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Chapter 1. General Introduction

1-1. Behavior of a Protein Molecule in the Molecular Crowding Environments

Proteins are one of the most important biomolecules for life, and each protein plays
a crucial, unique role in a crowded environment such as a cell or other biological
environments.”® However, in vitro studies of proteins are often conducted in dilute
solution using low protein concentrations. Therefore, characterizing the state of proteins
in such crowded environments is an essential subject that has not been completely
understood. Some reports have shown that the molecular behaviour of proteins in
crowded environments is different from that in vitro (the ideal solution).*® The
comportment of proteins in crowded environments is dominated mainly by
protein-crowder and protein-protein interactions. The former type of interaction is
primarily an entropic effect such as exclude volume,? whereas the latter interaction is
primarily a soft chemical interaction involving, for example, hydrogen bonding or van
der Waals interactions.® Nonetheless, while these interactions have been defined, the

details of these interactions are not fully revealed.

1-2. Highly Concentrated Liquid Formulation for the Antibody Solution

Understanding of the interactions between proteins in the crowding environment is
also getting important from the industrial point of view. Recently, many
biopharmaceuticals have got strong potential as drugs for their high efficacy, and in the

biopharmaceutical industry, liquid formulations are becoming increasingly popular.” For



such formulations, highly concentrated (>100 mg/mL) protein solutions are required. At
high concentrations, however, the increased viscosity is accompanied by an increased
risk of protein aggregation or denaturation. These changes may result in side effects,
and therefore the optimization of drug formulations is of great importance. Accordingly,
a comprehensive understanding of the interactions of proteins in nonideal solutions (e.g.,
highly concentrated solutions) is essential. In particular, protein—protein interactions that
could cause oligomerization or aggregation in highly concentrated solution should be
thoroughly investigated.

Currently, relatively few techniques are available to characterize protein-protein
interactions in high-concentration solutions. The second virial coefficient (B2,), as an
indicator of deviation from ideality, or the interaction parameter (kp), as deduced from
dynamic light scattering (DLS), can give information about protein-protein interactions.
However, since short range attractive interactions between the surfaces of proteins
would be expected to increase at highly concentrated solution, the approach on the basis
of the colloidal model cannot be applied to the highly concentration study.”® Therefore,
the colloidal approximation can be available only in the case when the concentration is
relatively low and the molecules are mono-disperse, while this approach is powerful to
describe the behavior of molecules simply

In highly concentrated solutions, the interactions between molecules are highly
complex and the situation is not easy to understand. At such concentrations,
conformational information or knowledge about the interactions of each functional
group is getting more important than lower concentrations to elucidate how the
crowding effect works and stresses on the molecules. For this purpose, the direct
analytical method for the conformational knowledge is highly required.
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1-3. Protein Structure Analysis by Raman Spectroscopy

Small-angle X-ray scattering and small-angle neutron scattering are powerful
analytical methods for investigating the structure of molecules in high-concentration
solutions directly,®'® however the knowledge from this method is the size of the
molecule on the colloidal model and it is difficult to obtain information about
protein-protein interactions by using these techniques. In contrast, Raman spectroscopy
is a powerful method for the study of highly concentrated solutions that can provide
conformational and interaction information about each functional group, especially of
the aromatic residue such as Phe, Tyr and Trp of proteins."*?

Raman spectroscopy is one of the vibrational spectroscopies and a valuable method
for investigating the structures and interactions of the molecules.**** Since the Raman
scattering of water is relatively lower than the organic molecules due to the optical
selection rule of this method, the spectrum can be observed with higher sensitivity than
water background. In addition, Raman spectroscopy has an advantage that it can reveal
the detail behavior of molecules from functional groups level. Consequently, detailed
information about each type of amino acid residue can be obtained from the Raman
spectrum of a protein.

In the structure analysis of proteins by Raman spectroscopy, amide I or 11l band is
often focused to investigate the secondary structures, because the amide I or 11l band of
proteins is sensitive to the strength of hydrogen-bonding interactions (C=0---HN), and
then the information about protein secondary structures can be obtained from the
location of this band.**** In addition, unique information of proteins can be received by

specific bands from disulfide bonds or aromatic residues, Trp, Tyr and Phe.™>® These
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bands are clearly observed in the Raman spectra, since the optical selection rule of
Raman effect is originally from the change of the polarizability induced by the incident
light. In contrast, these bands are silent in infrared spectroscopy due to the different
selection rule.

