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ABSTRACT
YUAN CHONG: NMR Studies of Protein Hydration and Protein-Ligand Interactions
(Under the direction of Yue Wu)

Water on the surface of a protein is called hydration water. Hydration water is known to
play a crucial role in a variety of biological processes including protein folding, enzymatic
activation, and drug binding. Although the significance of hydration water has been recognized,
the underlying mechanism remains far from being understood. This dissertation employs a
unique in-situ nuclear magnetic resonance (NMR) technique to study the mechanism of protein
hydration and the role of hydration in alcohol-protein interactions. Water isotherms in proteins
are measured at different temperatures via the in-situ NMR technique. Water is found to interact
differently with hydrophilic and hydrophobic groups on the protein. Water adsorption on
hydrophilic groups is hardly affected by the temperature, while water adsorption on hydrophobic
groups strongly depends on the temperature around 10 C, below which the adsorption is
substantially reduced. This effect is induced by the dramatic decrease in the protein flexibility
below 10 C. Furthermore, nanosecond to microsecond protein dynamics and the free energy,
enthalpy, and entropy of protein hydration are studied as a function of hydration level and
temperature. A crossover at 10 C in protein dynamics and thermodynamics is revealed. The
effect of water at hydrophilic groups on protein dynamics and thermodynamics shows little
temperature dependence, whereas water at hydrophobic groups has stronger effect above 10 C. In
addition, I investigate the role of water in alcohol binding to the protein using the in-situ NMR

detection. The isotherms of alcohols are first measured on dry proteins, then on proteins with a
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series of controlled hydration levels. The free energy, enthalpy, and entropy of alcohol binding
are also determined. Two distinct types of alcohol binding are identified. On the one hand,
alcohols can directly bind to a few specific sites on the protein. This type of binding is
independent of temperature and can be facilitated by hydration. On the other hand, alcohols can
bind to many nonspecific sites on the protein. In dry proteins, this type of binding only occurs
above a threshold of alcohol vapor pressure. Such a threshold is gradually reduced by increasing
the hydration level and can be removed above a critical hydration level. Hydration also shifts the
nonspecific alcohol binding from an entropy-driven to an enthalpy-driven process. This
dissertation reveals the mechanism of protein hydration and the detailed roles of hydration in

ligand binding, with important implications for the understanding of protein functions.
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CHAPTER 1

INTRODUCTION

1.1  Water at Interfaces and in Confinement
1.1.1 Water: Structure and Property

Water is present everywhere. It is well known that 70% of the Earth’s surface is covered
by liquid water and water vapor is an important constituent of the atmosphere [1-4]. In particular,
water is essential to living systems [1, 2, 5-8]: without water, life would not exist and evolve.

The chemical structure of water is simple. As shown in Figure 1.1 (A), a water molecule
(H20) consists of two hydrogen atoms (H) that are attached to one oxygen atom (O). The mean
O-H bond length is 0.957 A and the mean H-O-H angle is 104.5° [1, 2, 9]. The oxygen atom has
a nucleus of eight positive charges while the hydrogen atom nucleus only has one positive
charge. Moreover, compared with the hydrogen atom, the electrons of the oxygen atom are much
closer to its nucleus [1, 2, 9]. As a consequence, the oxygen atom has a much stronger attraction
to electrons than the hydrogen atom, making the oxygen atom negatively charged and the
hydrogen atom positively charged. This results in the polarity of a water molecule [1, 2, 9].
Therefore, water molecules can attract each other. The attraction is the strongest when the O-H
bond of one water molecule and the O atom of a nearby water molecule are on a line [1]. Such an
attractive interaction is the well-known hydrogen bond [1]. As shown in Figure 1.1 (B), one
water molecule can form up to four hydrogen bonds with four nearby water molecules; at the

same time, it interacts with many other water molecules via dipolar interactions [1, 9-11].
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Figure 1.1: (A) Chemical structure of a water molecule (H20). The mean O-H bond
length is 0.957 A and the mean H-O-H angle is 104.5°. (B) A water molecule can
form up to four hydrogen bonds with nearby water molecules. The hydrogen bonds

are illustrated in dotted lines. Meanwhile, the water molecule can interact with many

others via dipolar interactions.

Despite its simple chemical structure, the complex and anomalous behaviors of water are
still mysterious to us [1, 2, 12, 13]. Just to quote D. H. Lawrence’s words: “Water is H20,
hydrogen two parts, oxygen one, but there is also a third thing, that makes it water and nobody
knows what it is.” [14] For instance, there exists a maximum in the density of water at 277K (4
C) [1, 2, 12, 15]; the specific heat capacity (Cp) of water has a minimum at 308K (35C) and a
maximum at 228K (-45C) [1, 2, 12, 15]; the isothermal compressibility («r) of water exhibits a
minimum at 319K (46 C) [1, 2, 12]; two macroscopic phases, a low-density phase and a high-

density phase, may appear in supercooled water around 180 K (-93 C) [12, 16]. These unique



behaviors of water make it very different from other liquids. Although there exist extensive
studies focusing on the properties of water, the mechanism underlying the unique properties of
water remains controversial and far from being understood [1, 12]. Therefore, research on water

is still one of the most exciting topics in science.

1.1.2 Water on Surfaces: Interfacial Water

When water is in the proximity of a surface, its behavior becomes more intriguing. It has
been found that the structure, dynamics (including the diffusion, rotation, and vibration
behavior), and thermodynamics (including entropy, enthalpy, and phase transition property) of
interfacial water all differ from those of bulk water [13, 17-19]. In general, the influence of an
existing surface comes from two aspects [13, 17-19]. First, water can directly interact with the
surface via hydrogen bonds, electrostatic forces, and other interactions. Second, water-water
interactions can be disturbed and the water network over the surface is then reorganized.
Although it has been recognized that these effects can contribute to the unusual properties of
interfacial water, there is yet no agreement on the detailed mechanism [17-19].

In general, surfaces can be classified into two types according to their affinity to water
[13, 17-19]. One type is the “hydrophilic” surface, such as the surface with charges, ions, or
polar groups, which tends to attract water. The other type is the “hydrophobic” surface, such as
the surface with non-polar groups, which prefers to repel water. The two types of surfaces are
illustrated in Figure 1.2 A and B. These two types of surfaces affect the structure and property of
water in distinct ways [13, 17-19]. For instance, water prefers to spread on a hydrophilic surface
while it forms clusters on a hydrophobic surface [13, 17-19]. Particularly, as illustrated in Figure

1.2 C, hydrophobic groups in water tend to aggregate and extrude the water molecules [13, 17-



19]. This so-called “hydrophobic effect” results in the well-known oil-water separation [18], and
also leads to the cell membrane formation, protein folding, and lipid-protein interaction [17].
Therefore, the interactions of water with hydrophilic and hydrophobic components have been of

particular interest to researchers.

OH OH ,.OH OH .OH OH CH; CH; CH; CH; CH; CH,

R —
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groups

Polar
groups “-” Charged

groups

Figure 1.2: (A) A typical hydrophilic surface that is composed of hydroxyl (OH)
groups. Water tends to spread on the surface. (B) A typical hydrophobic surface that
is composed of methyl (CHs) groups. The surface tends to repel water molecules. (C)
Hydrophobic solutes are illustrated by brown dots, and water molecules are illustrated
by blue dots. Hydrophobic solutes tend to aggregate together and repel water
molecules out. (D) The surface of a protein is composed of various hydrophilic and

hydrophobic groups. The positively (“+) charged groups (red regions), negatively



charged (“-) groups (blue regions), and polar groups (green regions) are hydrophilic,

while nonpolar groups (white regions) are hydrophobic [20].

1.1.3 Water on Biomolecular Surfaces

Water on the surface of a biomolecule is called “hydration water” [6, 7, 21, 22].
Hydration water is an integral part of a biomolecule, because it is of central importance for a
biomolecule to maintain its three-dimensional structure and fluctuate between different
conformations [6-8, 23]. Moreover, hydration water is actively involved in a variety of essential
biological processes, such as protein folding, enzymatic activation, nucleic acid interactions, and
drug recognition [6-8, 23]. Due to the importance of hydration water, extensive work has been
done to investigate the hydration mechanism of proteins, nucleic acids, and membranes [8].

This dissertation is focused on the hydration of proteins. It has been recognized that
without hydration, there is no protein activity [21, 22]. The protein activity is restored only when
the amount of hydration water reaches ~0.2 (g water/g protein), and it increases dramatically
with hydration till ~0.5 (g water/g protein) [21, 22]. Moreover, it has been suggested that
hydration water drives protein folding and denaturation [8, 21-24]. In addition, hydration water
mediates the recognition process in proteins [8, 21-23]. It is found that hydration water can help
drug molecules target their binding sites [25, 26]. The mechanism underlying protein hydration
is the key to understand protein functions; therefore, the effect of hydration on proteins is one of
the main topics in this dissertation.

In particular, a protein is composed of a variety of hydrophilic (charged and polar) and
hydrophobic (non-polar) groups [8, 20-22]; hence, the surface of a protein is highly

heterogeneous. This is illustrated in Figure 1.2 (D). As discussed before, water interacts with



hydrophilic and hydrophobic components in distinct ways [8, 17, 18]. Therefore, this dissertation
also aims to investigate how differently water at hydrophilic and hydrophobic groups affect

protein properties.

1.1.4 Water in Confinement

When water is confined, it has to interact with the relatively large cavity surface and fit
within the available space. Some well-known examples include water in the ion-channels of cell
membranes [6, 8] and water in sedimentary rocks in the ground [27]. The configuration,
orientation, and motion of confined water are largely restricted [13, 28-30]. The hydrogen-
bonding pattern of the confined water network is also altered [13, 28-30]. The property of
confined water strongly depends on the degree of confinement and the surface characteristics
[13, 28-30].

In general, according to the surface property, there exist two distinct confinement
conditions: hydrophilic confinement and hydrophobic confinement [28, 29]. In the hydrophilic
confinement, water has strong hydrogen bonding and polar interactions with the cavity surface
[28, 29]. A typical example is water in mesoporous silica such as MCM-41 and SBA-15 [29]. In
the hydrophobic confinement, water prefers to exclude from the cavity surface and have a denser
structure near the center of the cavity [28, 29]. The configuration and coordinates of confined
water molecules are affected by weak van der Waals interactions between water and the cavity
surface [28, 29]. Carbon nanotubes and activated carbons provide a hydrophobic confinement for

water [29]. These two confinement conditions are illustrated in Figure 1.3.
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Figure 1.3: (A) In hydrophilic confinement, such as in MCM-41 and SBA-15, water
molecules can absorb on the surface. (B) In hydrophobic confinement, such as in
carbon nanotubes, water molecules tend to exclude from the surface and stay near the

cavity center.

1.2 Nuclear Magnetic Resonance

1.2.1 Nuclei in a Magnetic Field

The atomic nucleus is composed of protons and neutrons, which are known as nucleons.
The spins of nucleons give rise to the total spin of the nucleus. In an external magnetic field, the
nuclear spin interacts with the field in a way that is analogous to a compass in the Earth’s
magnetic field. Specifically, the nuclear spin is quantized and the spin quantum number is
denoted as I. The spin only has (21+1) orientations with the magnetic quantum number m equals
-1, -1+1, ... 1. Typical spin-1/2 (I=1/2) nuclei include H, *°F, 3P, and ®*N. Typical spin-1 (1=1)
nuclei include ?H and **N. 2®Na is a typical spin-3/2 (1=3/2) nucleus.

When a spin-1/2 nucleus is placed in a static magnetic field Bo, there exist two states for
the spin with the magnetic quantum number m equals +1/2 and -1/2, respectively. The magnetic

moment W of the spin is defined as u = yl, where vy is the gyromagnetic ratio. If we define the

o . - . h
direction of the static magnetic field Bo as z, the z component of the spin |, = Z—m and the z
T



: h . .
component of the magnetic moment x, = g—m . The energy of the magnetic moment in the
T

magnetic field is E = —Zsz = u, - B, . Therefore, for the spin-1/2 nucleus, there exist two energy

levels with E, = +lm and E, = —l@ The energy difference is AE = 7hB, =haw,,
2 2r 2 2r 2

where @, = yB,. wo is the well-known Larmor frequency, i.e. the procession rate of a magnetic

momentum in a magnetic field [31, 32]. This is illustrated in Figure 1.4. The population of the

spins at two energy states can be described by the Boltzmann distribution [31, 32]. The

population ratio is N, = exp(ﬁ) = exp(ha)0
N, kT KT

), where N1 and N2 represent the population of

spins at the low-energy state and the high-energy state, respectively. Assuming that protons (*H)

are in a magnetic field of 1T at room temperature (300K), the population ratio of protons at two
states is (1+6.8x10°°). It is seen that the population of spins on the low-energy state is only

slightly higher than that on the high-energy state.
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Figure 1.4: A spin-1/2 nucleus in a static magnetic field Bo. The spin processes at

Larmor frequency o, = yB,. The energy of the spin splits into two states and the

energy difference is AE =7, .

1.2.2 Resonance and Free Induction Decay (FID)
To transit between two energy levels, the spin must absorb or emit an amount of energy

that equals AE =7 a, . Therefore, if an oscillating RF field (a pulse) with Larmor frequency (wo)

is applied to the nucleus, the nuclear spin can jump from the low-energy state to the high-energy
state. When the RF pulse is removed, the nuclear spin would relax to its low-energy state and re-
emit RF waves with the Larmor frequency (wo). This process is called magnetic resonance [31,
32].

To describe the behavior of the macroscopic magnetization generated by all spins, it is
preferred to switch from the laboratory frame to a rotating frame. The frame is rotating at Larmor
frequency with the static magnetic field Bo. The RF field generates a magnetic field Ba that is
perpendicular to the static magnetic field Bo; hence, in the rotating frame, the effect of such RF
pulse is to flip the magnetization with a certain angle with respect to the z axis (the direction of

Bo). The flip angle 6 is determined by the RF pulse width z and can be described as & =yB, -7 .

When the flip angle @ is 90°, the magnetization at the z axis (M) is flipped to the x-y plane

(Mxy). When the RF pulse is removed, spins in the x-y plane gradually lose their coherence and
re-orient to the z-axis. In other words, the magnetization in the x-y plane (Mxy) gradually
vanishes and regrows to the z axis (Mz). A receiver coil is placed in the x-y plane to detect the
signal that is generated by the change in Mxy. Such a signal is called the free induction decay

(FID). A typical FID signal is shown in Figure 1.5.
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Figure 1.5: Illustration of a typical free induction decay (FID) signal. After Fourier

Transform (FT), the spectrum in the frequency domain is obtained.

1.2.3 Relaxation

When the RF pulse is removed, the spin system will return to its equilibrium state. This
process is called relaxation. Some common relaxation processes include the spin-lattice
relaxation, the spin-spin relaxation, and the spin-lattice relaxation in the rotating frame [31, 32].

The spin-lattice relaxation (or longitudinal relaxation) corresponds to the regrowth of the
magnetization in the z direction (M) [31, 32]. In this process, the spins in the excited state relax
to the equilibrium state and transfer energy to the “lattice”. The so-called “lattice” can be
rotations and vibrations of the molecule. T1 is denoted to characterize the spin-lattice relaxation

process,

= : (1.1)

M, = Mo(l—epr—t» (12)

1

where Mo is the initial macroscopic magnetization. Typical pulse sequences to measure T1
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include the inversion-recovery sequence and the saturation-recovery sequence [31, 32]. The
inversion-recovery sequence is illustrated in Figure 1.6. A 180° pulse is applied to flip the
magnetization from M to -Mz. During a time interval z, the magnetization regrows to the z
direction. After that, a 90° pulse is applied to flip the magnetization (M(z)) to the x-y plane.

