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Abstract

Solutions containing 8 and 32 wt% myoglobin are studied by means of infrared spectroscopy, as a
function of temperature (290 K and lower temperatures), in the mid- and far-infrared spectral range.
Moreover, ultrafast time-resolved infrared measurements are performed at ambient temperature in
the O-D stretching region. The results evidence that the vibrational properties of water remain the
same in these myoglobin solutions (anharmonicity, vibrational relaxation lifetime...) and in neat
water. However, the collective properties of the water molecules are significantly affected by the
presence of the protein: the orientational time increases, the solid-liquid transition is affected in the

most concentrated solution and the dynamical transition of the protein is observed, from the point
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of view of water, even in the least concentrated solution, proving that the water and myoglobin

dynamics are coupled.

Introduction

Much work has been devoted to the understanding of the dynamics of proteins and to establish links
between molecular movements and biological response. Thus, a tight connection was demonstrated
between the protein dynamics and the behavior of its solvating water molecules. Indeed, in
temperature dependant protein function studies, the onset of protein activities' is connected to the

solvent dynamics®® through the so called dynamical transition.*”’

However, if protein’s properties have been shown to depend on water, little attention has been paid
to the modifications of water properties® in a concentrated protein solution. This point is especially
relevant for biological solutions containing a significant weight fraction of macromolecules, in the

context of macromolecular crowding.’

The purpose of the present study is then to analyze the influence of the well-known globular protein,
myoglobin (Mb) on the water structure dynamics through its vibrational properties. To achieve this
goal, infrared spectroscopy is used to probe water in concentrated myoglobin aqueous solutions (5
and 20 mmol.dm™): in the mid-infrared, the OH stretching mode is investigated in the 180-300 K
temperature range. Again in the mid-infrared region, ultrafast infrared measurements enable to
measure vibrational lifetimes and orientational dynamics. Lastly,’® measurements in the THz region
allows to follow changes in water’s hydrogen bond network in solute-solution mixtures. THz
spectroscopy probes the solvent dynamics on the sub-ps time scale and can measure the extent to
which the solute perturbs water. Therefore we performed measurements in the far infrared spectral
region (50-350 cm™) in the 100-300 K temperature range, aiming at understanding how the dynamics

of water can be affected by the presence of myoglobin.

Materials and methods
Preparation of myoglobin solutions

Equine heart lyophilized myoglobin was purchased from Sigma (M1882). 1g of myoglobin powder
was dissolved in 20 mL of pure water (Elix - Milli-Q system, Millipore, 18.2 MQ.cm) or of deuterium

oxide (D,0, 99.90%, Euriso-top). The solutions were respectively dialyzed during 48h at 4°Cin 1 L of
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H,O or 300 mL of D,O by changing 3 times the dialysis water (H,O or D,0). After centrifugation
(30000 g, 10 min, 4°C), the myoglobin solution in H,O or D,O was concentrated to obtain 5 or 18-20
mmol.dm™ by passing on centrifugal filter devices Centricon 10 (Amicon Bioseparations, Millipore).
The myoglobin concentration was measured from the absorption spectrum recorded on a Shimadzu
UV-2450 spectrophotometer (gg;3nm = 3500 dm®.mol™.cm™).2* Prior to the experiment, the myoglobin
samples were centrifuged (50000 g, 5 min, 4°C) and infrared measurements were performed on the
supernatant. The pH of the different solutions is about 7.2.

The density of myoglobin solutions could not be measured because of the limited volumes available
but it can be estimated as follows. The partial specific volume of myoglobin in water is known to be
0.741 mL/g." The volumetric mass density of the 5 mmol.dm™ (resp. 20 mmol.dm™) solution is then
1.02 g/cm’ (resp. 1.09 g/cm’). The protein weight fraction in the two solutions is respectively 8% and

32%.
Temperature resolved Infrared (FT-IR) spectra

FT-IR spectra were recorded on a Bruker Vertex 80V spectrometer using the OPUS 6 software. The
spectrometer was equipped with a MCT PV detector (Kolmar Technologies), a KBr beam splitter and
a temperature-controlled N, cryostat (Oxford instruments). The sample holder was equipped with a
thermocouple connected to a digital thermometer (Fluke 54 Il B). FT-IR spectra were recorded in the

4000-1200 cm™ range with a resolution of 4 cm™ in the double-sided, forward-backward mode.

