P.L. Privalov, C. Crane-Robinson, Role of water in the formation of macromolecular
structures, Eur. Biophys. J. 46 (2017) 203-224.

N. Bhattacharjee, P. Biswas, Structure of hydration water in proteins: a comparison
of molecular dynamics simulations and data base analysis, Biophys. Chem. 158
(2011) 73-80.

V. Bianco, S. Iskrov, G. Franzese, Understanding the role of hydrogen bonds in
water dynamics and protein stability, J. Biol. Phys. 38 (2012) 27-48.

S. Chakraborty, B. Bagchi, Secondary structure sensitivity of hydrogen bond life
time dynamics in the protein hydration layer, J. Am. Chem. Soc. 127 (2005)
16660-16667.

K. Tompa, M. Bokor, T. Verebélvi, P. Tompa, Water rotation barrier on protein
molecular surfaces, Chem. Phys. 448 (2014) 15-25.

P.L. Privalov, C. Crane-Robinson, Role of water in the formation of macromolecular
structures, Eur. Biophys. J. 46 (2017) 203-224.

C. Bonechi, S. Ristori, S. Martini, L. Panza, G. Martini, C. Rossi, A. Donati, Solution
behavior of a sugar-based Carborane for boron neutron capture therapy: a nuclear
magnetic resonance investigation, Biophys. Chem. 125 (2007) 320-327.

H.-T. Zhang, Z.-Y. Zhou, Y. Shi, Density functional theory study of the hydrogen-
bonding interaction of 1:1 complexes of alanine with water, J. Phys. Chem. A 108
(2004) 6735-6743.

H. Pesonen, E. Aksela, K. Laasonen, Density functional study of metal ions with
cysteine, J. Phys. Chem. A 114 (2010) 466-473.

R.C. Remsing, E. Xi, A.J. Patel, Protein hydration thermodynamics: the influence of
flexibility and salt and hydrophobin II hydration, J. Phys. Chem. B 122 (2018)
3635-3646.

M. Paolino, L. Mennuni, G. Giuliani, M. Anzini, M. Lanza, G. Caselli, C. Galimberti,
M.C. Menziani, A. Donati, A. Cappelli, Dendrimeric tetravalent ligands for the
serotonin-gated ion channel, Chem. Comm. 50 (62) (2014) 8582-8585.

A. Cappelli, F. Villafiorita-Monteleone, G. Grisci, M. Paolino, V. Razzano, G. Fabio,
G. Giuliani, A. Donati, R. Mendichi, A.C. Boccia, M. Pasini, C. Botta, Highly emissive
supramolecular assemblies based on s-stacked polybenzofulvene hosts and a ben-
zothiadiazole guest, J. Mater. Chem. C 2 (37) (2014) 7897-7905.

J. Santoro, C. Gonzélez, M. Bruix, J.L. Neira, J.L. Nieto, J. Herranz, M. Rico, High-
resolution three-dimensional structure of Ribonuclease A in solution by nuclear
magnetic resonance spectroscopy, J. Mol. Biol. 229 (3) (1993) 722-734.

A.A. Bhattacharya, T. Griine, S. Curry, Crystallographic analysis reveals common
modes of binding of medium and long-chain fatty acids to human serum albumin, J.
Mol. Biol. 303 (2000) 721-732.

M.W. Mosesson, Fibrinogen and fibrin structure and functions, J. Thromb. Haemost.
3 (2005) 1894-1904.

K. Takano, Y. Yamagata, K. Yutani, Buried water molecules contribute to the con-
formational stability of a protein, Protein Eng. 16 (2003) 5-9.

0. Carugo, When proteins are completely hydrated in crystals, Int. J. Biol.
Macromol. 89 (2016) 137-143.

D. Laage, T. Elsaesser, J.T. Hynes, Water dynamics in the hydration shells of bio-
molecules, Chem. Rev. 117 (2017) 10694-10725.

B. Bagchi, Water dynamics in the hydration layer around proteins and micelles,


http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0005
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0005
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0005
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0010
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0010
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0010
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0015
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0015
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0020
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0020
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0025
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0025
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0030
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0030
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0035
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0035
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0040
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0040
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0040
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0045
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0045
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0050
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0050
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0050
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0055
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0055
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0055
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0055
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0060
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0060
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0060
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0065
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0065
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0070
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0070
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0070
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0075
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0075
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0075
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0075
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0080
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0085
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0085
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0090
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0090
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0095
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0095
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0100
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0100
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0105
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0105
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0105
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0110
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0110
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0115
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0115
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0115
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0120
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0120
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0125
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0125
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0130
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0130
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0130
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0135
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0135
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0135
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0140
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0140
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0145
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0145
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0145
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0150
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0150
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0150
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0155
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0155
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0155
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0155
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0160
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0160
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0160
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0165
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0165
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0165
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0170
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0170
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0175
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0175
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0180
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0180
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0185
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0185
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0190

C. Bonechi, et al.

[39]

[40]

[41]

[42]
[43]
[44]

[45]

[46]

[47]

[48]

[49]

Chem. Rev. 105 (2005) 3197-3219.