Finally, the FID signal is acquired. The Tirelaxation time can be obtained by varying the time

interval z and fitting the FID intensity with Equation (1.2).
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Figure 1.6: (A) Inversion-recovery sequence to measure T relaxation. (B) The change

-_—

of the magnetization in the rotating frame during the pulse sequence. (C) The

regrowth curve of the magnetization in the T1 measurement.

The spin-spin relaxation (or transverse relaxation) corresponds to the decay of the

magnetization in the x-y plane (Mxy) [31, 32]. After being flipped to the x-y plane by the RF

11



pulse, nuclear spins gradually lose their coherence, inducing the decay of Mxy. T2 is denoted to

characterize the spin-spin relaxation process,

dMm M
Y (1.3)
a T,
t
Mxy = I\/IO exp(_T_) (14)

2

A typical pulse sequence to measure Tz is the spin-echo (Hahn echo) sequence, which is
illustrated in Figure 1.7. A 90° pulse is applied to flip the magnetization from M: to Mxy. During
a time interval 7, the magnetization Mxy decays. Due to the inhomogeneity in the magnetic field,
different spins may process at different rates. A following 180° pulse is applied to refocus the

magnetization a time interval z, eliminating the inhomogeneous effects [31, 32]. The T2
relaxation time can be obtained by varying the time interval z and fitting the echo intensity with

Equation (1.4).
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Figure 1.7: (A) Spin echo (Hahn echo) sequence to measure Tz relaxation. (B) The
change of the magnetization during the pulse sequence. After the 90° pulse, because
of the inhomogeneity in the magnetic field, some spins process faster (blue arrows)
while some spins process slower (red arrows). A following 180° pulse is applied to

refocus the magnetization, eliminating the inhomogeneous effect. (C) The decay

curve of the magnetization in the T2 measurement.

The spin-lattice relaxation in the rotating frame corresponds to the decay of the

magnetization along the RF field (B1) [31, 32]. Ty, is the time constant of this decay process. T1,
is obtained by the spin-locking pulse sequence, which is illustrated in Figure 1.8. A 90° pulse is

applied to flip the magnetization from M to Mxy. After that, a long-duration and low-power RF
pulse is applied in the same direction as the magnetization in the x-y plane. Hence, the
magnetization appears to be “locked” in the rotating frame by such an RF pulse, which is also
called the “spin-locking” pulse. During the spin-locking time interval z, the magnetization decays
along the RF field (B1) in the rotating frame. The T1, relaxation time can be obtained by varying
the time interval 7 and fitting the FID intensity with Equation (1.6).

dM M
oo (1.5)
at T,

yo)

M, = M exp(- e (16)

1p
Particularly, T1, characterizes the relaxation in the RF field (B1) which is usually about ~kHz; in
contrast, T1 and T2 characterize the relaxation under the influence of the static field (Bo) which is

usually about ~MHz. Therefore, T1, measurement is more sensitive to the slow relaxation

13



process (~ms), while T1 and T2 measurements are usually used to characterize the fast relaxation

process (~ns) [31, 32].
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Figure 1.8: (A) Spin-locking sequence to measure Ti, relaxation. (B) The change of
the magnetization in the rotating frame during the pulse sequence. After the 90°

pulse, in the rotating frame, the magnetization is on the same direction with the RF

field B1. (C) The decay curve of the magnetization in the T1, measurement.

1.3 Outlines of Dissertation
This dissertation is focused on NMR studies of protein hydration and protein-ligand
interactions. Specifically, | investigate hydration water on the protein surface, including how

hydration water interacts with the protein and the effect of hydration on protein-ligand
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interactions. This dissertation is organized as follows:

In CHAPTER 2, | investigate the interaction between hydration water and the protein. |
use an in-situ NMR technique to measure water isotherms on proteins at different temperatures.
The unique NMR technique is introduced in detail. A qualitative change in the water isotherms
around 10 C is observed. This phenomenon is explained by the change of protein’s elasticity with
temperature and is discussed in detail.

In CHAPTER 3, | discuss the thermodynamic and dynamic properties of the protein
during its hydration process. The method of determining the changes in the free energy, entropy,
and enthalpy of protein hydration is introduced. The dynamics of the protein on the timescales of
nanosecond (ns) and microsecond (ms) are measured by NMR. Different roles of hydration at
hydrophilic and hydrophobic groups are identified. A crossover in protein dynamics and
thermodynamics at 10 C is revealed. This is induced by the qualitative changes in the protein-
water interaction at 10 C, which is discussed in Chapter 2.

In CHAPTER 4, | study the interactions between alcohols and proteins. Isotherms of
alcohols on dry proteins are obtained by the in-situ NMR technique introduced in Chapter 2. The
thermodynamics of the alcohol-dry protein interaction are also studied. It is found that alcohol is
able to bind to dry proteins and there exist two distinct types of alcohol-protein interactions.

In CHAPTER 5, | study the effect of hydration on the alcohol-protein interaction.
Isotherms of alcohols on the protein are measured at different levels of protein hydration. The
thermodynamics of the alcohol-protein interaction are studied as a function of hydration level. It
is found that hydration facilitates the alcohol binding to nonspecific sites via reducing the
binding threshold and shifting the binding from an entropy-driven to an enthalpy-driven process.

The different roles of hydration in the binding of alcohols and some common general anesthetics

15



are also discussed.

In CHAPTER 6, I give a summary of the conclusions I have reached. The mechanism of
protein hydration as well as the influence of hydration on protein dynamics and thermodynamics
are briefly discussed. Particularly, the effect of hydration on alcohol-protein interactions are

discussed.
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CHAPTER 2

WATER ADSORPTION ON THE PROTEIN

2.1 Introduction

Hydration water plays a crucial role in protein folding, enzyme catalysis, and protein-
ligand interactions [1-3]. For instance, it has been suggested that hydrophobic interactions
originating from the disruption and reconstruction of the hydration shell may drive protein
folding [1, 2, 4, 5]. Furthermore, it is known that the onset of the enzymatic activity of a protein
requires a minimum hydration level h ~0.2 (g water/g protein) [6, 7]. In addition, some
researchers have suggested that water molecules at specific groups on the protein surface are
critical for ligands to target their binding sites [3, 8, 9]. Therefore, the mechanism governing
protein-water interactions has attracted great attention over the past decades.

One way to study protein-water interactions is to measure the adsorption isotherm of
water on the protein. Water adsorbs on the protein surface mainly by hydrogen-bonds and Van
der Waals interactions [6, 7]. To obtain the isotherm, the amount of adsorbed water on the
protein is measured as a function of water vapor pressure at a certain temperature. The water
isotherm can give us valuable information on the surface property of the protein as well as the
energies of protein-water interactions [6, 7]. In previous work, isotherms are usually obtained by
gravimetric and volumetric methods [6, 7, 10]. However, these traditional methods are very
inconvenient because they require frequent transfer of adsorbents and the conditions (e.g. the

temperature) of the adsorption are hard to control [6, 7, 10-12]. Here, | developed a uniqgue NMR
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instrument, which enables me to measure isotherms at in-situ sample conditions with precisely
controlled vapor pressure and temperature.

By employing this in-situ NMR method, | measured water isotherms on proteins over a
wide range of water vapor pressure and temperatures. It is found that there is a qualitative change
in the water isotherm above the hydration level h of ~0.2 (g water/g protein), especially around
10 C. This is induced by the change in the protein elasticity and will be discussed in detail. The
work in this chapter shows the significant effect of hydration on protein flexibility and protein

function.

2.2  Experiments
2.2.1 Protein Samples

Two typical globular proteins, bovine serum albumin (BSA) and hen egg-white lysozyme
(HEWL), are used in the experiments. BSA (lyophilized powder, > 98%, pH~ 7, 1% in 0.15 M
NaCl) and HEWL (catalog no. L-7561, 3x crystallized, dialyzed, and lyophilized) are purchased
from Sigma-Aldrich and used without further purification. These two proteins are very common

model proteins because of their well-known protein structure and function [11, 13-15].

2.2.2 NMR Isotherm Measurements

The in-situ NMR instrument is illustrated in Figure 2.1.
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Figure 2.1: Illustration of the in-situ NMR instrument (for the 34MHz magnet).

Distilled water (H20) is stored in a source bottle with a pressure buffer chamber. The
vapor pressure of water is controlled by adjusting the valves close to the buffer chamber. The
protein sample is placed at the end of a long quartz NMR tube. The temperature of the protein
sample is controlled by regulating the temperature of the airflow surrounding the quartz NMR
tube. The protein sample is first pumped at room temperature by a mechanical pump for 1-2
days, to remove preadsorbed water. A single pulse was used to excite the *H NMR signal of the
protein at Bo~0.8 T magnet (~34 MHz *H NMR frequency) and the *H free-induction-decay
(FID) signal was detected. As seen in Figure 2.2 (A), a broad peak with full width at half
maximum (FWHM) of ~30 kHz associated with the dry protein is detected. This spectrum is
used as a quantitative reference to evaluate the amount of water sorption in the protein. To
measure water isotherms, the dry protein is exposed to water vapor at a given vapor pressure P.

The *H FID signal is then detected for the hydrated protein sample. As seen in Figure 2.2 (B), a
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sharp peak with FWHM of ~1-2 kHz above the broad peak is now observed. The *H NMR signal
of water vapor in the empty NMR tube without a protein sample is negligible as compared to this
sharp peak. Therefore, this sharp peak is associated with water sorption in the protein. The
integrated area of the spectrum of the dry protein is subtracted from that of the hydrated protein;
hence, such difference in the spectrum intensity is purely attributed to protons from adsorbed
water and is used to calculate the protein hydration level h (g water/g protein), based on the ratio
of proton numbers of the protein and water. Isotherms are obtained by carrying out the
measurements as a function of water vapor pressure at 3C, 5C, 16 C, and 27 C. Details of the
experimental procedure have been reported in the references [11, 12, 16, 17]. The measured
isotherms are consistent with those measured by the traditional gravimetric method [6, 7, 10, 11],
but this technique is much more convenient to conduct NMR measurement in in-situ condition

samples over a wide range of hydration level and temperature.
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Figure 2.2: (A) *H NMR spectrum of dry BSA at 16 C. Only a broad peak (FWHM
~40 kHz) is observed. (B) *H NMR spectrum of BSA at 16 C at hydration level
h~0.15 (g water/g BSA). With hydration, the spectrum consists of a broad peak

(FWHM ~30 kHz) and a sharp peak (FWHM ~1-2 kHz) above it.

2.3 Results and Discussion

2.3.1 Adsorption Isotherms of Water on Proteins

Water isotherms on BSA and lysozyme were measured at 3C, 5C, 16 C, and 27 C and are
shown in Figure 2.3 (A) and (B) respectively [17]. In the figure, the amount of adsorbed water,
i.e. the protein hydration level h (g water/g protein) is plotted versus P/Po, where P and Po
represent the vapor pressure and saturated vapor pressure of water at a certain temperature. It is
seen that when P/Po < ~0.7 (i.e. hydration level h <~0.15-0.2), water adsorption increases
linearly with vapor pressure and water isotherms at different temperatures practically overlap,
whereas above P/Po ~0.7 (i.e. hydration level h above ~0.15-0.2), water isotherms show obvious
temperature dependence: there is an obvious upswing in the water isotherms at temperatures
above 5 C. In addition, when P/Po reaches 1, further hydration only causes the condensation of

bulk water in the protein with no vapor pressure change.
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Figure 2.3: Water isotherms on (A) BSA and (B) lysozyme measured in situ at 3C, 5

C,16C, and 27 C by NMR.

Similar water isotherms on BSA and lysozyme are observed, indicating that such
hydration behavior could be general in globular proteins due to their similar surface chemistry
[6, 7, 18]. It has been suggested that water adsorption on globular proteins has several stages [6,
7]. Briefly, when the protein hydration level h < ~0.2 (g water/g protein), water only binds to
hydrophilic (charged and polar) groups on the protein surface; when h > ~0.2, all the hydrophilic
groups are covered and water starts interacting with hydrophobic (nonpolar) groups. The results
in Figure 2.3 indicate that water interacts differently with hydrophilic and hydrophobic groups on

the protein, where the temperature plays distinct roles.

2.3.2 Upswing of Water Isotherm above h~0.2: Surface Adsorption vs Mixing Model
In the surface adsorption theory, the upswing of the isotherm above h~0.2 is attributed to

the formation of multilayers of water on the protein surface [6, 7, 19]. One popular theory
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describing this multilayer formation process is the Brunauer-Emmett-Teller (BET) theory [19].
In the BET theory, the amount of the adsorbed molecules v can be expressed as:

V,,CX

V= (2.1)
@—x)[(c-Dx+1]

v X (c-Dx
or, = +
v. 1-x (c-Dx+1

m

(2.2)

where v_ is the amount of the monolayer adsorbed molecules, x = ; and c is the BET constant
0

which is related to the heat of adsorption. It is seen in Equation (2.2) that the adsorption
dramatically increases with increasing vapor pressure, and the amount of adsorption would reach
infinity when P/Po approaches 1. In fact, the spatial restriction of the protein surface will set a
limitation on the number of adsorbed water layers and prevent the condensation of bulk water [6,
7, 11].

In an alternative theory, the upswing of the isotherm above h~0.2 is explained by the
mixing of the protein with water molecules based on the Flory-Huggins solution theory [6, 20,
21]. In the Flory-Huggins theory, the number of adsorbed water molecules is N1 and the protein
is composed of N2 molecules. The adsorption is treated as a mixing process of N1 water
molecules with N2 protein molecules in a 3-D lattice. In the lattice, each water molecule occupies
one lattice cell and the protein occupies X lattice cells. In the view of thermodynamics, the Gibbs
free energy change of the mixing process is:

AG,, =AH_ -TAS_ +AH, (2.3)
There are there terms in Equation (2.3). The first term AH _ is the enthalpy of mixing:

_ XKgTN;N,

AH,
N, +xN,

(2.4)
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where y is a constant that is related to the strength of the protein-water interaction. The second

term AS  is the entropy of mixing:

AS, =—Kz(N;Inv,+N, Inv,) (2.5)
where v, = ﬁ and v, = %are the volume ratios of water and the protein
L+ XN, L+ XN,

respectively. The third term AH,, is the elastic energy of the system due to the volume expansion

of the protein in the mixing process.

AH,, = % KV (v,"* —1)? (2.6)

where K is a parameter representing the elastic modulus of the protein, and V is the total volume
of N1 water molecules and Nz protein molecules. Therefore, it is seen that the mixing of water

and the protein is driven by the favorable change in the entropy of the mixing AS, . The upswing

in the isotherm induces a dramatic increase in the entropy of the mixing, hence it is favored by

the change in the Gibbs free energy.

2.3.3 Temperature Dependence of Water Isotherms above h ~0.2

Although the upswing of the water isotherms in proteins above h ~0.2 has been
previously reported, the temperature dependence of the water isotherms was not observed in
these previous studies [6, 7, 10, 22-25]. The reason is that these previous works only measure
water isotherms at room temperature or temperatures above that, but the temperature dependence
of the water isotherms only appears at low temperatures below 10 C (the reason will be discussed
later). This is illustrated in Figure 2.4. The solid line (red triangles) is the water isotherm in

lysozyme | measured at 27 C and the two dashed lines are the water isotherms in lysozyme
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measured at 35 C (magenta squares) and 50 C (green circles) in the reference [23-25]. It is seen
that the water isotherms in Figure 2.4 show little temperature dependence, which is different

from the result in Figure 2.3.
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Figure 2.4: Water isotherms on lysozyme measured 27 C (red triangles, this work), 35
C (magenta squares, from reference [23, 24]) , and 50 C (green circles, reference ). In
contrast to Figure 2.3, these water isotherms only show weak temperature

dependence.