Sample films were prepared on CaF, windows using aliquots of both myoglobin solutions and a 6 um
thick Mylar spacer. A second CaF, window was placed onto the one carrying the solution and sealed

with vacuum grease.
Far-Infrared Spectroscopy

Measurements were performed at the AILES beamline™ with a Bruker IFS 125 FT-IR spectrometer
using the synchrotron far infrared radiation emitted at SOLEIL facility.* Spectra from 20 cm™ to 700
cm™ were obtained by averaging 200 scans with a resolution of 2 cm™, at a 4 cm/s mirror speed.
Spectra were recorded using a 6 um thick Mylar spacer with polyethylene windows, and a 4.2 K
bolometer detector with a 20-700 cm™ cold filter. Spectra were recorded from 100 to 300 K while the

temperature increased by steps of 0.1 K.
Femtosecond infrared pump-probe experiments

The spectrometer used to measure IR pump-probe spectra is based on a Ti:Sapphire oscillator and

regenerative amplifier laser system (Coherent) producing a 1 kHz train of 60 fs, 600 W pulses at 800
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nm. The output is divided equally to pump two optical parametric amplifiers (TOPAS, Light
Conversion Ltd., Vilnius, Lithuania and a home-built OPA) in order to have independently tunable IR-
pump and IR-probe pulses. Both pump and probe pulses can be tuned from 3 to 7 um with a spectral
width of about 250 cm™. The pump beam passes through a computer controlled delay line and is
sent onto the sample together with the probe beam: pump and probe are spatially recombined onto
the sample, while the reference crosses a sample zone free from the pump excitation. After their
passage through the sample, the probe and the reference are spectrally dispersed into a

spectrometer (TRIAX 180, HORIBA Jobin Yvon, Milano, Italy) and detected with an IR array detector.

Finally, a A/2 waveplate is inserted on the pump optical path, in order to change the pump
polarization by 90°. The pump pulse is then chopped at a frequency that is half of the repetition rate
of the laser (500 Hz) to eliminate the long-term drift of the transient absorption signal. The signal is
[ON IOFF
defined as: AAzlog( probe _rd J

OFF [ ON
probe ref

ON
|

where 1%V, e, 1M, 1% probe and 197 care respectively the probe and reference signal intensities in

the presence and absence of the pump pulse.

The difference absorption signal shows two contributions. One corresponds to the frequency of
ground state absorption and arises from the concurrent effect of both the “bleach" (a reduction of
the absorption) due to loss of ground state population and the stimulated emission from the first
excited state. The other contribution occurs at lower frequency and comes fromthev=1->v =2

absorption of the first excited state.

In a broadband pump experiment, both pump and probe pulses are spectrally centered roughly on
the maximum of the absorption band of the sample. Usually, the pump bandwidth is larger than the
absorption bandwidth. Thus all the frequency components of the absorbing system are excited
essentially with the same light intensity of the pump. The signal is recorded for two different pump-
probe polarizations: parallel (A4, ) and perpendicular (A4, ). The temporal decay is then evaluated
at the magic angle. In this way we isolate vibrational relaxation from rotational effects. Moreover,
the decay signal is simulated after 300 fs, in order to eliminate the pump-probe coherent effects. The
magic angle signal is fitted and the population relaxation time and the ground state recovery time are

calculated.
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To obtain information on the rotational dynamics of the water molecules, the anisotropy r(t) is

AA// (t) - AAL (t)
A4 (1) +204, (1)

calculated as: r(¢) =

More information concerning the fitting procedure and the calculation of the anisotropy (removing

the thermal contribution...) can be found in References > *°.

Results
Temperature FT-IR spectra in the O-H stretching region (2800-4000 cm™)

We have focused here our attention on the O-H stretching region, as the H,0 bending mode (around
1640 cm™) interferes with the CO amide | stretching vibration (around 1650 cm™) and is therefore
difficult to interpret. To decipher the contributions arising from the protein itself and from the
solution, the mid-infrared spectrum of the lyophilized myoglobin is reported in Figure 1 in Supporting

Information.

The evolution of the infrared spectra of water is presented in Figure 1 as a function of temperature in
the 2600-4000 cm™ spectral range. The band is broad at ambient temperature and centered at 3400
cm™. This band is usually described as arising from three Gaussian components, one around 3300
cm™ assigned to strongly H-bonded water molecules; the second one, around 3600 cm™ is attributed
to poorly hydrogen-bonded water molecules; and the last (around 3460 cm™) to water molecules

having an intermediate behavior.'”*®

As temperature decreases, the band is shifted towards the
lower energy of the spectrum and the band narrows. Upon freezing, the O-H stretch is seen in the
spectrum as a sharp band that increases in intensity as temperature decreases. At 190 K, the band is
centered at 3238 cm™, indicating stronger hydrogen bonds than in the liquid phase, as expected.”’ All
these observations are in agreement with the well-known formation of hexagonal ice under these
experimental conditions. Nevertheless, infrared spectroscopy is not an appropriate tool to

1920 Therefore, the nature of ice will not be discussed in

distinguish between cubic and hexagonal ice.
the text. In the case of ice, the full width at half maximum decreases when temperature decreases

(Figure 3b), indicating that the H-bond environment becomes more homogeneous.

The spectrum recorded under the same conditions for the 5 mmol.dm™ myoglobin sample is
presented in Figure 2a. The maximum of the O-H stretching band at 290 K is located at 3400 cm™ and
the general trends when temperature changes are the same as in pure water. Nevertheless, slight
differences between this sample and the water/ice system are found. The shoulders detected at

lower wavenumbers, either in the liquid (around 3280 cm™) or in the solid phase (around 3160 cm™),
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are more intense than in water. This contribution can be attributed to the NH stretching vibration
(amide A band around 3290 cm™; see also the infrared spectrum of lyophilized myoglobin in Figure 1
in Supporting Information).”* Moreover, the O-H stretching band is broader in this system than in
pure water (Figure 3b), indicating a more heterogeneous environment. In the 5 mmol.dm?
myoglobin sample, the full width at half maximum remains stable on the 180 K-260 K temperature
range (Figure 3b), with a higher value than in water, indicating that the H-bond environment remains

more disordered than in bulk water and in ice, in the temperature range of this study.