D. Laage, J.T. Hynes, A molecular jump mechanism of water reorientation, Science
311 (2006) 832-835.

A. Van-Quynh, S. Willson, R.G. Bryant, Protein reorientation and bound water
molecules measured by 'H magnetic spin-lattice relaxation, Biophys. J. 84 (2003)
558-563.

M. Jasnin, A. Stadler, M. Tehei, G. Zaccai, Specific cellular water dynamics ob-
served in vivo by neutron scattering and NMR, Phys. Chem. Chem. Phys. 12 (2010)
10154-10160.

G. Diakova, J.P. Korb, R.G. Bryant, The magnetic field dependence of water T; in
tissues, Magnet. Res. Med. 68 (2012) 272-277.

R.G. Bryant, Dynamics of water in and around proteins characterized by 'H-spin-
lattice relaxometry, Comptes Rendus Physique 11 (2010) 128-135.

C. Rossi, C. Bonechi, A. Foletti, A. Magnani, S. Martini, Biopolymers and bioma-
cromolecules solvent dynamics, Macromol. Symp. 335 (2014) 78-85.

H.S. Tan, LR. Piletic, M.D. Fayer, Ortientational dynamics of water confined on a
nanometer length scale in reverse micelles, Phys. Rev. B 122 (2004)
174501-174509.

J.J. Loparo, C.J. Fecko, J.D. Eave, S.T. Roberts, A. Tokmakoff, Reorientational and
configurational fluctuations in water observed on molecular length scale, J. Chem.
Phys. 70 (2005) 180201-180204.

Y.L.A. Rezus, H.J. Bakker, On the orientational relaxation of HOD in liquid water, J.
Chem. Phys. 123 (2005) 114502-114507.

S. Martini, C. Bonechi, G. Corbini, C. Rossi, Determination of the modified affinity
index of small ligand and macromolecular receptors from NMR spin-lattice re-
laxation data, Chem. Phys. Letters 447 (2007) 147-153.

S. Martini, C. Bonechi, C. Rossi, Interaction between vine pesticides and bovine
serum albumin studied by nuclear spin relaxation data, J. Agric. Food Chem. 58

[50]
[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Biophysical Chemistry 249 (2019) 106149

(2010) 10705-10709.

1. Solomon, Relaxation processes in a system of two spins, Phys. Rev. 99 (1955)
559-565.

1.D. Campbell, R. Freeman, Influence of cross-relaxation on NMR spin-lattice re-
laxation times, J. Magnet. Reson. 11 (1973) 143.

N. Niccolai, L. Pogliani, C. Rossi, Water proton selective nuclear relaxation: a proof
to investigate surface characteristics of biological materials, Chem. Phys. Letters
110 (1984) 294-297.

C. Bonechi, S. Lamponi, A. Donati, G. Tamasi, M. Consumi, G. Leone, C. Rossi,

A. Magnani, Effect of resveratrol on platelet aggregation by fibrinogen protection,
Biophys. Chem. 222 (2017) 41-48.

C. Bonechi, S. Martini, C. Rossi, Interaction study of bioactive molecules with fi-
brinogen and human platelets determined by 'H NMR relaxation experiments,
Bioorg. Med. Chem. 17 (2009) 1630-1635.

C. Rossi, A. Donati, G. Corbini, R. Rappuoli, E. Dreassi, P. Corti, Nuclear relaxation
studies in ligand-macromolecule affinity index determinations, Chem. Phys. Letters
264 (1997) 205-209.

F. Poureshghi, P. Ghandforoushan, A. Safarnejad, S. Soltani, Interaction of an an-
tiepileptic drug, lamotrigine with human serum albumin (HAS): application of
spectroscopic techniques and molecular modelling methods, J. Photochem.
Photobiol. B 166 (2017) 187-192.

C. Bonechi, S. Martini, C. Rossi, Interaction study of indigo carmine with albumin
and dextran by NMR relaxation, J. Mater. Sci. 46 (2011) 2541-2547.

R. Salomon-Ferrer, D.A. Case, R.C. Walker, An overview of the Amber biomolecular
simulation package, WIREs Comput. Mol. Sci. 3 (2013) 198-210.

D.A. Case, T.E. Cheatham III, T. Darden, H. Gohlke, R. Luo, K.M. Merz, A. Onufriev,
C. Simmerling, B. Wang, R. Woods, The Amber biomolecular simulation programs,
J. Comput. Chem. 26 (2005) 1668-1688.


http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0190
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0195
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0195
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0200
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0200
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0200
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0205
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0205
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0205
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0210
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0210
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0215
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0215
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0220
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0220
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0225
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0225
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0225
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0230
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0230
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0230
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0235
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0235
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0240
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0240
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0240
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0245
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0245
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0245
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0250
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0250
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0255
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0255
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0260
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0260
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0260
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0265
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0265
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0265
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0270
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0270
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0270
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0275
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0275
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0275
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0280
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0280
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0280
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0280
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0285
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0285
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0290
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0290
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0295
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0295
http://refhub.elsevier.com/S0301-4622(19)30099-7/rf0295

	Ordering effect of protein surfaces on water dynamics: NMR relaxation study
	Introduction
	Materials and methods
	Experimental
	Theory

	Results and discussion
	Conclusion
	Conflicts of interest
	Acknowledgments
	References