There exist two main reasons why there are few previous studies on water isotherms in
proteins at low temperatures. One reason is that it was generally believed that water isotherms
are temperature independent when it is plotted versus P/Po [6, 7]. On the one hand, in the surface
adsorption BET theory, the adsorption at high vapor pressure is seen to be dominated by the first
term in Equation (2.2), which is obviously independent of the temperature. On the other hand, in

the Flory-Huggins solution theory, it was pointed out that the third term in Equation (2.3) is too
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small to have any effect on the isotherm [6, 7, 20, 21], so the isotherm was thought to be
dominated by the first and second terms in Equation (2.3), which are temperature independent.
However, this claim is not correct when the temperature is below 10 C [11] and will be discussed
later. Another reason is that it is very inconvenient to measure water isotherms at low
temperatures by traditional gravimetric and volumetric methods, especially around 0 C [6, 7, 10-
12]. Here, the in-situ NMR technique enables me to precisely measure water isotherms below 10

C; hence the unique temperature dependence of water isotherms above P/Po ~0.7 is revealed.

2.3.4 Protein Elasticity and Its Temperature Dependence

In the BET theory, the first term in Equation (2.3) dominates the isotherm at high vapor
pressure (above h~0.2) and is temperature independent. The second term contains a BET
constant ¢ showing weak temperature dependence [6, 7, 19]; however, it has a trivial
contribution to the isotherm in such a small temperature variation as in Figure 2.3 (from 27 C to
3 C). Hence, the strong temperature dependence of water adsorption on the protein above h~0.2
cannot be explained by the traditional surface adsorption theory.

In the Flory-Huggins theory, the third term AH,, in Equation (2.3) was generally ignored

and the isotherm was believed to be dominated by the other two temperature independent terms
[6, 7, 20, 21]; however, our previous work has shown that this is incorrect, especially at
temperatures below 10 C [11]. The third term AH, actually plays a critical role in water

adsorption on the protein, because the elastic modulus K of the protein in Equation (2.6) of AH,,

strongly depends on temperature [11, 26]. As illustrated in Figure 2.5, it has been reported that
the elastic modulus K of lysozyme increases dramatically when the temperature decreases [26];

such increase is especially significant when the temperature is below 10 C [11]. This explains the
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strong temperature dependence of the water isotherm above h~0.2 around 10 C [11]: when the
temperature decreases below 10 C, the elastic modulus of the protein increases dramatically;
hence, the elastic energy AH,, of the system is very large. According to Equation (2.3), this

would substantially increase the Gibbs free energy change AG,, . In other words, the mixing of

water and the protein below 10 C is significantly energy unfavorable. Therefore, water

adsorption on the protein below 10 C is substantially suppressed.
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Figure 2.5: Elastic modulus of lysozyme versus temperature. Below 10 C, the elastic

modulus of the protein significantly increases with decreasing temperature [11, 26].

2.3.5 Protein Structural Changes with Hydration and Temperature

The elastic modulus K is an averaged macroscopic parameter showing the flexibility of
the protein which is microscopically heterogeneous [26, 27]. Hence, the elastic modulus of the
protein is closely related to the microscopic structure of the protein, which changes with

hydration level and temperature [26, 27].
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It has been shown that the elastic modulus of the protein decreases dramatically with
increasing hydration level till h~0.2, but it depends weakly on the hydration level above h~0.2
[28]. This indicates that water at hydrophilic groups strongly enhances the protein flexibility,
while water at hydrophobic groups weakly affects the protein flexibility. This is because in the
dry protein there exist strong hydrogen bonds and electrostatic contacts between hydrophilic
groups of the protein, leading to a very compact protein structure [6, 7, 29]. Hydration of
hydrophilic groups (h<~0.2) can loosen the compact structure and ease the spatial restriction in
the protein, because the strong non-native protein-protein interactions are replaced by water-
protein hydrogen bonds [6, 7, 29]. This significantly increases the flexibility of the protein. In
addition, it has been recognized that hydration of hydrophilic groups basically removes all non-
native interactions in the protein, and the protein structure above h~0.2 is similar to that in
solution [6, 7, 29]. Further hydration of the hydrophobic groups (h>~0.2) has a weak effect on
the protein structure [6, 7, 29], hence the elastic modulus of the protein hardly changes above
h~0.2.

Figure 2.5 shows that the elastic modulus of the protein weakly depends on the
temperature above 10 C, while it dramatically increases with decreasing temperature below 10 C.
The dramatic change in the protein flexibility around 10 C is strongly related to the microscopic
structural change of the protein [27, 30]. Previous work has studied the microscopic structure of
proteins such as lysozyme at temperatures below 10 C (around 4 C and 7 C) and above 10 C
(around 30 C) [31-33]. It has been found that although the overall protein structure below 10 C is
similar to that above 10 C, there exist significant changes in the local structure below 10 C,
especially in the flexible regions such as a helices [31-33]. Globular proteins such as BSA and

lysozyme have abundant a helix structures, which contribute the most to the flexibility of the
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protein [14, 32]. As the temperature decreases below 10 C, the relative angles between a helices
significantly change, leading to a more compact packing of helix units [31-33]. Such local
structural distortion below 10 C results in a strong spatial restriction of a helices, substantially
decreasing the protein flexibility [31-33]. Meanwhile, the cavities between helices are shrunk
and water molecules in those cavities are squeezed out [31-33]. These microscopic structural
changes in the protein are consistent with the crossover around 10 C in the protein flexibility and

water adsorption reported in this chapter.

2.3.6 Implication for Protein Functions

It is worth mentioning that the property of water adsorption on proteins is strongly
correlated to protein functions. For instance, the protein has no enzymatic activity without
hydration and it requires a minimum hydration level of h~0.2 to restore the enzymatic activity [6,
7]. This agrees with the change in water isotherms around h~0.2. At h~0.2, water starts mixing
with the protein, accompanying the activation of the enzyme. In addition, it has been reported
that above h~0.2, the enzymatic activity of the protein decreases with decreasing temperature
from 50 C to 5 C [34]. This is consistent with the temperature dependence of water isotherms on
proteins above h~0.2. As the temperature decreases, the adsorption of water is substantially
reduced especially below 10 C, accompanying the decrease in the enzymatic activity. Therefore,

the results in this chapter show that hydration water is critical to protein functions.

2.4 Conclusions

By employing an in-situ NMR technique, | measure water isotherms on two globular

proteins from 3 C to 27 C. The unique NMR technique enables me to study water adsorption on
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proteins over a wide range of hydration level and temperature; as a result, some unique
properties of protein hydration are revealed. It is found that when the hydration level h is below
~0.15-0.2, water adsorption increases linearly with the water vapor pressure and the isotherms at
different temperatures practically overlap. Above h~0.15-0.2, the water isotherms show obvious
temperature dependence: there is a dramatic upswing in the isotherms above 10 C, while water
adsorption below 10 C is substantially suppressed.

As explained above, at h<~0.15-0.2 water only binds to hydrophilic (charged and polar)
groups on the protein surface via electrostatic forces and hydrogen bonding that are hardly
affected by the small temperature variation in our experiment. When h>~0.15-0.2, water starts
mixing with hydrophobic (nonpolar) protein groups favored by the entropy of mixing. At higher
temperatures, the elastic modulus of protein is small and such mixing of the protein with water is
energetically less costly in terms of elastic energy. However, at lower temperatures, the protein
becomes rigid with much larger elastic modulus and the mixing process becomes energetically
unfavorable. The reduction in the protein flexibility with decreasing temperature is particularly
significant below 10 C. As a result, adsorption of water at hydrophobic groups is drastically
reduced below 10 C.

The changes in the water isotherms are found to be directly related to protein functions.
The onset of protein enzymatic activity at h~0.2 is consistent with the upswing of water
isotherms at h~0.2. The decrease in protein enzymatic activity below 10 C is consistent with the
dramatic reduction of water adsorption below 10 C. Hence, the work in this chapter shows the

significance of hydration water in protein functions.
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CHAPTER 3

DYNAMICS AND THERMODYNAMICS OF PROTEIN HYDRATION

3.1 Introduction

In CHAPTER 2, I studied the protein-water interaction by measuring water isotherms in
proteins at different temperatures. In this chapter, | further investigate the dynamics and
thermodynamics of the protein-water interaction. Extensive work has been done to investigate
the mechanism of protein hydration in terms of dynamics [1-4] and thermodynamics [5-8];
however, there remain two problems in these previous studies.

First, the majority of previous work considers the protein hydration shell as a whole [2-4,
9, 10]. However, the surface of the protein is highly heterogeneous [11-15]. It is shown in
CHAPTER 2 that water interacts differently with hydrophilic groups and hydrophobic groups on
the protein [12, 13, 16, 17]. It is also found that water at hydrophilic and hydrophobic protein
groups affect ligand binding in distinct ways [17]. Therefore, a key question is how differently
water at hydrophilic and hydrophobic groups affect protein dynamics and thermodynamics.

Second, as shown in CHAPTER 2, temperature is an important factor in the protein-water
interaction [12, 13, 16, 17]. This is illustrated in Figure 3.1: water adsorption on hydrophilic
groups is hardly affected by temperature, but water adsorption at hydrophobic groups exhibits a
qualitative change around 10 C below which the coupling between water and these groups is
substantially reduced [16, 17]. Such a temperature-induced crossover in the protein-water

interfacial property could have significant consequences in various biological processes such as
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enzymatic activation [13] and cold denaturation of proteins [18]. However, in many studies
where the temperature of the hydrated proteins varied substantially, investigators only focused
on the change of water structure with temperature, but ignored the dramatic change in the
protein-water interfacial interaction [9, 10, 19-23]. It is sometimes assumed that the hydration
effect on protein properties at low temperatures (<150K) could persist up to room temperature
[10, 24, 25]. So far, very few studies have explored the effect of hydration on the changes of
protein dynamics and thermodynamics through the crossover region around 10 C.

It has been recognized in CHAPTER 2 that water adsorbs on hydrophilic and
hydrophobic groups at different hydration stages [12, 13], hence it is possible to distinguish the
effects of water at distinct groups via controlling the protein hydration level. A general procedure
of controlling the hydration level in previous work is by weighing the protein with a certain
amount of water around room temperature [9, 19-23]. However, although the total amount of
hydration remains the same, the mechanism of the protein-water interaction changes as
temperature varies. In contrast, here, the hydration level of the protein is controlled in-situ at
each individual temperature.

In this chapter, nanosecond-microsecond (ns-us) protein dynamics and changes in
thermodynamic quantities of protein hydration are investigated as a function of hydration level
and temperature by the in-situ nuclear magnetic resonance (NMR) technique [26]. Distinct
effects of hydration at hydrophilic and hydrophobic groups are clearly identified. In particular,
the hydration effects on the temperature-induced crossover at 10 C in protein dynamics and
thermodynamics are clearly revealed. The work in this chapter provides new insight into the

nature of protein-water interactions, with important implications for protein functions.
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Figure 3.1: Schematic illustration of hydration on the protein surface. Binding of
water to hydrophilic groups (convex surface shadowed in red) is insensitive to
temperature while water adsorption on hydrophobic groups (concave surface
shadowed in gray) depends strongly on temperature. Below 10 C, the coupling

between water and hydrophobic groups is greatly suppressed.

3.2  Experiments

3.2.1 In-situ NMR Measurement

Two globular proteins, bovine serum albumin (BSA) and hen egg-white lysozyme
(HEWL), are used in this chapter. BSA (lyophilized powder, > 98%, pH~ 7, 1% in 0.15 M
NaCl) and HEWL (catalog no. L-7561, 3x crystallized, dialyzed, and lyophilized) are purchased
from Sigma-Aldrich and used without further purification.

The dry protein sample at a given temperature is subjected to controlled water vapor
pressure in situ in the NMR system as introduced in chapter 2. A typical *H NMR spectrum of
the hydrated protein is shown again in Figure 3.2 (A). A broad peak with full width at half

maximum (FWHM) of ~30 kHz and a sharp peak with FWHM of ~1-2 kHz are observed. The
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protein hydration level h (g water/g protein) is determined by the spectrum intensity [16, 17, 26]
and this method has been reported in CHAPTER 2 SECTION 2.2. Water isotherms are measured
at3C,5C, 16 C, and 27 C in CHAPTER 2. In this chapter, changes in the Gibbs free energy 4G,
enthalpy 4H, and entropy 74S associated with protein hydration are determined from isotherms
at 3C,5C, 16 C, and 27 C. Protein dynamics on ns and s timescales are investigated by
measuring the *H spin-lattice relaxation time in the laboratory frame (T1) and the rotating frame
(T1p) respectively [2, 27]. Protein dynamics and thermodynamics are studied as a function of
hydration level h and temperature. The detailed procedures are discussed in the following
sections [26].

Because the dynamic and thermodynamic properties of BSA and lysozyme are very
similar in their hydration process, only partial results of BSA are shown in this chapter. The

complete results of BSA and the results of lysozyme are shown in Appendix A.

3.2.2 Determination of AG, AH, and TAS

The thermodynamic quantities, Gibbs free energy change 4G, enthalpic change 4H, and
entropic change 74S associated with the protein hydration process can be determined from the
water isotherms at different temperatures [28-31]. AG is calculated from the following integral of

the isotherms:
AG = —RT [ Zdx 3.1)
X

where n (mol water/mol protein) is the amount of sorption as a function of the relative pressure
x = P/P,, where Po is the saturated vapor pressure. AG is expressed in units of kJ/mol. Values of
AG at different temperatures and vapor pressures can be obtained from the measured isotherm

n(x), i.e. the hydration level h (g water/g protein). The enthalpy change is obtained from:
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0 ,AG
AH =-T° —(— 3.2
aT( = ) (3.2)

which is derived from the Gibbs—Helmholtz equation. If AG(T, x) at two different temperatures

Tiand Tt is known, then

AG(T,X) AG(T,,x) 1 1
Tf - Ti = AN (X)(Tf Ti) (3.3)

where AG(T;, x) and AG(Tf, x) represent the Gibbs free energy change at a fixed relative

pressure x and at temperature Ti and Ts, respectively. Here, AH (x) is the enthalpy change at

fixed relative pressure x and at an average temperature T, which is given by

N |~

1 1
(.ITi + f) (3.4)

—|

Hence, water isotherms at 3 C and 16 C can be used to calculate AG at ~9 C; water isotherms at
16 C and 27 C can be used to calculate 4G at ~21 C. Similarly, the entropy change is calculated

8| g .

Again, if AG (T, x) at two different temperatures Ti and Tr are known from isotherm
measurements, we can calculate AS(T, x) as

AS(T,X) = AG(T");) __AT_G(Tf ) (3.6)

This is the estimated entropy change at an average temperature T given by Equation (3.4). For
comparison of AG with AH and TAS at the same temperature, AG at the average temperature T

can be obtained by

AG(T, X) _E(AG(Ti,x) +AG(Tf ,X))
T 2° T T,

(3.7)
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NMR signals are measured five times at each water vapor pressure and the standard deviations of
NMR peak areas are used to calculate the error bars in water isotherms in CHAPTER 2. Here,
those errors are further propagated to calculate the error bars in graphs of 4G, 4H, and T4S.

Details of the instrument and the procedure have been reported previously [16, 17, 26].