The spectra obtained for the most concentrated myoglobin sample are clearly different from the
previous ones (Figure 2b). At ambient temperature, a significant contribution centered at 3300 cm™
is present. This feature at 3300 cm™ is attributed to NH stretching vibrations (see the infrared
spectrum of lyophilized myoglobin in Figure 1 of Supporting Information in which this band is clearly
depicted)*!. Moreover, this feature can also imply water molecules with strong intramolecular
hydrogen bonds within the protein.”? Additional structures also appear in the tail of the band
between 2800 and 3000 cm™. They are due to CH vibrations of alkyl groups present in myoglobin.
Upon freezing, the O-H band still narrows and the maximum at 180 K is located around 3250 cm™,
which is a value slightly higher than in ice (3238 cm™). As for the 5 mmol.dm™ myoglobin sample, the
band is significantly broader than in ice, indicating that the environment is clearly more
heterogeneous (Figure 3b). It reveals that for all temperatures that the OH bond region is strongly
perturbed by the presence of the protein, which is partly due to the interplay with other vibrational

modes, such as N-H stretching ones.

The evolution of the area of the O-H band in the three systems, as a function of the temperature and
normalized to the value obtained at 240 K, is displayed in Figure 3c. It shows that upon melting the
decrease in area between the solid and the liquid phase becomes less pronounced when the
myoglobin content increases. In bulk water, the ratio of the absorption of ice versus water is about
1.6 whereas it is about 1.3 in the 20 mmol.dm™ myoglobin solution. The detailed understanding of
the variation in infrared band intensities is usually difficult, but it is tempting to connect such a
difference to a change in the refractive index of protein solutions compared to water. This change is
related to band intensities in two ways.?® First, it can change the electromagnetic energy propagation
in the considered medium. Following the well-known equation written below and considering a fixed
dipole strength up, an increase of the band intensity (expressed here as an integral) can arise from a

decrease of the refractive index n: 2

u3 = 9.186 x 10—3nf[s(17)/17]d17
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However, the differences in refractive index between the different samples are not significant
enough to account for the observed variation in the infrared band intensities. Indeed, the refractive
index of water in the mid infrared is about 1.3, the one of ice is 1.35 and the variation induced by the

425 gacond, a change

protein introduction is expected to be in the 0.001 per percent in weight range.
in the refractive index is also the signature of a change in the dielectric constant that can have a
substantial impact on oscillator forces. Indeed ab initio molecular dynamics studies suggest that

2627 This change

dipole correlations control to a large extent the O-H band intensities in water and ice.
in band area observed in Figure 3c could then be put in line with stronger dipole-dipole interactions

due to the lower dielectric constant of protein crowded solutions.?

Moreover, in the 20 mmol.dm™ solution, a significant contribution of the N-H groups is seen in the
2800-4000 cm™ band. This contribution is not expected to change with temperature. Therefore the
area change of the band upon freezing is smaller than in pure water. Lastly, the smoother solid-liquid
transition observed in the most concentrated sample (Figure 3) can be attributed to the large variety
of H bonds at the surface or within the protein (for instance water molecules interacting either with
hydrophilic sites, or with hydrophobic ones, implying some strong intramolecular H bonds within the
protein etc...) which may lead to a gradual solid-liquid transition. This smoother evolution suggests a
disorder-broadened first order transition with the coexistence of water domains with melting

temperatures at both lower (as usually observed under confinement) and higher than the usual 0°C.

In order to better understand the dynamics in these different systems, ultrafast IR pump-IR probe
experiments were undertaken at room temperature (293 K), firstly in the C=0 (amide | band)

stretching region and secondly in the O-D stretching region.

Ultrafast IR experiments in the mid-infrared spectral region

The C=0 stretching region

The broad pump pulse is first centered on the maximum of the C=0 band (around 1650 cm™).

The C=0 spectral region of two myoglobin samples (5 and 18 mmol.dm™ respectively, in D,0) was
studied (around 1650 cm™). This band is known as the amide | band (Figure 1 in Supporting
Information). The amide | band implies mainly the C=0 stretching mode with small contributions
from CN, CCN and NH motions. Its value is characteristic of the secondary structure of the protein, in
this case mainly of alpha helices.”” The measurements are performed in D,0 to get further from the
H,O bending mode (the D,0 bending mode is located around 1210 cm™ while its H,O counterpart is
centered around 1640 cm™). The time-resolved spectra are displayed in Figure 4. The bleaching is

observed around 1655 cm™ and the induced absorption around 1625 cm™. The vibrational relaxation