Although the Raman spectroscopy could work powerfully for the protein analysis,
it has the disadvantage that the Raman scattering itself is relatively lower compared to
other spectroscopy. In fact, it is difficult to measure Raman spectra at low
concentrations (<10 mg/mL), especially for non-resonance scattering.> However, when
we focus on the highly concentrated solution (>10 mg/mL) only, this disadvantage can
turn into a great advantage, since the Raman spectrum is not disturbed by optical effects
such as the multi-scattering or re-absorption effect even in the highly concentrations
over 100 mg/mL. (Other spectroscopic techniques are not available for the highly
concentrated solution over 100 mg/mL.) In this manner, Raman spectroscopy is one of
the best methods for analyzing high-concentration solutions.

The relationship between Raman band characteristics (wavenumber, band intensity
ratio, and full width at half-maximum) and the protein secondary structure were well
established from a large number of previous studies, however, these assignment is only
in the case when the experimental condition is in a simple model system and the
interpretation often lacks the environmental effect such as the molecular crowding
effect.

For these reasons, the aim of the study in this thesis is to establish a methodology
for the understanding of the protein behavior in the crowding / highly concentrated
solution by using Raman spectroscopy and to describe their behavior in detail. In
addition, using the established method, the practical application for the evaluation of the
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protein-protein interaction in the highly concentrated antibody solution has been

suggested.

1-4 Organization of This Thesis

This thesis consists of three chapters as described below.

In Chapter 2, the structure and interactions of lysozyme molecules were
investigated over a wide range of concentrations (2.5-300 mg/mL) by using Raman
spectroscopy to elucidate the marker bands and establish the fundamental method. In
Chapter 3, using the established method in Chapter 2, the concentration-dependent
measurements of BSA solutions at pH7.0 and 3.0 by Raman spectroscopy were carried
out to discuss the entropic effect and the soft chemical interaction under these different
conditions as an advanced study. In addition, H-D exchange measurements in the
presence of another protein as a molecular crowder were performed to further
characterize the entropic effect. In Chapter 4, on the basis of the knowledge of the
studies of a model system in Chapter 2 and 3, the protein-protein interactions were
discussed in a highly concentrated antibody solution as a practical system and the

application studies were performed to show the practical use.
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Chapter 2. The Molecular Interaction of a Protein in Highly

Concentrated Solution Investigated by Raman Spectroscopy

1. Introduction

Understanding of the interactions between proteins in the crowding environment is
also getting important not only from the scientific point of view but also from the
industrial one. Information about the behavior of proteins in non-ideal solutions may
suggest ways to improve the stability and increase the shelf life of biopharmaceuticals.
In the biopharmaceutical industry, high-concentration (>100 mg/mL) protein
formulations are required.® At high concentrations, the increased viscosity is
accompanied by increased risk of protein aggregation or denaturation. These changes
may result in side effects, so evaluating the function of proteins under such conditions is
important. In particular, the behavior of functional groups involved in protein function
should be investigated in detail. Small-angle X-ray scattering and small-angle neutron
scattering are powerful analytical methods for investigating the structure of molecules
in high-concentration solutions, but obtaining information about individual functional
groups by means of these techniques is difficult.?®

Raman spectroscopy is a powerful tool for detailed investigation of the behavior of
functional groups in proteins. Specifically, Raman spectroscopy has two important
advantages: information about each type of amino acid residue can be obtained from the
Raman spectrum of a protein, and Raman spectroscopy is one of the best methods for
analyzing high-concentration solutions. In fact, measuring Raman spectra at low

concentrations (<10 mg/mL) is difficult, especially for non-resonance scattering.
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In this study, we used Raman spectroscopy to analyze high-concentration solutions
of hen egg-white lysozyme as a model protein. In particular, by investigating the
relationship between the behavior of selected amino acid residues and the distance
between lysozyme molecules, we were able to obtain detailed information about the
structure and interactions of the molecules at high concentrations. In addition, from a
practical point of view, we identified marker bands that can be used to evaluate

high-concentration solutions of the protein.