3.2.3 NMR T: Relaxation Measurement

The conventional saturation recovery sequence introduced in CHAPTER 1 is used to
measure T1. Proton T relaxation of a hydrated protein is governed by two mechanisms. One is
the intrinsic motions of the protein and water molecules, and the other is the fast proton
exchange between the protein and water [32-39]. In order to separate these two mechanisms, we
employ the two-pool proton exchange model [34-36, 39, 40]. To be specific, as shown in Figure
3.2 (B), the reduced magnetization of the protein mp(t) and water mw(t) are plotted versus the
decay time t. mp(t) and mw(t) are defined as:

m, - - M0

op

(3.8)

m, (t) = —M"*Mw(t) (3.9)

where Mp(t) and Mw(t) are the magnetization of the protein and water at time t, which can be
represented by the area of the broad peak and the sharp peak in Figure 3.2 (A);

M, =M (t > o)andM,, =M, (t — o) are the saturation magnetization of the protein and

water. It is seen in Figure 3.2 (B) that, the effect of proton exchange on magnetization decay is
very obvious at t<~20 ms, after which mp(t) and mw(t) relax at the same rate. Hence, if T1
relaxation is measured after t>20 ms, the protein and water render the same T1 value, making it

difficult to distinguish different proton pools [39]. Here, proton exchange rates kp and kw are
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introduced, which represent the rates at which magnetization transfers from the protein to water

and from water to the protein, respectively. The Bloch equations are modified as [34, 35, 39, 40]:

% ——Rym, () —k,m, 1) +k,m, (1) (3.10)
dm,(t)
= =—R,,m, (&) —k,m_ (t)+k,m,(t) (3.11)

where Riw =1/T1w and R1p=1/T1p; Tiw and T1p are spin lattice relaxation times induced by intrinsic
motions of water and the protein without any exchange. The solutions to the above equations are

[34, 35, 39, 40]:

m. (t) =c"exp(—Rt) + ¢ exp(-R t) (3.15)
.1 1 2
Ri =2 (R, +Ry, K, +kw)i5\/(Rlp —Ry, +k, —k, ) +4k K, (3.16)
K, =2k, (3.17)
Pu
Ry =¢/R +Cc R (3.18)

where i represents p (protein) or w (water). Py is the ratio of protein protons to water protons.

w

Hence, by fitting the magnetization decays of the broad peak and sharp peak with Equation
(3.15), the parameters RI—“, c;—f, and cit are obtained. Then Rip, R1w, Kp, and kw are obtained by
solving Equation (3.16)-(3.18). Take the T1 measurement of BSA at 3 C and hydration level h =
0.354 (g water/g BSA) as an example, Figure 3.2 (B) shows how to distinguish intrinsic motions
of the protein and water as well as the protein-water exchange rates base on the above model.

When Tz that is induced by intrinsic motions is obtained, the formula [27]:
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2,4
= ) 619
is used to derive the correlation time 7 of molecular motions, where r is the distance between two
protons; i and y are reduced Planck’s constant and gyromagnetic ratio of the proton; wo = yBo,
and Bo is the strength of the static magnetic field. Standard deviations of fitting magnetization
decay curves are used to calculate the error bars in graphs of T1. These errors are propagated to

calculate the error bars in graphs of correlation times. The detailed procedure has been reported

[26].

3.24 NMR T, Relaxation Measurement

The conventional spin-locking pulse sequence introduced in CHAPTER 1 is used to
measure T1p. The strength (B1) of the spin locking field is controlled by the attenuation of the
pulse generator. Two attenuations are chosen, corresponding to B1~50 kHz and B1~90 kHz,
which are calibrated by measuring the 90" pulse width at these attenuations. Measuring T1, is
very useful to study slow molecular motions on timescales of micro-millisecond [39, 41-44]. The
area of the broad peak and the sharp peak of the spectrum in Figure 3.2 (A) are plotted as a
function of spin locking time. Because the protein-water exchange rate is slower than Ti,
experimental times (see SECTION 3.3.2), the broad peak in T1, measurement mainly stems from
protein protons [39, 45]. The decay of the broad peak, i.e. the protein component, is fitted very

well with the stretched exponential function:

M(t) =M, exp(—(Ti)ﬂ) (3.20)

1p

where M(t) is the magnetization at decay time t and Mo is saturation magnetization of the protein.
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0

This is illustrated in Figure 3.2 (C). Furthermore, if m(t)=

, it is seen from Equation (3.20)

that the plot of In(-In(m)) as a function of In(t) should be linear and the slope equals the
stretching parameter S. This is proven in the inset of Figure 3.2 (C). These results indicate a
broad distribution of the correlation time of protein protons [46-48]. The mean value of Ti, of the

protein is reported, which is calculated as [46-48]:
T,
<T, >= ﬁr(i) (3.21)
BB

The formula [27]:

1 3n4! 3r 57 27
—= + +
T, 20r° (1+40!7® 1+@jc® 1+4a)7c?

P

(3.22)

is then used to derive the correlation time z of molecular motions, where w1 = yB1 and Bz is the
strength of spin locking field. In addition, assuming that the stretched exponential relaxation is a

superposition of single exponential decays with different correlation time u, then
tisy = t
exp(~(-)") = | exp(=) p(u)du (3.23)
T u

where p(u) represents the distribution function of the correlation time [46-48]. An inverse
Laplace transform can be applied to solve the distribution function p(u) [46-48]. Standard

deviations of fitting magnetization decay curves are used to calculate the error bars in graphs of
T1p. These errors are propagated to calculate the error bars in graphs of correlation times. The

detailed procedure has been reported [26].
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Figure 3.2: (A) *H NMR spectrum of BSA at 16 C at hydration level h~0.15 (g
water/g BSA). It consists of a broad peak (FWHM ~30 kHz) and a sharp peak
(FWHM ~1-2 kHz). (B) The decay of mp(t) and mw(t) at 3C at h = 0.354 (g water/g
BSA) in T1 measurement. The decay curves are fitted by Equation (3.15). The fitting
parameters R;—’, c;—f, and cit are used in Equation (3.16)-(3.18) to solve the intrinsic Tz

relaxations of the protein and water as well as the proton exchange rate between the
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protein and water. (C) The decay of the reduced magnetization m(t) of BSA at 3C
and 27 C at h~0.15 in T1, measurement. As shown in the inset, In(-In(m)) is linear
with In(t), in agree with Eqn (16). The slope of the line equals the stretching

parameter f.

3.3 Results and Discussion
3.3.1 Hydration at Distinct Groups: Temperature Effect

As shown in Figure 3.1, water interacts differently with hydrophilic and hydrophobic
groups; such a difference is clearly revealed by the temperature effect on the water isotherms of
the protein in CHAPTER 2 [16, 17, 26]. As explained previously, when the hydration level
h<~0.15-0.2 (g water/g protein), water binds to hydrophilic protein groups by forces that are
hardly affected by temperature [12, 13]. When h>~0.15-0.2, water starts mixing with
hydrophobic protein groups and the mixing process strongly depends on temperature [16]. At
temperatures below 10 C, the protein’s elastic constant significantly increases [16]; hence, the
mixing is energetically unfavorable, leading to the substantial decrease in water adsorption at
hydrophobic groups.

So far, very little attention has been paid to such strong temperature effects on protein
hydration at hydrophobic groups. In previous work, the hydration level of a protein is controlled
at room temperature, but thereafter the hydrated protein sample is tested at low temperatures
(especially < 10 C) [9, 19-23]. Hence, although the hydration level remains the same, those water
molecules that intimately mix with hydrophobic groups become inactive and simply condense on
the protein surface as the temperature decreases. This makes the interpretation of hydration

effects on protein properties ambiguous. Here, the protein dynamics and thermodynamics are
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studied in-situ as a function of hydration level and temperature, which completely ameliorates

this problem.

3.3.2 Nano-Microsecond Protein Dynamics: Crossover at 10 C and Hydration Effect
Many works have probed protein dynamics on the picosecond-nanosecond timescale [9-
11, 19, 20]. However, protein dynamics cover a broad range of timescales and the nature of the
protein-water dynamic coupling on different timescales may be different [1, 2]. In fact, many
biological processes where hydration plays a crucial role take place on the timescale of
nanosecond (ns) to microsecond (us) [2, 42, 43, 49]. Therefore, studies are needed to gain insight

into the effects of hydration at distinct groups on protein dynamics at ns-us timescale.

3.3.2.1 T1 Relaxation and Nanosecond (ns) Protein Dynamics

Proton Ti relaxation of a hydrated protein is governed by two mechanisms. One is the
intrinsic motions of the protein and water molecules, and the other is the fast proton exchange
between the protein and water [32-39]. Here, | separate these two mechanisms (see SECTION
3.2.3) and present the contributions to T1 of BSA and its hydration water from their intrinsic
motions in Figure 3.3 (A) and its inset. It is seen that the intrinsic T1 of BSA decreases steadily
with hydration; above h~0.2, the decrease is stronger at 16 C and 27 C. The intrinsic T1 of water
shows a minimum around h~0.15-0.2, above which it increases noticeably and such increase is
more obvious at higher temperatures.

Based on the intrinsic T1 of BSA, the correlation time of BSA is derived from Equation
(3.19). As shown in Figure 3.3 (B), below h~0.2 the correlation time of BSA gradually decreases

with hydration, indicating that water at hydrophilic groups effectively enhances ns protein
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dynamics. Above h~0.2, the decrease in the correlation time of BSA with hydration remains
striking, and such decrease is more remarkable at higher temperatures. This suggests that as the
interfacial interaction between water and hydrophobic groups is enhanced at temperatures above

10 C, the effect of water at hydrophobic groups on enhancing ns protein dynamics also becomes

stronger.
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Figure 3.3: (A) Intrinsic Tz relaxation time of BSA and its hydration water (inset of
A) as a function of hydration level at 3C, 5C, 16 C, and 27 C. (B) The correlation
time of BSA. Relative errors of T1 relaxations and correlation times at different

temperatures are very close. Hence, only error bars at 27 C are shown.
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The proton exchange rate from water to the protein (kw) and from the protein to water (kp)
are calculated (see SECTION 3.2.3) and shown in Figure 3.4 (C) and (D). Two principal
observations can be made. First, kw and kp exhibit very obvious maxima at h~0.15 above 10 C,
which is not observed below 10 C. This is related to the dynamical change in the protein
molecule induced by hydration of hydrophilic groups at temperatures higher than 10 C. The
mechanism is discussed in the following section. Second, kw and kp are hardly affected by
hydration and temperature above h~0.3-0.4, which corresponds to the completion of the first
hydration shell [12, 13]. This suggests that the protein-water exchange process is dominantly

affected by the first hydration layer.
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Figure 3.4: Proton exchange rates (A) from hydration water to BSA kw, and (B) from
BSA to hydration water kp as a function of hydration level at 3C, 5C, 16 C, and 27 C.
kw and kp are calculated from Equation (3.15)-(3.18). Relative errors of exchange
rates at different temperatures are very close. Hence, only error bars at 27 C are

shown.
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3.3.2.2 Ty, Relaxation and Microsecond (ps) Protein Dynamics

Since the dynamics of the protein cover a wide range of timescales [1, 2, 50], the
dynamic coupling between water and the protein may be different on different timescales.
Hence, | also measured proton Ti, relaxation that is sensitive to us protein dynamics. In Tip
measurements, a broad peak and a sharp peak are also observed (see Figure 3.2) and they decay
at quite different rates. Here, the broad peak is assigned only to the protein component for two
reasons. First, according to the results of Figure 3.4, the protein-water exchange time (reciprocal
of exchange rate) is >~10ms, which is longer than the T1, experimental time. This indicates that
the protein-water exchange is insufficient and can be neglected in our T1, measurements [39, 45].
Second, although it has been reported that a few water molecules could be so immobile that they
may contribute to the broad peak, the number of such water molecules is very limited and their
residence time is much shorter than the Ti, experimental time [36-40, 45]. Hence, Ti, of the
protein can be obtained by directly analyzing the decay of the broad peak.

T1p of BSA at the spin locking field Bi1~50 kHz is shown in Figure 3.5 (A). Below
h~0.15, T1, of BSA shows little temperature dependence but decreases dramatically with
increasing hydration level, reaching its minimum around h~0.15. Above h~0.15, T, of BSA
increases with the level of hydration and such increase is much more obvious at higher
temperatures. The correlation time of BSA is derived from Equation (3.22) and presented in
Figure 3.5 (B). It is seen that below h~0.2, the correlation time of BSA decreases substantially
with hydration level, indicating that water at hydrophilic groups greatly enhances ps protein
dynamics. In contrast, above h~0.2, the correlation time of BSA decreases slowly with hydration
at 16 C and 27 C, and hardly changes at 3C and 5 C. This shows that above 10 C, the mixing of

water with hydrophobic groups weakly enhances ps protein dynamics; when the coupling
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between water and hydrophobic groups is greatly suppressed below 10 C, water adsorbed at these

groups has little effect on ps protein dynamics.
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Figure 3.5: (A) T, relaxation of BSA as a function of hydration level at 3C, 5C, 16
C, and 27 C. (B) The correlation time of BSA derived from Equation (3.22). Here, Tip

is measured at the spin locking field B1 ~50 kHz.

A stretched exponential function is used to analyze the T, relaxation of the protein (see
SECTION 3.2.4). The stretching parameter $ depends on the temperature and hydration level. As
shown in Figure 3.6 (A), B exhibits a maximum around h~0.15 at 16 C and 27 C, while it hardly

changes with hydration at 3C and 5 C. This is similar to the results of Figure 3.4 and is discussed
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later. Furthermore, because changes in g are directly related to changes in the distribution of the

correlation time [46-48], | calculated the distribution function of the correlation time of BSA at

h~0, 0.1, 0.15, 0.2, 0.3, and 0.5 at 3C and 27 C by Equation (3.23) and present the results in

Figure 3.6 (B) and (C). It is seen that: (i) the distribution of the correlation time is very broad

with a long tail towards the short (<0.1 ws) timescale regime; (ii) with increasing hydration, the

center of the distribution function shifts from ~10 us to ~1 us and such shift is much more

noticeable below h~0.15; (iii) at 3 C, the width of the distribution is insensitive to the level of

hydration; (iv) at 27 C, the width of the distribution gets narrower with increasing hydration level

up to h~0.15 and becomes broader again above h~0.15.

>

Stretching parameter 3

0.84f
0.80
0.76 F
072k,
0.68 |1

0.64

T . 50
!I‘T 4 16°C
iy v 27C 1
P
B T
4 A

0.0 . 0.1 . 0.2 . 0.3 I 0.4 . 0.5 I 0.6 ‘ 0.7 . 0.8
Hydration level 4 (g water/g BSA)

Distribution function

Distribution function

of correlation time

of correlation time

0.8
0.6
0.4
0.2
0.0

—dry —— 027

ey T
0
- 3C —h~0.1 h~0.37]
i ~0.15 7~0.5 ]
—'::: -+ -+ -+
5 -—=dry - --h-021
- 27C == mhel] 03]
[ PR h-0.15 = = = -0.5]
<
T -
+ AN B “\
. VLY \
P g “ A
r ’,:,”, _-7 \
22222577 Sl N
1l L " P | " i a gl L
107 10° 10° 10"

Correlation time (s)

Figure 3.6: (A) stretching parameter £ as a function of hydration level at 3C, 5C, 16

C, and 27 C. The distribution function of the correlation time at (B) 3C and (C) 27C

at hydration level h~0 (dry), 0.1, 0.15, 0.2, 0.3, and 0.5, derived from Equation (3.23).