7
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can be extracted and is found to be 1.2-1.3 ps for both myoglobin concentrations. The same
vibrational relaxation value was obtained in previous works for both myoglobin and different

3931 1t has been pointed out that this vibrational relaxation time of 1.2 ps is very fast** and

peptides.
may be the result of intramolecular energy redistribution (by exciton transfer) in protein secondary
structures. Lastly, this relaxation lifetime does not depend on myoglobin concentration, which

suggests that the protein backbone dynamics is not modified by crowding on this time scale.
The O-D stretching mode spectral region

Vibrational relaxation

Diluted HOD in H,0 (12 wt % HOD in H,0) was first used as a reference for the comparison between
water and the myoglobin solutions. The transient spectra measured after different time intervals in
this case are presented in Figure 5 together with the simulations. The bleaching is observed at 2535
cm™ whereas an induced absorption is detected at wavenumbers smaller than 2450 cm™ (centered
around 2400 cm™). A crude estimate of the anharmonicity leads to a value of 135 cm™, which is the
difference between the (v = 0 = v = 1) transition and the (v =1 = v = 2) transition. The decay of the
vibrational population is found to be 1.4 + 0.1 ps, which is slightly smaller than the value reported for
neat water around 2500 cm™ (1.7 £ 0.1 ps).** The difference between the two time constants can be
related to the differences in D,O concentration. As a matter of fact, the concentration used here
allows partly the Foster resonant excitation transfer of the O-D stretch mode, resulting in a decrease

in the vibrational relaxation lifetime.*3*

The vibrational lifetime was also studied for myoglobin
solutions in the same HOD/H,0 mixture at a concentration of 5 and 19 mmol.dm?, respectively
(Figure 6). In the three cases, the O-D bands in the static infrared spectra are comparable and show
no sign of ND formation (see Figure 2 in Supporting Information), indicating that the backbone N-H
bonds are not exchanged under our experimental conditions, on the time scale of the experiment (a
few hours) in the myoglobin samples. From Figures 5-6, it is clear that the position of the bleaching is
progressively shifted towards smaller wavenumbers with increasing times. This apparent shift can be
attributed to the thermal contribution which is a negative signal observed at long delay times (see for
example the signal obtained at 3.5 ps after the pump pulse). Let’s point out that the presence of a
negative thermal contribution is consistent with differential spectra obtained in the liquid phase after
heating (Figure 2). Having this in mind, it is then clear that within the error bars and within the
fluctuation of the maximum energy of the pump, the initial position of the bleaching and of the
induced absorption remains similar in the myoglobin samples as in water, leading to the same value

for the anharmonicity of the O-D vibrator (140 cm™) as in pure water. A more detailed analysis of the

anharmonicity would require the use of the Lippincott-Schroeder model as described in reference *.
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Nevertheless, it is not necessary in the present case, as the time-resolved spectra remain the same in
the three solutions under study, meaning that anharmonicity is the same in the three cases. In the
two myoglobin samples, the vibrational lifetime (1.5-1.6 ps) is also very similar to the one obtained in
neat water (1.4 ps), indicating that myoglobin has globally no effect on the vibrational lifetime of the

individual O-D vibrator.

Dynamics of water molecules

The rotational dynamics of water molecules can be probed through the decay time of the anisotropy
(Figure 7). The value obtained in neat water (1.3 ps) is faster than the one reported (2.5 ps)*®
probably due to Forster resonant excitation transfer as explained above. As the same average
vibrational relaxation time is measured in the three systems, the Forster resonant excitation transfer
is expected to remain the same in water and in the myoglobin solutions. Therefore, the evolution of
the anisotropy in the three samples can be confidently compared. The decay time of the anisotropy
increases from 1.3 ps obtained for water and the 5 mmol.dm™ myoglobin solution to 1.9 ps for the 19
mmol.dm™ myoglobin solution. Even though the H bond properties do not seem modified from one
sample to another, the rotational dynamics becomes slower when the myoglobin crowding
increases. In this latter case, a residual anisotropy is also observed at long delay times, in contrast to
the water and 5 mmol.dm™ myoglobin solution. This residual anisotropy cannot be attributed to the
thermal contribution as it is subtracted in the anisotropy calculation (for more details, see reference
'8) but is characteristic of hindered rotational motions in the most concentrated sample.?’ It is then

tempting to assign these hindered rotations to frozen water molecules at the protein surface.®

Having investigated the mid-infrared region, the dynamics of water can also be probed in the far
infrared region where collective motions are detected. This study is performed as a function of
temperature in the 100-300 K temperature range to determine if the protein has an impact on the

water dynamics.

Far infrared spectra

Spectra of ice as a function of temperature

The spectra of ice at different temperatures are given on Figure 8 in the 50-350 cm™ spectral range.

The small band at roughly 70 cm™ is due to the polyethylene windows and should not be considered

here.