2. Experimental Methods
2-1. Materials

Hen egg-white lysozyme was purchased from Wako Pure Chemical Industries
(cat. no. 100834, Osaka, Japan). A buffer solution of lysozyme was prepared by mixing
the enzyme with tris(hydroxymethyl)aminomethane (CAS no. 1185-53-1, lot no. 35433,
Nacalai Tesque, Kyoto, Japan) and 35% HCI (code 18320-15, 500 ml, lot no. V5P7712,
Nacalai Tesque). The concentration of the buffer solution was 20 mM, and the final pH
of the solution was adjusted to 8.0 by means of a LAQUA F-72 pH meter (HORIBA,
Kyoto, Japan). Test solutions of lysozyme were prepared at concentrations of 2.5, 5, 10,
20, 50, 100, 200, and 300 mg/mL by dilution of the buffer solution with water purified
with a Milli-Q laboratory water purifier (Millipore, Billerica, Massachusetts, USA). The
solution of lysozyme was passed through a Millipore SLLGH13NL filter (pore size, 0.2
um) to remove residual contaminants. All measurements were performed at room

temperature (~20 °C).

2-2. Raman Spectroscopy
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Raman spectra were obtained with an ARAMIS Raman microscope equipped with
Labspec 5 software (HORIBA Jobin Yvon, Paris, France). The spectrograph of the
microscope had the Czerny-Turner configuration, and the focal length was 460 mm.
The optical configuration was the back-scattering geometry. A thermoelectrically cooled
Synapse charge-coupled device camera (HORIBA) was used as the detector.

The entrance slit of the spectrometer was set to 100 um. The dispersive element
had a grating of 600 lines/mm, which provides a wavenumber resolution of ca. 3 cm ™.
Excitation was accomplished with the 632.8 nm line of a He—Ne laser, and the laser
power was 6 mW at the sample surface. The excitation intensity was monitored with a
TQ8210 optical power meter (Advantest, Tokyo, Japan). The scattered light was
collected through a multipass cell holder (HORIBA Jobin Yvon) with a visible macro
lens (focal length, 40 mm) for high sensitivity. The optical cell was a 10 mm x 10 mm
quartz cell (Hellma Analytics, Mullheim, Germany). The Raman shift was calibrated by
means of the atomic emission lines of a neon lamp. Classical least-square calculations

and Gaussian—Lorentz fitting calculations were carried out with the Labspec 5 software.

3. Results and Discussion
3-1. Raman Spectrum of Lysozyme

In the wavenumber region from 200 to 2000 cm* of the Raman spectrum of
lysozyme (Fig. 1a, 20 mg/mL), there are many bands for each functional group, and
from this “fingerprint region,” information about changes in the conformations and
microenvironments of amino acid residues can be obtained. The relationship between
Raman band characteristics (wavenumber, band intensity ratio, and full width at
half-maximum) and the protein secondary structure are well established.®’ The strong
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and broad bands in the wavenumber region from 2800 to 4000 cm* of the spectrum of
lysozyme were assigned to C-H and O-H vibrations of lysozyme and water,
respectively (Fig. 1b). As the lysozyme concentration was increased, changes in several

of the Raman bands were observed (Fig. S1), as described in detail below.

3-2. Amide | Band

The location of the amide | band of proteins depends mainly on the strength of
hydrogen bonding interactions (C=0---H) involving amide groups and the strength of
dipole—dipole interactions between carboxyl groups. Thus, the location of this band
provides information about protein secondary structure.®® In the Raman spectrum of
lysozyme, the amide | band overlaps with the band for the bending mode of water at
1640 cm*, and we subtracted the contribution of the bending mode band, which we
obtained by calculating the ratio of the CH stretching mode of lysozyme at 2940 cm™
and the OH stretching mode of water at 3420 cm ™. In the lysozyme concentration range
from 10 to 300 mg/mL (Fig. 2), the location of amide | was not markedly affected by
concentration, which implies that the overall structure of lysozyme was unaffected by

concentration.

3-3. Width of the Trp Band

The Raman band for the ring-breathing mode of the indole ring of Trp appears at
760 cm™ (Fig. 3a)."® We found that the width of the band did not vary with
concentration in the range from 2.5 to 300 mg/mL (Fig. 3b), which means that the
structure of the indole ring was unaffected by changes in concentration.