The results of correlation time distribution imply a highly heterogeneous environment of

protons in the protein [1, 2]. The spectral density of proton motions at different groups, such as



methyl groups and aromatic groups, have different characteristic frequencies [1, 2]. Moreover,
even the same type of group, such as the methyl group, can show a broad distribution of
correlation times depending on its chemical environment in the protein [2]. Therefore, our results
show that such dynamical heterogeneity is sensitive to hydration at temperatures higher than 10
C. Above 10 C, hydration of hydrophilic protein groups (h<~0.15) makes the proton motion
more uniform, narrowing its correlation time distribution; while mixing of water with
hydrophobic protein groups (h>~0.15) makes the proton motion more heterogeneous. Below 10
C, such dynamical heterogeneity appears to be “frozen” and the correlation time distribution of
the protein hardly changes with hydration.

These results are strongly correlated to the results of Figure 3.4, indicating that the
change in the protein-water exchange rate at h~0.15 is very likely to be induced by the dynamic
changes in the protein itself. In other words, hydration of hydrophilic groups alters the dynamical
heterogeneity in the protein, which in turn modifies the proton exchange between water and the

protein.

3.3.2.3 Distinct Effects of Hydration at Hydrophilic and Hydrophobic Groups

The results show that water at hydrophilic and hydrophobic groups have different
influences on protein dynamics and the influence depends strongly on the timescale being
studied, indicating different mechanisms of protein-water coupling on ns and ps timescales. It
has been suggested that protein backbone motion is on the ps timescale, while more localized
protein motion such as side chain rotation is on the ns timescale [2, 19]. Water at hydrophilic
groups greatly enhances both ns and s protein dynamics (see Figure 3.3 and Figure 3.5 when

h<~0.2), indicating that it is strongly coupled to motions of both the backbone and the side
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chains. In contrast, water at hydrophobic groups has a much more pronounced effect on ns
protein dynamics than on us protein dynamics (see Figure 3.3 and Figure 3.5 when h>~0.2),
indicating that it has greater influence on localized side chain motions than on backbone

motions.

3.3.2.4 Crossover at 10 C in Nano-Microsecond Protein Dynamics

As the temperature increases above 10 C, the interfacial interaction between water and
hydrophobic groups is enhanced. Such a temperature-induced enhancement in the protein-water
interfacial interaction does have nontrivial influence on both ns and s protein dynamics (see
Figure 3.3 and Figure 3.5 at temperatures higher than 10 C). In contrast, below 10 C the
interfacial interaction between water and hydrophobic groups is substantially reduced. This
explains why water at hydrophobic groups has a weaker effect on ns and ps protein dynamics
below 10 C (see Figure 3.3 and Figure 3.5 at temperatures lower than 10 C).

In addition, at temperatures around 10 C there is an obvious effect on the proton
exchange process (see Figure 3.4) and the dynamic heterogeneity (see Figure 3.5) in the protein.
Below 10 C, the protein-water proton exchange and the dynamic heterogeneity in the protein are
hardly affected by hydration. In contrast, above 10 C, they both show apparent quantitative
changes, especially at h~0.15. Such unique temperature dependences of the protein-water
exchange process and protein dynamical heterogeneity around 10 C have not been reported

previously.
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3.3.2.5 Water-Protein Interactions and Protein Dynamics

In dry proteins, there exist strong non-native hydrogen bonding and electrostatic
interactions between hydrophilic protein groups [12, 13, 51], hence the protein structure is very
compact and the motion of the protein is largely restricted. In the rehydration process, the
hydrogen bonds between water and hydrophilic groups replace those unfavorable protein-protein
interactions [12, 13, 51]. Hence, hydration at hydrophilic groups eases the spatial restriction of
the protein, greatly liberating the motion of the protein backbone as well as the side chains [51,
52].

Moreover, it has been recognized that practically all the non-native contacts in the protein
are removed at the hydration level h~0.2; further hydration (h>~0.2) has a weak effect on the
overall protein structure [12, 13, 51, 52]. As I discussed, water molecules actively mix with the
hydrophobic groups at h>~0.2. Essentially, such a mixing process corresponds to the fluctuation
of water molecules into and out of the cavities formed by the side chains on the protein surface
[53-55]. Therefore, those mixing water molecules at hydrophobic groups frequently change the
arrangement of protein side chains, enhancing their mobility [51, 52]. In contrast, the protein
backbone structure is mainly not affected by hydration above h~0.2 [12, 13, 51, 52]. Therefore,
the mixing process hardly disturbs the arrangement of the protein backbone. That is why water at
hydrophobic groups only weakly affects the protein backbone motion [52].

In addition, the influence of water at hydrophobic groups on protein dynamics is stronger
at temperatures above 10 C while it is much weaker below 10 C. As I discussed in CHAPTER 2
SECTION 2.3.5, this is caused by the change in the interaction between water and hydrophobic
groups around 10 C. Specifically, when the temperature is below 10 C, the relative orientation

between helices in the protein significantly changes, resulting in a more compact packing of the
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protein [56-58]. Meanwhile, the cavities in the protein are shrunk due to the spatial distortion and
water molecules are squeezed out of the cavities [56-58]. Therefore, below 10 C, the mixing
between water and the protein is substantially suppressed and the influence of those mixing

water molecules on the protein motion is very weak.

3.3.3 Thermodynamics of Protein Hydration at Crossover Temperature

So far, many works on protein hydration thermodynamics are limited to computational
simulations [7, 8, 59, 60]. Some experimental studies are focused on calorimetric measurements
of proteins at different hydration levels [5, 6, 21, 22]. However, in addition to the temperature
issue discussed before, they have other limitations. First, the equilibrium time of the protein-
water interaction depends on the hydration level and could be on the order of hours [16, 17]. This
requires the time of the simulation and the calorimetric measurement to be long enough at each
hydration level, which is not the case in many works. Second, researchers have focused on
proteins with high hydration levels [21-23], but the effect of low hydration on protein
thermodynamics remains poorly understood. Here, thermodynamic properties of protein
hydration are investigated over a wide range of hydration and at the equilibrium of the protein-
water interaction [17].

The change in the Gibbs free energy (4G) of the protein-water interaction can be
decomposed into enthalpic (4H) and entropic (74S) contributions. The enthalpic change (4H)
may arise from the formation of protein-water interactions and the breakdown of protein-protein
interactions; while the entropic (74S) change is related to the reordering of water molecules and

protein groups and their degrees of freedom [13, 51, 61, 62]. A detailed study on 4G, 4H, and
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74S of protein hydration provides valuable information of the contribution of different factors to

the protein-water interaction, which is still a subject of debate [61, 62].
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Figure 3.7: (A) Changes in the Gibbs free energy 4G associated with the hydration
process of BSA as a function of hydration level at 3C, 5C, 16 C, and 27 C. (B)
Changes in enthalpy 4H and entropy 74S associated with the hydration process of

BSAat~9C and ~21C.

Here, 4G, AH, and T4S associated with the hydration process of BSA are determined
from water isotherms at different temperatures and presented in Figure 3.7. Figure 3.7 (A) shows

that at 3C and 5 C, 4G gradually increases with hydration; however, at 16 C and 27 C, a
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minimum in AG is observed around h~0.15. The value of 4G is about -2kJ/mol, in agreement
with the average free energy change of -0.5 kcal/mol (i.e. -2.1 kJ/mol) in the protein hydration
process [17]. In Figure 3.7 (B), 4H and T4S are both positive, indicating that the hydration
process is driven by the favorable entropic change that compensates for the unfavorable
enthalpic change. It has been shown that the protein itself is a large thermodynamic reservoir
[17, 61]. Structural and dynamic changes of the protein in the hydration process could
significantly affect the changes in free energy, enthalpy and entropy. The dry protein is tight due
to strong non-native protein-protein interactions; rehydration is able to “lubricate” the protein
[13, 51]. This process accompanies the breakdown of protein-protein interactions [13, 51], while
the protein becomes more flexible, proven by the decrease in the correlation times of protein
motions (Fig 3.3 (B) and Fig 3.5 (B)). This induces positive 4H and 74S. Such enthalpy-entropy
compensation also contributes to a small free energy change in Figure 3.7 (A). Furthermore,
Figure 3.7 (B) shows that 4H and T74S of protein hydration are quite different at temperatures
below and above 10 C. At a temperature lower than 10 C, AH and T74S decrease with hydration;
while at temperatures higher than 10 C, 4H and 74S increase with hydration till h~0.2 then
decrease thereafter.

It is also noticed that the changes in 4G, 4H, and TAS around h~0.15-0.2 at ambient
temperature are consistent with the changes in protein-water exchange rate and protein
dynamical heterogeneity around h~0.15-0.2 at ambient temperature, indicating a strong
correlation between thermodynamic and dynamic properties of the protein around the crossover

temperature of 10 C.
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3.4  Conclusions

By employing an in-situ NMR technique, I find the distinct effects of water at
hydrophilic and hydrophobic groups [26]. In particular, it is revealed that the change in the
protein-water interfacial interaction results in a crossover around 10 C in protein dynamics and
thermodynamics. Such an effect could be of significance to biological processes such as the
onset of enzymatic activity [13] and protein cold denaturation [18].

To be specific, in terms of dynamics, it is found that on the ns timescale, water at all
protein groups effectively enhances protein dynamics; water at hydrophobic groups is important
in enhancing ns protein dynamics, especially at temperatures above 10 C. On the us timescale,
water at hydrophilic groups significantly enhances protein dynamics and water at hydrophobic
groups weakly enhances protein dynamics above 10 C while having little effect below 10 C.
Furthermore, the protein-water exchange rate and the protein dynamic heterogeneity also exhibit
a crossover around 10 C at h~0.15. In terms of thermodynamics, it is found that Gibbs free
energy, enthalpy, and entropy of protein hydration change with hydration level in different ways
at temperatures above and below 10 C. Specifically, these thermodynamic quantities all manifest
obvious quantitative changes above 10 C at h~0.15. These results indicate a strong correlation
between ns-us protein dynamics and protein hydration thermodynamics around the crossover
temperature of 10 C. The work in this chapter reveals the detailed influence of hydration and
temperature on protein dynamics and thermodynamics, providing new insights into the

mechanism underlying protein functions.
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CHAPTER 4

ALCOHOL-PROTEIN INTERACTIONS: SPECIFIC AND NONSPECIFIC BINDING

4.1 Introduction

Many biological, pharmacological and medical questions are concerned with the core
issue of interactions between proteins and ligands. A large number of small-molecule ligands,
such as general anesthetics and alcohols, exert their biological functions via binding to target
proteins with low affinity [1-4]. Among these drugs, alcohols can affect neurological responses
in various ways. For instance, it is well known that small ethanol doses stimulate a pleasurable
sensation as well as cause depressant effects such as anxiety reduction; a larger dosage produces
anesthetizing effects, including unconsciousness and analgesia [3, 4]. The very low binding
affinity of alcohols to proteins makes it difficult to recognize and characterize bound alcohols.
Hence, the mechanism governing alcohol binding remains poorly understood [3-8].

Previous works have revealed that general anesthetics such as halothane and isoflurane
exert their functions via interacting with a few specific sites on the protein [1, 2, 9]. Importantly,
such interaction is “indirect”: without the existence of water at the sites, general anesthetics
cannot directly bind to the protein [9]. Because of the similarity in the molecular structure and
biological functions of general anesthetics and alcohols, it remains controversial whether they
share the same binding mechanism [10-14].

In fact, it has been found that there also exist a small number of specific binding sites for

alcohols; such sites are believed to be of crucial importance to physiological processes and have
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been the focus of intensive investigations [10, 15-17]. However, it is also suggested that alcohols
could bind to some nonspecific sites on proteins; at very high alcohol concentration, such
nonspecific binding may even cause protein structural changes [5, 7, 18]. Unfortunately, the
property of nonspecifically-bound alcohols remains ambiguous [12-14, 19, 20]. For one reason,
in the solution environment, alcohols bind to specific and nonspecific sites concurrently; it is
very difficult to distinguish them via traditional methods [4, 5]. For another reason, X-ray
crystallography and molecular dynamic simulations are typical ways to study alcohol binding;
however, X-ray crystallography requires alcohols to be immobilized at the binding sites during
the exposure time [21] and molecular dynamic simulations are usually limited to short time
scales [22], hence these methods are effective in studying strongly bound alcohols at a few
specific sites but are ineffective in investigating very weakly bound alcohols at a large number of
nonspecific sites. Therefore, so far, there is no consensus on nonspecifically-bound alcohols with
regards to their binding mechanism [14, 19, 23-25] and relevance to physiological processes [12-
14, 19].

Here, | employ the in-situ NMR technique to selectively characterize specifically- and
nonspecifically-bound alcohols by measuring alcohol isotherms on the dry protein [26].
Furthermore, changes in Gibbs free energy, enthalpy, and entropy associated with alcohol
binding are determined. Two alcohols, ethanol (EtOH) and trifluoroethanol (TFE) are
investigated. EtOH has a wide range of physiological effects on the human body [3, 4] and TFE
is a potent anesthetic [27, 28]. A typical globular protein bovine serum albumin (BSA) is used,
because of its well-known crystal structure and function and great binding capacity [29, 30]. Itis
found that in contrast to other general anesthetics, alcohols can directly bind to the dry protein.

There exist three stages in alcohol binding to the protein [26]. At the initial stage, alcohols only
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bind to a few specific sites on the protein. Above a threshold of alcohol vapor pressure, alcohols
start binding to nonspecific sites and such binding is dependent on temperature. At the final
stage, nonspecific alcohol binding denatures the protein. The flexibility of the protein plays a
significant role in nonspecific alcohol binding. The work in this chapter reveals the mechanism
of alcohol-protein interactions, with implications for the understanding of alcohol’s biological

effects.

4.2  Experiments
4.2.1 NMR Isotherm Measurements

BSA (lyophilized powder, >98%, pH~7, 1% in 0.15M NaCl) is purchased from Sigma
Aldrich and used without further purification. Ethanol (EtOH) (99.5%, anhydrous) and 2,2,2-
trifluoroethanol (TFE) (99.8%, extra pure) are purchased from Fisher Scientific. BSA is put into
a quartz tube which is connected directly to the in-situ NMR system introduced in CHAPTER 2
[9, 31]. Liquid alcohols are stored in source bottles in the system. Dry BSA is exposed to
alcohols with controlled vapor pressure. The temperature of the system is controlled at 6 C, 15C,
and 25 C. H and *°F NMR spectra are used to determine the isotherms of EtOH and TFE on the
protein, respectively. The detailed procedure to measure isotherms has been introduced in
CHAPTER 2 SECTION 2.2 [26]. At each alcohol vapor pressure, NMR signal is measured five
times when the interaction reached equilibrium, and then the standard deviations of NMR peak

areas are used to calibrate the error bars in the isotherms.
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4.2.2 Determination of AG, AH, and TAS
Changes in the Gibbs free energy 4G, enthalpy 4H, and entropy 74S associated with

alcohol binding are determined from alcohol isotherms at different temperatures [26]. Briefly,
AG =-RT '[Oxﬂdx , Where n is the amount of absorbed alcohol molecules and x =P/ PF,, where P
X

and Po are the vapor pressure and saturated vapor pressure of the alcohol. Based on the Gibbs—

0 ,AG

Helmholtz equation, AH = -T2 a_T(?)*' and AS = —((%AG)X- The method has been reported in

CHAPTER 2 SECTION 2.2 [26, 32-35]. Here, alcohol isotherms measured at 6 C and 15C, 15C
and 25 C can be employed to calculate AG, AH, and TAS around 10 C and 20 C, respectively. The

error bars of alcohol isotherms are propagated to calculate the error bars of AG, AH, and TAS.