The band of ice is broad and extends from 100 to 300 cm™ with some characteristic features. At 100

K, a sharp maximum at 231 cm™ is observed together with a minimum at 183 cm™ and a broader

9
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second maximum around 168 cm™. Several shoulders are also detected, mainly around 196, 280 and
304 cm™. All these bands are due to the translational lattice vibrations.*® It must be kept in mind that
ice I, is an orientationally disordered solid. Forbidden vibrations can be active as the disorder
destroys the hexagonal symmetry. The band around 230 cm™ is due to transverse optic vibrations
while the features above 300 cm™ are dominated by longitudinal optic vibrations. The shoulder
around 190 cm™ is attributed to longitudinal optic mode and the band around 160 cm™ to the
longitudinal acoustic modes.*® In other words, the two bands around 230 and 160 cm™ correspond to
intermolecular hydrogen bond stretching motions, but with motions having different directions.*®**
However recent first principle dynamic simulations suggest that the vibrations should rather be

described as a collective mode in liquid water.”®*

When temperature increases from 100 to 270 K, the general features of the band remain the same
but they shift to lower wavenumbers. The amplitude of the sharp maximum decreases and is shifted
to 214 cm™. The minimum is now observed at 168 cm™ and the broader second maximum is less

intense and located at 155 cm™. One shoulder is still observed at 278 cm™.

The evolution of the maximum of the band with temperature is currently interpreted as the
signature of the anharmonicity of the hydrogen bond network.*® As temperature increases, hot
bands (i.e. transitions from excited levels) appear at lower wavenumbers and account for the shift

and the broadening of the band.*
Spectra of myoglobin solutions at 5 and 20 mmol.dm™

It is well known that the far infrared spectra of proteins in aqueous solutions are completely

dominated by the water signal.**

The spectra of the myoglobin samples at 5 and 20 mmol.dm™ are displayed in Figure 9. Globally, the
main characteristics of the band resemble bulk ice (or bulk water for the liquid phase), for the two
myoglobin/water systems. Far infrared spectra (Figures 8-9) help answering to the question whether
ice can be amorphous in the crowded samples, as amorphous ice has a marquedly different signature
from cubic or hexagonal ice.* These spectra at low temperature reveal clearly that ice is not
amorphous, even in the most concentrated myoglobin system. The comparison between the
different spectra obtained in the solid phase is depicted in Figure 10, where the spectra obtained at
150 K are normalized using the most intense band. The positions of the two maxima and of the
minimum remain the same in all three samples in the temperature range retained here (see Figure 3
in Supporting Information for the case of the evolution of the position of the sharp maximum). As the

shift of the position of the bands with temperature is linked to the anharmonicity of the system, it

10
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appears here that anharmonicity remains the same in the systems under study. This point is in

agreement with the ultrafast infrared experiments.

Nevertheless, some differences between the systems can also be depicted. At 100 K, for the 20
mmol.dm™ system, shoulders can be observed at roughly 204, 272 and 306 cm™. The most striking
feature here is the enhanced contribution of infrared modes in the 100-325 cm™ wavenumber range
(see Figure 10) in the case of the most concentrated myoglobin sample. Indeed the ratio of the first
to second maximum varies from 3:1 in bulk water and for the 5 mmol.dm™ protein sample down to
2:1 in the 20 mmol.dm™ myoglobin sample. The feature at wavenumbers greater than 240 cm™ was
attributed to anharmonicity and/or long range electrostatic effects.”* As this enhanced contribution
cannot be linked to a change in anharmonicity (see above), it is tempting to connect it to a change in
electrostatic interactions® due to the decrease of the dielectric constant in crowded environment.”®
However, we cannot exclude also that an increase of the ice disorder (as suggested by the O-H

stretching band) would also lead to a relaxation of the selection rules.
We would also like to comment on the evolution of the baseline underlying the 50-350 cm™ band.

Comparison of Figures 8 and 9 evidences that the baseline becomes more pronounced in the most
concentrated sample for temperatures above 200 K. This baseline corresponds in fact to the tail of
the libration band (or hindered rotational band). This band was studied by means of quasi elastic
neutron scattering measurements in the case of hydrated myoglobin samples.”” It was proven in this
case that the librational band of water in the myoglobin/water system broadens significantly when
temperature increases. This broadening can account for the baseline change observed in the 20

mmol.dm™ sample when temperature increases (Figure 9).

Another striking difference between the spectra of myoglobin samples and ice one arises from their
respective band area evolution as a function of temperature (Figure 11). These changes are reported
here after subtracting the baseline from the spectra. This removal of the libration contribution allows
focusing only on the translational lattice modes. On this figure, and contrary to the evolution of the
band area of ice, for which a decrease is observed on the temperature range studied, an abrupt
change at 200 K in the amplitude and in the area of the translational band is depicted for both
myoglobin samples. This is indicative of the dynamical transition of myoglobin which is traditionally
observed from the mean square displacements of the protein and the heme iron.”” The transition
observed here from the point of view of water occurs then at the same temperature as the protein
transition,”**° revealing therefore a coupling between the protein dynamics and the solvent
dynamics. Lastly, let’s point out here that this transition is also observed for the lowest myoglobin

concentration.

11
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Discussion

The O-H stretching region of liquid water is classically used to identify particular behaviors. Indeed, in
the case of crowded protein solutions, the spectra recorded in water and in the two myoglobin
samples in the O-H spectral region differ significantly, especially between water and the most
concentrated myoglobin solution (Figures 1-2). Nevertheless, the infrared signature in this latter case
is difficult to interpret in this case because of the presence of NH stretching modes and also of the

alkyl groups arising from the protein.

In the following, we show that the use of temperature variations enables to unravel subtle

differences, which can be put in line with the water structure in protein solutions.

For one myoglobin molecule, there are roughly 2000 water molecules in the 20 mmol.dm™® myoglobin
solution, and 10400 water molecules in the 5 mmol.dm™ solution. The van der Waals surface of one
myoglobin molecule was computed to be about 16200 A?, whereas the solvent accessible surface
area is calculated to be about 8300 A%>" Knowing the surface area of a water molecule (20 A%,
roughly 400 water molecules have access to the protein surface, which is consistent with a value of
350 water molecules hydrating myoglobin determined by molecular dynamics simulations®®. This
implies that, in the most concentrated solution, 20% of the water molecules interact directly with
myoglobin; and a mere 4% of the water molecules interact with the protein in the 5 mmol.dm?
solution. As shown by SAXS measurements,> the myoglobin solution structure is quite well described
by the hard sphere approximation. The radius for equivalent spheres was calculated to be about 20 A
in the case of myoglobin.>® In SAXS measurements, the solution structure factor gives access to the
minimal distance between neighboring proteins. At high concentration (0.3-0.4 g.mL™ or around 20
mmol.dm™), this distance is found to be 37 A which is about 2 protein radii. It means that most water
molecules are located in the pores created by the protein packing/jamming. Torquato and
coworkers® characterized the dimension of such pores for hard sphere liquids, and showed that it
depends only on the volume fraction ® and on the hard sphere radius. For a myoglobin
concentration of 20 mmol.dm?, the protein volume fraction is 0.26.> We must notice that the
disappearing of the colloid diffusion (also called the colloidal freezing point) is expected to occur at ©
= 0.5. We are well below this limit, which explains why the solution is still macroscopically fluid. The
average pore size obtained for @ = 0.26 is expected to be about 0.4 + 0.15 protein radius, i.e. about 8
A. At 5 mmol.dm™ (® = 0.06), the average pore size will be roughly 1.1 + 0.3 protein radius, i.e. about
22 A. It implies that most water molecules are not adsorbed on the surface of the protein, even in

the most concentrated sample but are present as nano-droplets inside nanometric pores between

12
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myoglobin molecules. Therefore, our results can be compared to the ones obtained for other types

55-56

of confined water, such as water in micelles (soft confinement) or in porous glasses (rigid

confinement)*®.

On one hand, in the present study, the vibrational O-D relaxation time does not change when the
myoglobin content increases. It is well known that the relaxation process depends on structural
factors, such as the O...0 distance distribution, the average number of hydrogen bonds etc...>’ Our
results prove then that these structural factors are not significantly modified between water and
myoglobin solutions. Moreover, the anharmonicity of the O-D vibrator remains the same in all three
cases (Figures 5-6), which is also consistent with the measurements performed in the far infrared
spectral region. Water molecules remain unchanged; and the differences in the 2800-4000 cm™
spectral region (Figures 1-2) are due to the interferences of contributions arising from the protein

d*®>” and soft confinement®, where

itself. This observation is qualitatively different from both har
relaxation times are usually significantly altered by small pore sizes. The question is now whether the

surface of the protein is globally more “water-like” than the other types of confining walls.

On the other hand, differences appear for the collective motions of water molecules in crowded
solution. The orientational time increases in the most concentrated solution (Figure 7), while the
anisotropy remains high, even at long delay times (Figure 7). The increase in the orientational time
with the myoglobin content can be attributed to an increase in the (local) solvent viscosity.’®
Moreover, the residual anisotropy at long times (4-5 ps, Figure 7) observed in the most concentrated
solution can be linked to the 350-500 water molecules interacting with the protein surface which
hinders their rotational motions.*® A special comment is required here on the significance of the
change in water rotational dynamics and on the connection between local (nanoscopic) and
macroscopic viscosity.” Previous studies on crowded solutions have shown that the viscosity
depends strongly on the length scale considered. On length scales larger than the macromolecule
size, and up to the macroscopic scale, the viscosity is completely controlled by the macromolecule
concentration due to excluded volume effects and mobile obstacles.”” On a scale smaller than the
macromolecule, a minimal effect of the crowding is expected. Therefore, even in crowded solutions,
the local viscosity of water is not expected to be modified. The 5 mmol.dm™ myoglobin solution is a
clear example of this behavior. The reduced viscosity was evaluated to be around 4.9 mL.g" for a
myoglobin solution at a 5 mmol.dm™ concentration,”® corresponding to a 50 % increase in the
macroscopic viscosity as compared to water, whereas the nanoscopic viscosity measured here by
water reorientation is not modified with respect to bulk water (Figure 7). However, this rule is not
respected for the highest myoglobin concentration, where the nanoscopic viscosity is increased by

the crowding (Figure 7). This effect can be easily understood by considering that, in these solutions

13
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having sub-nanometric pores, a large proportion of the water molecules are in interaction either with
the protein or with the surface which results in a significantly perturbed dynamic of these molecules.
Such a phenomenon was already observed for water in either rigid or soft confinements: surface
water has limited reorientational motions,”” ®* but it has a preeminent importance in a biological

context where all biochemical reactions will depend on this nanoscopic viscosity.