4.3  Results and Discussion
4.3.1 Isotherms of Alcohols on the Protein

Figure 4.1(A) and (B) show the adsorption isotherms of EtOH and TFE in dry BSA at 6
C, 15C, and 25 C, respectively [26]. The insets show isotherms below the relative vapor pressure
of P/Po~0.7 where P is the vapor pressure and Po is the saturated vapor pressure of the pure

liquid alcohols at the given temperature.
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Figure 4.1: Adsorption isotherms of (A) EtOH and (B) TFE indry BSA at6C, 15C,
and 25 C. The insets show isotherms below P/Po~0.7. Thresholds of relative vapor
pressure in the isotherms are recognized. The threshold of relative vapor pressure is
P/Po~0.15 for EtOH (Inset of A) and P/Po~0.3 for TFE (Inset of B). The sorption of
both alcohols shows little temperature dependence below this threshold and is marked
with shade in yellow. Above the threshold, alcohol sorption is enhanced by
temperature. Sharp alcohol uptake above the relative vapor pressure of P/Po~0.7

occurs for both alcohols, associated with protein denaturation.

Three stages are clearly recognized in the isotherms. Below the first threshold pressure of
P/Po~0.15 for EtOH and P/Po~0.3 for TFE, isotherms of both alcohols are independent of the
temperature and the number of bound alcohol molecules is relatively small, reaching ~8 EtOH
and ~6 TFE per BSA, in agreement with the number of high-affinity binding sites on serum
albumin surface for alcohols and other similar amphiphilic molecules [36-38]. Above this first
threshold pressure, isotherms of both alcohols increase rapidly and are greatly enhanced by

increasing temperature. The number of bound alcohols far exceeds the number of high-affinity
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binding sites and increases with alcohol vapor pressure, implying that binding at multiple
nonspecific sites takes place [12-14]. In addition, above P/Po~0.7, a sharp uptake of both
alcohols occurs, corresponding to the denaturation of proteins [39-41].

Desorption isotherms of EtOH and TFE in dry BSA are also measured at 6 C. The results
are shown in Figure 4.2. For both EtOH and TFE, strong hysteresis is observed at such a low
temperature. Also, when the pressure decreases to 0, there are some residual EtOH and TFE
molecules that bind permanently to BSA, even after pumping for several days. Figure 4.2 shows
that the hysteresis loops of EtOH and TFE are quite large and have a similar shape. There are
about 50-60 EtOH molecules/BSA that cannot be removed after pumping. For TFE, there are 40-
50 permanently bound TFE/BSA. The irreversibility of desorption isotherms and large hysteresis
above P/Po~0.7 prove that alcohols denature the protein above P/Po~0.7. The insets of Figure 4.2

show that the alcohol-protein interaction is totally reversible below P/Po~0.7 and the protein is

not denatured.
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Figure 4.2: Adsorption-desorption isotherms of (A) EtOH and (B) TFE in dry BSA at

6 C. Large hysteresis is observed for both alcohols. In desorption curves, there are
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~50 bound EtOH and ~40 bound TFE that cannot be removed from BSA when the
vapor pressure reaches 0. Such irreversibility indicates the denaturation of BSA by
alcohols. The insets show adsorption-desorption isotherms below P/Po~0.65, showing

that the alcohol-protein interaction is reversible below P/Po~0.65.

Hence, the results of Figure 4.1 and Figure 4.2 reveal three steps of alcohol binding. At
low vapor pressure, alcohols bind to a few pre-existing high-affinity sites; above a threshold
vapor pressure, alcohol binding at multiple nonspecific sites is turned on; at very high vapor
pressure, a large number of alcohols bind, causing denaturation of the protein.

It is worth mentioning that other anesthetics such as halothane and isoflurane cannot
directly bind to dry proteins; hydration water is necessary in the adsorption of halothane and
isoflurane on proteins [9]. This is in contrast to the result of alcohols. Alcohols are able to
directly adsorb on dry BSA. This result indicates that although alcohols and other anesthetics
exert similar functions, the underlying mechanisms are completely different. The effect of

hydration on alcohol binding will also be discussed in detail in CHAPTER 5.

4.3.2 Thermodynamics of nonspecific alcohol binding

The method introduced in SECTION 4.2.2 only applies to adsorption that depends on
temperature [26, 32-35]. Because only the adsorption of alcohols on nonspecific sites depends on
temperature, changes in Gibbs free energy AG, enthalpy AH, and entropy TAS associated with
nonspecific alcohol binding are calculated. Based on SECTION 4.2.2, alcohol isotherms at 6 C
and 15 C in Figure 4.1 are used to calculate AG, AH, and TAS at 10 C; alcohol isotherms at 15C

and 25 C in Figure 4.1 are used to calculate AG, AH, and TAS at 20 C.
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Figure 4.3 (A) and (B) show the energy diagrams of EtOH binding to dry BSA at 10C
and 20 C; Figure 4.3 (C) and (D) show the energy diagrams of TFE binding to dry BSA at 10C
and 20 C. Representative results of nonspecific alcohol binding in dry BSA are summarized in
Table 4.1. Inspection of Figure 4.3 and Table 4.1 reveals that the binding of EtOH and TFE to
BSA produces similar thermodynamic changes. First, AG is negative, suggesting that the binding
is spontaneous. Second, AH and TAS are both positive, indicating that above the thresholds, the
nonspecific alcohol binding is completely driven by the favorable entropy change that

compensates for the unfavorable enthalpy change.

40 I 56 ' ' ' 'A (E©OH at 10°CH

AG, AH, and TAS (kJ/mol)

1 1 1 1 1 1 1 1

0.25 030 035 040 045 0.50 0.55 0.60

C (TFE at 10°C)

30F D (TFE at 20°C) ]

20 b

AG, AH, and T4S (kJ/mol)

030 035 040 045 050 055 0.60
P/P

0

72



Figure 4.3: Changes in the Gibbs free energy AG (black), enthalpy AH (red), and
entropy TAS (blue) of (A) EtOH in dry BSA at 10C, (B) EtOH in dry BSA at 20 C,
(C) TFE indry BSA at 10 C and (D) TFE in dry BSA at 20 C. The binding of both
alcohols in the dry protein is totally driven by favorable entropy changes that
compensate for the unfavorable enthalpy changes. The error bars of isotherms in

Figure 4.1 are propagated to calibrate the error bars.

Table 4.1: AG, AH, and TAS of EtOH and TFE binding to dry BSA at 10 C and 20 C.
Relative vapor pressures in the region where nonspecific binding dominates the
isotherms (after completion of binding to high-affinity sites and before denaturation
taking place) are used in the calculation (EtOH at 10 C, P/Po~0.4; EtOH at 20 C,
P/Po~0.35; TFE at 10 C, P/Po~0.55; TFE at 20 C, P/Po~0.4). AG, AH, and TAS are

calculated at such relative vapor pressures and summarized.

AG AH TAS
(kJ/mol)  (kJ/mol)  (kJ/mol)

10C -2.4+04 30.7#35 33.1+25
EtOH
20C -1.7+0.2 26.3x2.1 28.0+2.2

10C -1.4+0.2 25.9+14 27.3%¥13
TFE
20C -1.3x04 20.4+24 21.7+34
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4.3.3 Comparison of Specific and Nonspecific Alcohol Binding

Two types of alcohol binding are revealed by the alcohol isotherms in dry BSA. One
corresponds to the binding of alcohols to a few specific sites and the binding energy is around
~4.2 kJ/mol [4, 14]; the other corresponds to adsorption at multiple low-affinity nonspecific sites
and the binding energy is around 1~3.5 kJ/mol (see Figure 4.3 and Table 4.1). The adsorption of
alcohols to these two types of sites show different temperature dependences, indicating that they
are governed by different binding mechanisms.

Approximately 8 EtOH or 6 TFE bind to the specific sites on dry BSA (Figure 4.1) and
this type of alcohol binding is independent of temperature. These results imply that there are
several pre-existing easily-accessible alcohol binding sites on the protein surface [36-38]. These
sites are preserved in the dehydration process. Alcohol binding to these high-affinity sites is
mainly through direct protein-alcohol interactions, such as hydrogen bonds or van der Waals
forces, which are minimally affected by the temperature in the range examined here [42]. In
general, a specific site for alcohols is a pre-existing hydrophobic cavity with hydrophilic residues
at the opening of the cavity [5]. The hydrophobic end of the alcohol is inserted into the
hydrophobic cavity which is usually formed by methyl or methylene protein groups [5]. The
hydrophilic end of the alcohol is usually anchored by the hydroxyl protein groups at the opening
of the cavity [5].

In contrast, a large number of alcohols bind to nonspecific protein sites above a certain
alcohol vapor pressure threshold (Figure 4.1). The microscopic structure of a nonspecific site is
similar to that of a specific site, but nonspecific sites are not accessible to alcohols at low

concentrations [5]. Figure 4.1 shows that the nonspecific alcohol binding is very sensitive to
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temperature. Such strong temperature dependence is attributed to the active involvement of the

protein structure in nonspecific binding and is discussed in detail in the following section.

4.3.4 Active Role of Protein in Nonspecific Binding

I have discussed that alcohols can bind to a few specific sites on the protein surface via
direct alcohol-protein interactions. Usually, traditional surface binding theories such as
Brunauer-Emmett-Teller (BET) or Langmuir theory are applied to explain surface adsorption
isotherms [42-44]. In these theories, the protein is treated as a rigid surface; the corresponding
isotherms show little temperature dependence and no thresholds [42]. Therefore, unlike high-
affinity alcohol binding, alcohol binding at multiple low-affinity nonspecific sites cannot be
interpreted by those traditional surface adsorption theories.

There are certain similarities between the temperature dependence of water isotherms
(CHAPTER 2, Figure 2.3) and that of alcohol sorption isotherms in dry proteins (Figure 4.1).
Protein hydration above h~0.2 is also strongly enhanced by temperature. In CHAPTER 2, it has
been discussed that those water molecules above h~0.2 actually intimately mix with the protein
structure rather than sitting on the protein surface. Specifically, the elastic constant of the protein
is small at high temperature and the increase in elastic energy due to swelling is small; hence,
mixing of the protein with water molecules is energetically not too costly at high temperature.
However, at low temperature, the protein is more rigid with a larger elastic constant and mixing
with water molecules is more costly in increased elastic energy [31]. The elasticity of the protein
is critical to the temperature dependence of water isotherms. Hence, the results in this chapter
suggest that nonspecific alcohol binding, which is similar to the hydration process above h~0.2,

is also a mixing process, in which the protein structure is actively involved.
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Furthermore, this mixing process only occurs above a threshold of alcohol vapor
pressure. It is known that dehydration leads to strong protein-protein contacts, hence a rigid
structure in the dry protein aggregate [43-46]. Due to the compact protein aggregate structure, a
large number of nonspecific sites may not be available to alcohols. However, alcohols are able to
change protein structure [3-8, 47] and serum albumin has a great conformational adaptability in
ligand binding [29, 30, 38]. Hence, it is likely that the initial alcohol binding at specific sites can
disturb intermolecular protein-protein interactions, creating pathways for alcohols to access those
nonspecific sites. Subsequently, alcohol molecules start to mix with the protein via adsorption at
nonspecific sites.

It is seen that this nonspecific alcohol binding to dry protein accompanies positive
changes in enthalpy and entropy (Figure 4.3 and Table 4.1). Such thermodynamic change is
consistent with the active involvement of protein structure in alcohol binding. Nonspecific
alcohol binding (and hydration above h~0.2), which is essentially a mixing process, can largely
disrupt protein-protein interactions and rearrange protein conformations [5, 12-14, 48], resulting
in increased enthalpy of the protein. However, the protein could also gain a large number of
degrees of freedom upon this alcohol-induced disruption [45] with increased entropy. The results
show that the entropy gain in the protein surpasses the unfavorable enthalpy change and drives
the nonspecific alcohol binding. In addition, it was suggested that in non-aqueous alcohols or
high-concentration aqueous alcohol solutions, a large number of alcohol molecules can penetrate
into the hydrophobic interior of the protein and extensively break the native protein structure,
resulting in dramatic conformational changes and even unfolding of the protein [5, 6, 40, 49-51].
The denaturation of BSA at higher alcohol pressures (Figure 4.2) further proves that those

nonspecifically bound alcohols do mix with the protein, and if the mixing is too extensive, the
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intramolecular protein interactions are substantially disrupted causing denaturation.

44  Conclusions

In this chapter, | focus on alcohol-protein interactions by studying the isotherms of EtOH
and TFE in dry BSA at different temperatures. The changes in the Gibbs free energy, entropy,
and enthalpy of alcohol binding are also obtained. It is found that in contrast to other general
anesthetics, alcohols can directly bind to the dry protein without the existence of water.
Specifically, at low alcohol vapor pressure, only a few alcohol molecules bind to several specific
sites on the protein and the binding is independent of temperature. Nonspecific alcohol binding
occurs only above a threshold of alcohol vapor pressure and is strongly dependent on
temperature. Such nonspecific alcohol binding is driven by the favorable entropy change where
the protein’s flexibility plays a critical role. At high alcohol vapor pressure, nonspecific alcohol
binding causes irreversible changes in protein structure. The work in this chapter elucidates the
distinct mechanisms of specific and nonspecific alcohol binding. It also reveals the active role of
the protein itself in alcohol binding, shedding light on the mechanism governing alcohol’s

biological functions.
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CHAPTER 5

ALCOHOL-PROTEIN INTERACTIONS: THE EFFECT OF HYDRATION

51 Introduction

In CHAPTER 2, I discussed the significant effects of water on protein dynamics and
thermodynamics. Water is also known to play an important role in a wide range of molecular
recognition and association processes, such as protein ligand binding [1-7]. For instance, it has
been reported that water can modify the shape and specificity of the binding sites and mediate
the binding affinity [3, 4]. Specifically, as discussed in CHAPTER 4, small molecule drugs such
as alcohols bind to the protein with very low affinity. These weak association processes are
particularly influenced by water, but the details are far from understood [7-10]. Evaluating the
role of water in such weak associations is a critical step in understanding the binding
mechanisms and biological actions of small molecule drugs such as alcohols, with important
implications for drug design.

Specifically, emerging evidence suggests that water exists around alcohol binding sites
[11-18]. Although the potential importance of water in alcohol-protein interactions has been
recognized, it remains unclear how water contributes to the interaction. In general, it was
proposed that water can contribute to alcohol binding via two mechanisms. One proposed
mechanism is that water around the binding sites is displaced by alcohols [11-14, 16-19]. The
release of ordered water molecules to bulk water is believed to cause a gain in entropy [10-12,

14, 19]; however, this process also reconstructs water-water interactions, providing favorable
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enthalpic changes [10, 20-23]. The controversial effects of the displacement of water on binding
thermodynamics has attracted great attention [22]. Another proposed mechanism is that water
molecules remain at the binding sites and form hydrogen bond bridges linking the protein and
alcohols [14, 19]. These two mechanisms are both concerned with the influence of structural
modifications in the water network on binding.

In addition to the prevalent mechanisms mentioned above, water may also affect alcohol
binding indirectly via altering protein structures and dynamics. Hydration water is known to be
an integral part of the protein, as it is tightly coupled to the protein configuration and flexibility
[3-5, 24-28]. Ligand binding not only modifies the structure of the water network, but could also
cause protein conformation changes enabled by water-protein interactions [29]. Recent works
suggest that the protein is actively involved in ligand binding and can act as a potential
thermodynamic reservoir: changes in protein configuration may significantly contribute to the
enthalpy and entropy of ligand binding [29-33]. This is also proven in CHAPTER 4 SECTION
4.3. In particular, such protein configurational change does not necessarily involve large protein
segments; it could be subtle, such as the local structural rearrangement or fluctuation of residues
near binding sites [29]. These findings indicate that it might be inappropriate to consider all the
binding sites on proteins as rigid cavities and only discuss the contribution of the water network
to ligand binding, especially for those proteins with high structural and dynamic adaptability
such as serum albumin. The protein’s hydration state could greatly influence how the protein
responds to alcohol binding, with significant influence on binding free energy. Thus far,
however, little is known about the importance of such protein-water interactions in alcohol

binding and their functional consequences.
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In protein solutions, under the influence of a large amount of bulk solvent, it is difficult to
evaluate the influence of hydration on ligand binding. In particular, hydration water molecules
bind at different sites on the protein such as hydrophilic and hydrophobic groups [34, 35] and
such different hydration water molecules could have very different effects on ligand binding.
One way to separate the influence of different hydration water molecules in alcohol binding is to
evaluate alcohol binding under controlled protein hydration. As discussed in CHAPTER 2,
similar hydration regimes were identified for globular proteins [34, 35]: when the protein
hydration level h<~0.2 (g water/g protein), water only binds to hydrophilic groups on the protein;
when h>~0.2, water interacts with hydrophobic protein regions; when h>~0.5, bulk water exists
around the protein. This suggests that by controlling protein hydration level, we might be able to
investigate the distinct roles of hydration water at different protein sites on alcohol binding.

The in-situ NMR measurement system introduced in CHAPTER 1 enables me to study
low affinity binding with high sensitivity while subjecting the system to a controlled level of
hydration. In CHAPTER 4, two types of alcohol binding, specific and nonspecific binding have
been found. In this chapter, | focus on the effects of hydration on these two types of alcohol
binding [36]. Alcohol isotherms are characterized as a function of protein hydration level.
Changes in Gibbs free energy, enthalpy, and entropy associated with alcohol binding are studied
under the influence of hydration. It is found that hydration facilitates the saturation of specific
alcohol sites. For nonspecific alcohol binding, at low hydration level, it only occurs when the
alcohol vapor pressure exceeds a threshold level; however, this threshold is reduced by hydration
and becomes negligible at a crossover hydration level of h~0.2 (g water/g protein). Hydration
also gradually changes such nonspecific binding from an entropy-driven to an enthalpy-driven

process. Water molecules bound at charged and polar groups on the protein surface are found to
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be particularly crucial for such binding. Further hydration of the protein has smaller effects on
the enthalpic and entropic changes but still results in significant decrease in Gibbs free energy
upon alcohol binding. A significant difference is recognized between the role of water in alcohol
binding and its role in the binding of other general anesthetics such as halothane [37]. This work

revealed the importance of water-protein interactions in alcohol binding.

52  Experiments

BSA (lyophilized powder, >98%, pH~7, 1% in 0.15M NacCl) is purchased from Sigma
Aldrich and used without further purification. 2,2,2-trifluoroethanol (TFE) (99.8%, extra pure)
were purchased from Fisher Scientific. The distilled water (H20) and liquid TFE are stored in
two source bottles with pressure buffer chambers as illustrated in CHAPTER 1. The vapor
pressures of water and TFE are controlled by adjusting the valves close to their buffer chambers.
'H and °F NMR spectra are used to determine hydration level and the amount of alcohol
sorption in the protein respectively. Isotherms of TFE are measured as a function of hydration
level at 15 C and 25 C. Specifically, *H NMR spectra of TFE are used to quantify the amount of
sorption and this is then used to quantify the ‘°F NMR intensity. To measure the isotherms of
TFE in partially-hydrated protein, the dry BSA is first exposed to the water vapor, and the
hydration level as measured by water sorption is determined by *H NMR. Thereafter, the
partially hydrated BSA is exposed to TFE vapor and **F NMR is used to measure the adsorption
of TFE. At each water/alcohol vapor pressure, the NMR signal was measured five times when
the interaction reached equilibrium, and then the standard deviations of NMR peak areas were
used to calibrate the error bars in the isotherms. In addition, changes in the Gibbs free energy

AG, enthalpy AH, and entropy TAS of TFE binding are determined from TFE isotherms at
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different temperatures [38-41]. Isotherms measured at 15 C and 25 C can be employed to
calculate AG, AH, and TAS around 20 C. The error bars of alcohol isotherms were propagated to
calculate the error bars of AG, AH, and TAS. AG, AH, and TAS are also studied as a function of
protein hydration level. The detailed methods of measuring isotherms and determining

thermodynamic quantities have been discussed in CHAPTER 2 SECTION 2.2 [36].

5.3 Results and Discussions

5.3.1 Alcohol Isotherms on Hydrated Proteins

Figure 5.1 (A) shows isotherms of TFE at 15 C below P/Po=0.3 in BSA hydrated at
various levels (the complete isotherms can be found in Appendix B). As the level of protein
hydration increases, the nonspecific binding of TFE increases dramatically; the shape of the
isotherm gradually changes from sigmoidal (h=0.11) to hyperbolic (h=0.32), indicating a change
in alcohol binding pattern, which will be discussed later. The threshold level of vapor pressure
for nonspecific binding also decreases gradually with increasing hydration level. Figure 5.1 (B)
shows that the threshold level decreases linearly with the hydration level and reaches zero around
h~0.2. Hydration facilitates TFE to saturate the specific sites and enhances binding at
nonspecific sites at lower vapor pressures, showing that hydration promotes alcohol binding at
both types of sites. The inset of Figure 5.1 (B) further implies that when h>0.2, nonspecific
alcohol binding could take place immediately at very low alcohol vapor pressure and could
overwhelm the number of alcohols at specific sites at a high hydration level (h>0.3). The
isotherms of TFE in hydrated BSA at 25 C show similar behaviors (See Appendix B). Isotherms
of TFE in BSA at h=0.11 and h=0.32 at 15 C and 25 C are shown in Figure 5.1 (C). When

h=0.11, nonspecific alcohol binding only takes place above P/Po~0.25, while no threshold is
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observed at h=0.32. It is interesting to note that nonspecific alcohol binding in hydrated BSA is
reduced by increasing temperature, showing a temperature dependence opposite to alcohol

isotherms in dry BSA (See CHAPTER 4, Figure 4.1).
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Figure 5.1: (A) Isotherms of TFE in hydrated BSA at 15 C below P/Po=0.3 at various
hydration levels. Dotted straight lines associated with the isotherms of h=0.11, 0.16
and 0.18 illustrate how the threshold (the intercept of the dotted line with the
horizontal line of y=0) is determined for a given isotherm associated with nonspecific
alcohol binding. (B) The determined alcohol relative vapor pressure threshold is
plotted versus h at 15 C. The threshold decreases linearly with h and reaches zero at
h~0.2. Inset: the number of bound TFE versus h at 15 C at P/Po=0.01 and P/P¢=0.03.
The value of thresholds and the number of bound TFE were determined from Figure
5.1 (A). (C) Isotherms of TFE in hydrated BSA at h=0.11 and 15C and 25 C, and at
h=0.32 and 15 C and 25 C. The isotherms at h=0.11 show a relative pressure threshold

at P/Po~0.25, while no threshold is seen in isotherms at h=0.32.

5.3.2 Hydration and Protein Flexibility

Water isotherms in BSA have been measured at 6 C, 15C, and 25 C and are shown in
Figure 5.2 (A). Similar to the results in CHAPTER 2 SECTION 2.3.1, below h~0.2 (P/Po <
~0.7), isotherms show little temperature dependence; whereas above h~0.2, the sorption of water
is enhanced by increasing temperature. It was suggested that below h~0.2, water molecules only
bind to charged and polar groups on the protein surface [34, 35]. Such surface-bound water is
believed to be able to increase the flexibility of the protein [34, 35, 42]. Figure 5.2 (B) shows the
'H NMR spectra of BSA at different hydration levels. Changes in the linewidth of the spectra are
summarized in Figure 5.2 (C). The narrowing in the linewidth of the protein spectra further

proves that the protein becomes more flexible with increasing hydration.
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5.3.3 Thermodynamics of Alcohol Adsorption on Hydrated Proteins

The Gibbs free energy AG, enthalpy AH, and entropy TAS of nonspecific alcohol binding
to the dry protein have been discussed in CHAPTER 4 SECTION 4.3.2. In this chapter, | focus
on the effect of hydration on these thermodynamic quantities.

The energy diagrams of TFE binding to BSA at h=0.11, h=0.21, and h=0.32 are shown in
Figure 5.3 (A), (B) and (C) respectively. As discussed in CHAPTER 4 SECTION 4.3.2, AH and
TAS of nonspecific alcohol binding to the dry protein are both positive, indicating that such
binding in the dry protein environment is completely driven by the favorable entropy change.
Interestingly, as shown in Figure 5.3, both AH and TAS become negative with hydration,
indicating that protein hydration shifts nonspecific alcohol binding from an entropy-driven to an

enthalpy-driven process.
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protein is driven by favorable enthalpy changes that compensate for the unfavorable

entropy changes.

The thermodynamic changes of nonspecific TFE binding are then plotted versus the
protein hydration level h. AG, AH and TAS at h=0.11, h=0.21, and h=0.32 are read from Figure
5.3, while AG, AH and TAS at h=0 (dry protein) are read from CHAPTER 4 Figure 4.3. The
results are shown in Figure 5.4. The increase in |AG| with hydration demonstrates that hydration
promotes nonspecific alcohol binding. At high hydration levels (h>0.3), the binding energy (-
AG) of alcohols at nonspecific regions is slightly smaller than that of alcohols at specific sites,
which is around 4.2 kJ/mol [13, 43]. Moreover, AH and TAS decrease appreciably at low
hydration levels, while AG decreases appreciably at high hydration levels. It is interesting to note
that AH and TAS are close to 0 at h~0.07, which is around the hydration level at which water

fully covers charged groups and starts binding to polar groups on protein surfaces [34, 35].
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Figure 5.4: AG, AH, and TAS of TFE binding in hydrated BSA versus hydration level
h at 20 C. Relative vapor pressures in the region where nonspecific binding dominates
the isotherms (after completion of binding to high-affinity sites and before
denaturation taking place) are used in the calculation (dry, P/Po~0.4; h=0.11,
P/Po~0.4; h=0.21, P/P0o~0.2; h=0.32, P/Po~0.1). AG, AH, and TAS are calculated at

such relative vapor pressures and plotted in Figure 5.4.

5.3.4 Effects of Hydration on Alcohol Binding

| show that hydration can remove the threshold for nonspecific alcohol binding around
h~0.2 and significantly change the shape of the alcohol adsorption isotherms (Figure 5.1). In
fact, water adsorption in BSA (Figure 5.2 (A)) also changes appreciably around h~0.2. This
implies that a certain amount of hydration (h~0.2) may induce qualitative changes in protein
properties, hence affecting alcohol binding. Interestingly, it was also reported that the enzyme
activity [34] of proteins is quite different below and above the hydration level h~0.2.

It has been suggested that water only binds to high-affinity regions of hydrophilic groups
on the protein surface below h~0.2; above h~0.2, water starts to bind loosely to hydrophobic
regions of the protein [34, 35]. | discussed in CHAPTER 2 that those loosely-bound water
molecules can actively mix with the protein. Significantly, water adsorption at charged and polar
protein groups can activate the protein to a more flexible state with reduced elastic constant [34,
35, 42], enabling the mixing process. This increase in protein flexibility with hydration is proven
by the narrowing of the protein *H NMR linewidth in Figure 5.2 (B) and (C). Moreover, infrared
measurements and X-ray studies showed that, like alcohol adsorption, water adsorption also

accompanies the disruption of protein-protein contacts in solid serum albumin and other proteins
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[35, 44-46]. Specifically, the formation of water interaction with hydrophilic protein groups is
likely to cause pronounced protein configuration rearrangements; when the hydration of those
groups is complete, the protein structure is basically identical to that in solution [44, 45]. This is
consistent with the increase in the protein flexibility with hydration and changes in water
isotherms around h~0.2 reported in this work.

The mechanism of water and organic solvents such as alcohols cooperatively changing
the protein state was previously suggested [44, 47, 48]. Therefore, a possible explanation of how
hydration promotes alcohol binding is: when h< ~0.2, hydration of charged and polar protein
sites releases only part of the protein-protein contacts via disturbing the intermolecular protein-
protein interactions, and alcohols are needed to further “liberate” the protein-protein contacts,
hence the threshold for alcohol binding still exists but decreases with hydration level. When h>
~0.2, the intermolecular protein-protein contacts are largely removed by water; as a consequence,
the threshold for alcohol binding disappears. Furthermore, hydration can create new binding
space for alcohols [44], thus the number of bound alcohols increases dramatically with
hydration.

Alcohol sorption isotherms in hydrated BSA show temperature dependence opposite to
those in dry BSA. In dry proteins, the gain in entropy drives alcohol binding, which should be
attributed to the increase in the protein’s flexibility with alcohol incorporation. In contrast, with
increasing hydration level the binding process is gradually changed from an entropy-driven to an
enthalpy-driven process at a crossover hydration level of h~0.07, which is the hydration level
where water covers all charged groups and starts binding to polar groups on the protein surface
[34, 35]. Above that hydration level, it appears that the positive change in the protein’s entropy is

no longer a dominant factor in driving alcohol binding. With higher hydration, AG keeps

94



decreasing and enthalpic stabilization becomes more significant. Both AH and TAS decrease
appreciably with increased hydration and exhibit strong enthalpy-entropy compensation, which
is usually observed in low-affinity binding ligands [1, 9, 10, 49, 50]. The decrease of AH and
TAS is more dramatic at low hydration levels, indicating that such enthalpy-driven alcohol
binding is mainly enabled by water molecules bound at hydrophilic groups on the protein
surface. At high hydration levels, those mixing water molecules induce smaller changes in AH
and TAS, but effectively reduce the enthalpy-entropy compensation, probably due to the
expelling of those water molecules by alcohols. Less enthalpy-entropy compensation causes

more negative changes of AG at high hydration levels, leading to increased alcohol adsorption.

5.3.5 Difference between Alcohols and Anesthetics

Due to the molecular and functional similarities of alcohols and general anesthetics, it
was suggested that they might share similar binding mechanisms [15, 43, 51-53]. Recent work
elucidated the binding mechanism of halothane and other typical general anesthetics [37].
Halothane cannot directly bind to the protein in the absence of hydration. It only interacts with
the protein when h>0.3 and the number of bound halothane is limited to a few binding sites,
indicating that halothane only binds to a few specific pockets in the protein and the interaction is
enabled by hydration above h=0.3. It is suggested that water might be displaced by halothane or
form a cap above the binding cavity to assist in the halothane binding [37]. CHAPTER 4 shows
that a few alcohols can strongly bind to specific sites by direct interactions even in dry proteins.
In addition, protein hydration enables low-affinity nonspecific alcohol binding and the number of
nonspecifically-bound alcohols is much larger than that of alcohols bound at specific sites. No

such nonspecifically-bound halothane molecules were observed. The data here show that the
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binding mechanism of alcohols and that of general anesthetics should be examined differently.

Water plays a crucial role in the binding of alcohols and general anesthetics such as halothane.

5.4  Conclusions

Great effort has been made to evaluate the effects of structural changes in the water
network upon ligand binding. What is little understood is the role of water-protein interaction in
ligand binding. Using an NMR-based isotherm measurement approach, | studied the low-affinity
alcohol binding to the globular protein BSA under controlled protein hydration [36]. This
technique allows me to investigate the effect of water-protein interactions on alcohol binding and
the specific roles of different hydration water molecules without being obscured by the presence
of bulk solvent. The binding thermodynamics of alcohols are examined as a function of protein
hydration level via the temperature dependence of alcohol adsorption isotherms.