Lastly, measurements performed in the far-infrared energy range give a complementary picture of
the influence of the protein on the water bonding. Contrary to what was observed in hard™® and
soft>® confinement, the room temperature far IR spectrum does not give any indication of a change in
the H bond stretching. The spectra recorded as a function of temperature indicate that
anharmonicity does not change in protein solutions (Figures 8-10), in agreement with the ultrafast
infrared experiments. The increase in the absorbance observed at wavenumbers greater than 240
cm™ in the 20 mmol.dm® sample (Figure 10) can be attributed to a change in relative band
intensities.”® Moreover, the change in the tail of the librational band observed in the 20 mmol.dm™
sample (Figure 9) is also in line with the change in the orientational dynamics evidenced in this case
(Figure 7). The change in collective hydrogen bond dynamics observed in the most crowded sample is
in line with recent molecular dynamics simulations® which have evidenced that correlated protein
and water motions extend up to 1 nm from the protein surface. This is in line with the 2.2 nm water
pore size diameter (or a 1.1 nm radius) present in the most crowded solution as explained above.
Other recent calculations®® have also evidenced the presence in the water dynamics of collective
modes arising from the protein. In 1 nm, there are roughly 4 water layers (the size of one water layer
being around 2.5 A), meaning that in the corresponding volume of a sphere having a radius of 1 nm,
there are roughly 250 water molecules. The collective motions concern then a few hundreds of water

molecules.

Our result provide a global picture of water in crowded protein environment: contrary to most other
confining systems, proteic confinement does not significantly modify the water H bond network. The
most obvious confirmation of this fact is that, even in a crowded myoglobin system, water still
freezes at 273 K. Nevertheless, despite this preservation of the native water H bond, water dynamics
can be deeply affected by the protein confinement, leading to a significant increase of nanoscopic
viscosity. This last point confirms, if necessary, that the water dynamics can be, to some extent,
decoupled from the H bond properties. In these systems, the collective properties are enhanced, but

with no structural counterpart.

We cannot end this paper without a short comment on the impact of protein dynamical transition on

water properties, even in the 5 mmol.dm® myoglobin solution (Figure 11). Molecular dynamics
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simulations*® performed on myoglobin with a shell of water molecules have evidenced that this
transition is due to the translational hydration water dynamics. When these translational motions
begin, increased fluctuations in side chains of the protein appear. This picture is consistent with our
observations. However, the common idea is that the solvent dynamics imposes the biomolecule
dynamics.® Our study proves that even if water drives the protein dynamical transition, the protein
itself has an influence on water dynamics. Water is not the « master » and myoglobin is not the

« slave »: both species are coupled,® the transition leading to a global increase of their dynamics.®®
Conclusion

In the present study, we have focused our attention on crowded myoglobin solutions rather than on
water molecules interacting with a protein powder. Ultrafast mid-infrared experiments, but also mid-
and far-infrared experiments performed at ambient and lower temperatures enable us to conclude
that the individual properties of the water molecules, such as anharmonicity and vibrational
relaxation time, are not affected by the protein. Nevertheless, the collective properties of water are
significantly modified in the crowded solutions. In ice, the features above 240 cm™ in the far-infrared
spectra are thus clearly enhanced in the 32 wt% protein sample, indicating that anisotropic long
range electrostatic effects are more intense. The rotational dynamics is also slowed down in this
case, which can be linked to a change in the viscosity of the crowded sample. The solid-liquid
transition around 273 K is smoother than for water, which is in line with a more heterogeneous H-
bond environment. Last but not least, the dynamical transition of the protein is detected in the far
infrared spectra of ice, both in the 8 and 32 wt% myoglobin samples. The collective motions which

are affected by the presence of myoglobin extend upon a few hundreds of water molecules.
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Figures

Figure 1
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Spectra of ice and water in the O-H stretching region (2800-4000 cm™). The temperature ranges from
190 K (blue) to 290 K (brown). Spectra are recorded by increasing the temperature by steps of 10 K.

More spectra are recorded around the solid-liquid transition (273 K).
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Figure 2

(a)

Absorbance (a.u.)

T T T T T T T —
2800 3000 3 200 3400 3600 3800
Wavenumber (cnrt)

17



Physical Chemistry Chemical Physics

(b)
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Spectra in the O-H stretching region (2800-4000 cm™) obtained from a 5 mmol.dm™ myoglobin
solution (2a) and a 20 mmol.dm? myoglobin solution (2b). The temperature increases from 180 K
(blue) to 294 K (brown) by step of 10 K in Figure 2a; and from 180 K (blue) to 297 K (brown) in Figure
2b. More spectra are recorded around the solid-liquid transition (273 K).

18

Page 18 of 34



Page 19 of 34 Physical Chemistry Chemical Physics

Figure 3.
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(c)
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Evolution of the maximum position of the O-H stretching band, of the full width at half maximum of
the band and of the area in the 2600-4000 cm™ spectral region as a function of the temperature for
water (black squares), the 5 mmol.dm> myoglobin solution (blue triangles) and the 20 mmol.dm™
myoglobin solution (red circles). All the areas of the O-H band are normalized to their value at 240 K,
which is a temperature region in which the area of the O-H band changes only slightly in the three
cases.
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Figure 4.
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Time-resolved spectra obtained at room temperature (293 K) by broadband femtosecond IR-pump IR-
probe spectroscopy in the CO stretching region (amide | band) for the 18 mmol.dm> myoglobin
solution in D,0. The symbols correspond to the experimental points and the lines to the simulations of
the spectra at different delay times after the pump impulsion (Ml 300 fs; @, 500 fs; A, 750 fs; 'V,
1350 fs; 4 2850 fs and P, 4850 fs). The time-resolved spectra obtained for the 5 mmol.dm™
myoglobin solution are very similar and are therefore not presented here.
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Figure 5.
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Time-resolved spectra obtained at room temperature (293 K) by broadband femtosecond IR-pump IR-
probe spectroscopy in the O-D stretching region of pure water (12% HOD in H,0). The symbols
correspond to the experimental points and the lines to the simulations. The spectra are given at 400 fs
(l); 600 fs (@); 900 fs (A); 1150 fs ( W); 1450 fs ( d); 2050 fs () and 3575 fs ( ®) after the pump
impulsion.
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Figure 6.

(a)

(b)

Absorbance (mOD)

Physical Chemistry Chemical Physics

Myoglobin 5§ mmol.dm™

o
|

3500 fs
2050 fs
1450 fs
1150 fs
900 fs
600 fs
400 fs

Absorbance (mOD)
o
1

A
!

-6 T ¥ T ¥ T p T % T L T 2 T ' T : 1
2250 2300 2350 2400 2450 2500 2550 2600 2650

Wavenumber (cm™)

Myoglobin 19 mmol.dm™

3550 fs
2050 fs
1450 fs
1150 fs
900 fs
600 fs
400 fs

-6 J U U I T U L T T 1
2250 2300 2350 2400 2450 2500 2550 2600 2650

Wavenumber (cm'1)

23



Physical Chemistry Chemical Physics

Time-resolved spectra obtained at room temperature (293 K) by broadband femtosecond IR-pump IR-
probe spectroscopy in the OD stretching region of a 5 mmol.dm? (5a) and a 19 mmol.dm™ myoglobin
solution (in a 12%HOD/H,0 mixture). The symbols correspond to the experimental points and the
lines to the simulations. The spectra are given at 400 fs (M), 600 fs (@®); 900fs (A); 1150 fs ( W); 1450
fs (4); 2050 fs (#) and 3500 fs for 6a and 3550 fs for 6b( ®) after the pump impulsion.
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Figure 7.
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Evolution of the anisotropy obtained at room temperature (293 K) for water (black squares), the 5
globin solution (blue triangles) and the 19 mmol.dm™ myoglobin solution (red circles)

mixture).The symbols are experimental points and the lines are obtained with
decaying exponential functions. The decays of the anisotropy of water and of the 5 mmol.dm™
myoglobin solution are fitted with the respective functions:
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Figure 8.
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Far infrared spectra of ice and water. The temperature ranges from 100 K (blue) to 280 K (brown).
Spectra are recorded by increasing the temperature in steps of 10 K. At 280 K, the spectrum of liquid
water is recorded (brown). The main features of the band obtained at 100 K are indicated in the

figure.
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Figure 9.
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(b)
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Far infrared spectra for a 5 mmol.dm™ myoglobin solution (9a) and a 20 mmol.dm™ myoglobin
solution (9b). The temperature increases from 140 K (blue) to 290 K (brown) in steps of 10 K in Figure
9a; and from 100 K (blue) to 290 K (brown) in Figure 9b. The main features of the band obtained at
100 K are indicated in figure 9b for the 20 mmol.dm™ myoglobin sample.
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Figure 10.
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Comparison of the three far infrared spectra (water, in black; starting from a 5 mmol.dm™ myoglobin
solution, in blue, and from a 20 mmol.dm> myoglobin solution, in red) obtained at 150 K and
normalized to the most intense band. The full width at half maximum of the band is equal to 76 cm™
for the 20 mmol.dm™ myoglobin solution, whereas it is 27 cm™ in the two other samples.
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Figure 11.
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Evolution of the area of the bands in the 50-350 cm™ spectral region after subtraction of the
librational contributions as a function of the temperature for water (black squares), for the 5
mmol.dm™ myoglobin system (blue triangles) and for the 20 mmol.dm® myoglobin sample (red
circles). For the two latter systems, a clear jump in the band area is seen around 200 K. This jump
does not exist in water for which the band area decreases reqgularly when the temperature increases.
The band areas are normalized to the area recorded at 150 K.
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