It is found that alcohol binding is substantially enhanced by hydration [36]. As discussed
in CHAPTER 4, two types of bound alcohols were clearly identified. One type is alcohol binding
at pre-existing specific sites that are limited in numbers (less than 10 per BSA). Although
hydration enables alcohol adsorption at these sites with lower alcohol vapor pressure, the number
remains the same. The second type is alcohol binding at nonspecific sites on the protein. In dry
protein, this type of alcohol adsorption only occurs above an alcohol vapor pressure threshold.
Hydration at hydrophilic groups on the protein is found to be very effective in reducing the
threshold pressure and finally removing it at a hydration level of h~0.2. Such a threshold is
probably induced by the strong protein-protein contacts in dry protein aggregates. At the initial
stage of hydration, the protein-protein contacts depend strongly on the hydration level until the

hydrophilic groups are fully hydrated, which corresponds to h~0.2. Therefore, the threshold for
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alcohol adsorption induced by protein-protein contacts is sensitive to the level of hydration. The
binding at nonspecific sites was found to be entropy-driven in dry protein but became a fully
developed enthalpy-driven process at high hydration levels. These results clearly show that
hydration water at hydrophilic groups (h~0.2) plays a crucial role in alcohol binding at
nonspecific sites. Although adsorbed water molecules at high hydration levels have smaller
effects on alcohol adsorption enthalpy and entropy, they do lead to unmatched enthalpy-entropy
compensation, resulting in a more negative Gibbs free energy and enhanced alcohol adsorption.
In fact, the number of adsorbed alcohol molecules at nonspecific sites far exceeds those at
specific sites in fully hydrated proteins. Hence, this work shows the significance of water-protein

interaction in alcohol binding and alcohol’s biological actions.
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CHAPTER 6

CONCLUSIONS

In this dissertation, | discussed some studies on protein hydration and protein-ligand
interactions using the nuclear magnetic resonance (NMR) technique. Specifically, it is known
that water on the bimolecular surface, which is the so-called “hydration water”, plays a critical
role in a variety of biological processes such as protein folding, drug binding, and enzymatic
activation. However, so far, the mechanism underlying protein hydration and the detailed effects
of hydration on protein-ligand interactions are far from being understood. Therefore, this
dissertation was focused on these questions.

| developed a uniqgue NMR measurement system, which enables me to study protein
hydration and protein-ligand interactions at in-situ sample conditions with precisely controlled
vapor pressure and temperature. In particular, with multiple vapor channels on the system, the
concurrent adsorption of different types of vapor can be simultaneously measured. This allows
me to characterize ligand binding at controlled protein hydration levels, which is one major
advantage over other experimental methods. In this dissertation, this NMR-based technique was
employed to measure isotherms, dynamic processes, and thermodynamic quantities associated
with protein hydration and protein-alcohol interactions.

Water isotherms in two globular proteins were measured at different temperatures
ranging from 3 C to 27 C. It was found that when the hydration level h (g water/g protein) is

below 0.2, water only binds to hydrophilic groups on the protein. The binding is mainly driven
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by hydrogen bonding between water and these groups and shows little temperature dependence.
When the hydration level h is above 0.2, water starts interacting with hydrophobic groups on the
protein and the interaction strongly depends on the temperature. The adsorption of water on
hydrophobic groups is strong above 10 C, but it is substantially reduced below 10 C. Such
adsorption is essentially a mixing process of adsorbed water molecules with hydrophobic protein
groups, driven by the favorable change in the entropy of mixing. Protein flexibility is critical to
the temperature dependence of the mixing process. Above 10 C, the protein is flexible with a
very small elastic constant, so the mixing process is not costly in terms of elastic energy; while
below 10 C, the protein’s elastic constant increases dramatically, so the mixing process becomes
energetically unfavorable, leading to the substantial suppression of water adsorption on

hydrophobic groups. These results are illustrated in Figure 6.1.
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Figure 6.1: Illustration of protein-water interactions. The interaction of water with

hydrophilic groups on the protein is temperature independent. In contrast, the
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interaction of water with hydrophobic groups strongly depends on the temperature.
Above 10 C water intimately mixes with hydrophobic groups, while below 10 C the
mixing process is substantially suppressed. Such phenomenon is caused by the

change in the protein flexibility with temperature.

As | discussed, water at hydrophilic and hydrophobic groups interacts differently with
proteins. Particularly, hydration properties at hydrophobic groups undergo qualitative changes as
temperature decreases below 10 C. However, the influence of such interfacial changes on protein
dynamics and thermodynamics remains largely unexplored. Therefore, in this dissertation, |
investigated nanosecond to microsecond protein dynamics, as well as the Gibbs free energy,
enthalpy, and entropy of protein hydration as a function of hydration level and temperature. A
crossover at 10 C in protein dynamics and thermodynamics was revealed. In terms of dynamics,
on the nanosecond timescale, it was found that water at both hydrophilic and hydrophobic groups
has significant effect on enhancing protein dynamics; the effect of water at hydrophobic groups
IS stronger at temperatures higher than 10 C. On the microsecond timescale, water at hydrophilic
groups still greatly enhances protein dynamics whereas water at hydrophobic groups has weak
effect on enhancing protein dynamics above 10 C and none below 10 C. In terms of
thermodynamics, it was found that the Gibbs free energy, enthalpy, and entropy of protein
hydration change with hydration in distinct ways at temperatures above and below 10 C. These
results show a close correlation between nanosecond-microsecond protein dynamics and protein

hydration thermodynamics at 10 C. These results are illustrated in Figure 6.2.
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Figure 6.2: Illustration of the crossover at 10 C in protein dynamics and

thermodynamics.

Numerous small-molecule ligands such as alcohols and general anesthetics exert their
biological functions via binding to target proteins with low affinity. Among these ligands,
alcohols such as ethanol can affect the human brain in ways from stimulating a pleasurable
sensation to interfering with consciousness. Although the physiological effects of alcohols are
well known, the mechanisms at the molecular level are far from being understood. One reason is
that it is very challenging to characterize very weak association processes, especially in protein
solutions, via traditional methods. In this dissertation, the unique in-situ NMR system enables me

to selectively characterize different weakly-bound ligands.
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Because of the structural and functional similarities between alcohols and general
anesthetics, it was suggested that they may share the same binding mechanism. In this
dissertation, the mechanism of alcohol-protein interactions was investigated in two steps.

In the first step, | studied the interaction between alcohols and dry proteins. It was found
that alcohols can directly bind to dry proteins without the existence of hydration water.
Specifically, there exist two distinct types of alcohol binding. One type is specific alcohol
binding, where a limited number of alcohols bind to a few specific sites on the protein. This type
of binding is shown to be temperature independent. The other type is nonspecific alcohol
binding, where a large number of alcohols interact with nonspecific regions on the protein. This
type of binding only takes place above a threshold of alcohol vapor pressure and is strongly
dependent on the temperature. This dissertation showed that nonspecific alcohol binding is in
fact a mixing process of adsorbed alcohols and the protein, driven by the favorable change in the
entropy of mixing. This mechanism is similar to that of hydration of hydrophobic groups. The
temperature dependence of this type of binding is induced by the change in the protein flexibility
with temperature. The threshold of this type of binding is caused by the strong protein-protein
interactions in the dehydrated protein state. In addition, at high alcohol vapor pressure, a large
degree of nonspecific alcohol binding (i.e. mixing) leads to the denaturation of the protein.

In the second step, | studied the effect of hydration on alcohol binding. Hydration water
is known to play an important role in low-affinity ligand binding. Intense focus has been on
binding-induced structural changes in the water network surrounding protein binding sites,
especially their contributions to binding thermodynamics. However, hydration water is also
tightly coupled to protein conformations and dynamics, and so far, little is known about the

influence of water-protein interactions on ligand binding. In this dissertation, I measured alcohol

106



adsorption isotherms under controlled protein hydration using the in-situ NMR detection. As
functions of hydration level, Gibbs free energy, enthalpy, and entropy of binding were
determined from the temperature dependence of isotherms. It was found that hydration water is
critical to both types of alcohol binding. On the one hand, hydration is able to facilitate the
saturation of specific sites. On the other hand, an increased hydration level effectively reduces
the threshold of nonspecific alcohol binding, with it finally disappearing at a hydration level of
h~0.2 (g water/g protein), gradually shifting nonspecific alcohol binding from an entropy-driven
to an enthalpy-driven process. Water at hydrophilic groups on the protein was found to be
particularly important in enabling this binding. Although further increase in hydration has
smaller effects on the changes of binding enthalpy and entropy, it results in significant negative
change in Gibbs free energy due to unmatched enthalpy-entropy compensation. These results
show the crucial role of water-protein interplay in alcohol binding. These results are illustrated in

Figure 6.3.
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Figure 6.3: Illustration of alcohol (blue ball) binding to the protein (gray block) in
water (red-white sticks). When the alcohol molecule approaches the protein, (A) in
previous works, water around the binding site is displaced and rearranged, resulting in
the structural modifications in the water network. In this case, the protein is
considered as a rigid cavity. (B) in this dissertation, the state of the protein changes
before (green) and after (orange) the binding. The change of the protein is enabled by
water-protein coupling. Because of this mechanism, alcohol binding increases

dramatically with hydration level, especially above the hydration level of 0.2 (g
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water/g protein). With increasing hydration, alcohol binding also changes from a

entropy-driven process to a enthalpy-driven process.

It is also worth mentioning that this dissertation showed that the binding mechanisms of
alcohols and general anesthetics are completely different, although they are similar in molecular
structure and physiological function. General anesthetics like halothane and isoflurane only bind
to a few specific sites on the protein. They are unable to directly bind to those sites; hydration
water is necessary to be present at those sites to drive the binding. In contrast, alcohols can bind
to the protein via direct interactions, even if the protein is dry. There also exist a few specific
sites for alcohols, but at the same time, alcohols can also bind to a large number of nonspecific
sites on the protein. Hydration water is found to be critical to both types of alcohol binding.
Therefore, alcohols and general anesthetics should be examined differently.

In conclusion, in this dissertation | focused on the mechanism of protein hydration and
the role of hydration in alcohol-protein interactions, by employing a unique in-situ NMR
technique. Distinct properties of hydration water at hydrophilic and hydrophobic protein groups
were identified. Moreover, a crossover at 10 C in protein dynamics and thermodynamics was
discovered. In addition, the effects of hydration on different types of alcohol-protein interactions
were clearly revealed. This dissertation provides new insights into the nature of protein-water
interactions and protein-ligand interactions, with great implications for the understanding of

protein functions.
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APPENDIX A

Al. Ty, relaxation of BSA at spin-locking field B1~90 kHz

H spin lattice relaxation in the rotating frame (T1,) of BSA is also measured at the spin
locking field B1 ~90 kHz as functions of hydration level and temperature. T, relaxation times of
BSA and its hydration water are presented in Figure A1 (A) and its inset. The corresponding
correlation times of BSA proton are presented in Figure Al (B). A stretched exponential function
is used to fit T1, decay of BSA. The stretching parameter £ at the spin locking field B1 ~90 kHz
is presented in Figure Al (C). The results of BSA at spin locking field B1 ~90 kHz are similar to

the results at spin locking field B1 ~50 kHz (see CHAPTER 3 SECTION 3.3).
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Figure Al: Ti, measurement on BSA at the spin locking field B1 ~90 kHz. (A) *H spin lattice

relaxation in the rotating frame (T1,) of BSA and its hydration water (inset), (B) the correlation

times of BSA protons, and (C) stretching parameter g of BSA as a function of hydration level at

3C,5C,16C, and 27 C.
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A2.  Hydration effects on dynamics and thermodynamics of lysozyme around 10C

To study the dynamics of lysozyme on nanosecond timescale, *H spin lattice relaxation in
the laboratory frame (T1) of lysozyme and its hydration water are measured. Figure A2 (A) and
its inset show the T1 relaxation times of lysozyme and its hydration water induced by their
intrinsic motions. Figure A2 (B) shows the correlation time of lysozyme protons. Figure A3

shows the proton exchange rates between lysozyme and its hydration water.
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Figure A2: (A) Intrinsic Tirelaxation time of lysozyme and its hydration water (inset of A) as a
function of hydration level at 3C, 5C, 16 C, and 27 C. (B) The correlation time of lysozyme.
Relative errors of T1 relaxations and correlation times at different temperatures are very close.

Hence, only error bars at 27 C are shown.
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Figure A3: Proton (*H) exchange rates (A) from hydration water to lysozyme kw, and (B) from
lysozyme to hydration water kp as a function of hydration level at 3C, 5C, 16 C, and 27 C.
Relative errors of exchange rates at different temperatures are very close. Hence, only error bars

at 27 C are shown.

To study the dynamics of lysozyme on microsecond timescale, *H spin lattice relaxation
in the rotating frame (T1p) of lysozyme and its hydration water at the spin locking B1 ~50 kHz

(Figure A4) and B1 ~90 kHz (Figure A5) are measured.
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Figure A4: Ti, measurement on lysozyme at the spin locking field B1 ~50 kHz. (A) *H spin
lattice relaxation in the rotating frame (T1,) of lysozyme and its hydration water (inset), (B) the
correlation times of lysozyme protons, and (C) stretching parameter f of lysozyme as a function

of hydration level at 3C, 5C, 16 C, and 27 C.
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Figure A5: Ti, measurement on lysozyme at the spin locking field B1 ~90 kHz. (A) *H spin
lattice relaxation in the rotating frame (T1,) of lysozyme and its hydration water (inset), (B) the
correlation times of lysozyme protons, and (C) stretching parameter f of lysozyme as a function

of hydration level at 3C, 5C, 16 C,
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and 27 C.
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To study the thermodynamics of lysozyme, changes in the Gibbs free energy 4G,

enthalpy 4H, and entropy 74S associated with the hydration process of lysozyme are calculated

and presented in Figure AG6.

A

Changes in Gibbs free energy

AG (kJ/mol)

Hydration level / (g water/g lysozyme)

B

16 r A v

A{;i’
1.8F 5&,“A!’ g
A S
P 1

201 LIy z
; Ao =
E +§ i 'ﬁ %
22 B ;}éib‘:ini“‘/ " 3:C ] ;
- 5 v. ¥ ---0--- 5°C 5
241 &/ ¥ —a16°C { 2
Y —we2TC {2

_26 1 1 Il 1 1 Il

0.0 0.1 0.2 03 0.4 0.5

entropy 74S (kJ/mol)

22+

10

20

16

14

T T T T T T
AH at-9°C
b TASat-9°C
AH at ~21°C ]
TAS at -21°C
12k
L r"” & >
| 2
> » >
1 1 1 1 ¥
0.1 0.2 0.3 0.4 0.5

Hydration level 4 (g water/g lysozyme)

Figure A6: (A) Changes in the Gibbs free energy 4G associated with the hydration process of

lysozyme as a function of hydration level at 3C, 5C, 16 C, and 27 C. (B) Changes in enthalpy

AH and entropy 74S associated with the hydration process of lysozyme at ~9 C and ~21 C.

It is seen that: (1) the effects of hydration on lysozyme and BSA are very similar (2) the

crossover at 10 C in the dynamics and thermodynamics of lysozyme hydration are also revealed.

These results indicate the similarity in the interaction between water and globular proteins.
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APPENDIX B

Isotherms of TFE in hydrated BSA at 15 C and 25 C.
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Figure B1. Isotherms of TFE in hydrated BSA at (A) 15 C and (B) 25 C at various hydration
levels h. At both temperatures, hydration strongly enhances alcohol sorption. With increasing h,
the threshold of alcohol vapor pressure decreases and is removed at h~0.2 (g water/g protein).
The shape of isotherms also changes from sigmoidal to hyperbolic at h~0. 2 (g water/g protein).
At each alcohol vapor pressure, NMR signal was measured five times when the interaction
reached equilibrium, and then the standard deviations of NMR peak areas were used to calibrate

the error bars in the isotherms.
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