The Raman band at 1555 cm™ is due to the C=C stretching vibration of the
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C,=C5—Cp—C, moiety of the indole ring (Figs. 3c and S2), and the width of this band is a
conformational marker and provides information about the torsion angle (x>%) of the
C,=C3-Cy—C,, moiety.™ In contrast to the width of the 760 cm™ band, the width of the
1555 cm* band increased with increasing concentration up to 100 mg/mL (Fig. 3d).
This result indicates that as the concentration increased, molecular interactions, such as
long-range repulsion, between lysozyme molecules increased, which caused *! to
change. We expected the band to continue to increase in width at concentrations of >100
mg/mL, but no such increase was observed. One possible reason for this result is that in

this concentration region, the protein existed in a metastable state.

3-4. Ratio of Tyr and Trp Band Intensities

In the Raman spectra of lysozyme in the wavenumber region from 810 to 960 cm
(Fig. 4a, 10-300 mg/mL; the spectra for the 2.5 and 5 mg/mL solutions are excluded
from the discussion because of the low signal-to-noise ratio), the doublet at 856 and 837
cm* is due to Fermi resonance between the ring-breathing vibration of Tyr and the
overtone of an out-of-plane ring-bending vibration of the Tyr benzene ring. The ratio of
the intensity of the two bands of the doublet (lgse/lgs7) is known to be a marker of
hydration.*? A low lgsg/lgs; ratio indicates that the OH group of Tyr acts as a strong
hydrogen donor, and an increase in the ratio indicates that the OH group is acting as
both a hydrogen acceptor and a hydrogen donor.

We compared the Raman spectra in the region from 820 to 890 cm* for 20 and 300
mg/ml solutions of lysozyme and found that the Igse/lg37 ratios at the two concentrations
were different (Fig. 4b). To calculate the ratio at each concentration, we fitted the 837
and 856 cm™* bands and four additional bands (870, 877, 900, and 935 cm™) with a
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Gaussian—Lorentz function, and normalized the bands by the intensity of the 877 cm™
band (the fitting results are indicated by the blue curves in Fig. 4a). Comparison of the
Igs6/lg37 ratios at concentrations from 10 to 300 mg/mL showed that the ratio increased
up to a concentration of 100 mg/mL (Fig. 4c). This result implies that in the
lower-concentration region, the OH group of Tyr acted as a hydrogen donor, mainly to
the OH  ions that are present in water at pH8. In the high-concentration region, however,
as the distance between the lysozyme molecules decreased, neighboring protein
molecules surrounded the OH group of Tyr. In this altered microenvironment, the OH
group acted as an acceptor of hydrogens from electropositive donors (such as the side
chain NHs" groups of amino acid residues of neighboring protein molecules). At
concentrations of >100 mg/mL, the lgse/lgs7 ratio of Tyr remained constant, indicating
that most of the protein molecules interacted with the side chains of neighboring protein
molecules in this concentration range.

The N;—H site of the indole ring of Trp can act as a proton donor. When this site
is strongly hydrogen bonded, the band at 877 cm™, which is attributed to a benzene
vl12-like vibration from the phenyl ring coupled with N3—H bond motion,** shifts to a
lower wavenumber.***> We found that although the position of the band at 877 cm™ of
lysozyme did not change with concentration, the band broadened toward the lower
wavenumber region as the lysozyme concentration was increased (Fig. 4b). This result
reveals that at high concentration, the hydrogen bonding around the N;—H site got
stronger. We found that the ratio of the intensities of the Trp bands at 870 and 877 cm™*
(1s70/1577) increased with increasing concentration up to 100 mg/mL (Fig. 4c). This result
indicates that the microenvironment around Trp at high concentration differed from that
at low concentration. At low concentration, the N;—H site was surrounded mainly by
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water, so the site acted as a hydrogen donor, mainly to OH™ present at pH8. In contrast,
at high concentration, the distance between the lysozyme molecules decreased, and the
N;—H site was surrounded by other protein molecules. As a result, the site acted both as
a hydrogen acceptor from electropositive donors such as —OH and NHs" groups of
amino acid residues and as a hydrogen donor to electronegative acceptors such as
—COO  groups of amino acid residues. Our results indicate that the microenvironment
of the N;—H site strengthened the hydrogen bonding around the site. In other words, the
hydrogen bonding interaction between Trp and water was shifting to the side chain
interaction with neighborhood protein.

At concentrations of >150 mg/ml, the lg;/lg77 ratio remained constant, which
implies that the lysozyme molecules could not get any closer at concentrations of >150

mg/ml and thus that the environment around the N;—H site did not change much.

3-5. CH and OH Stretching Region

Bands for CH and OH stretching appear in the high-wavenumber region
(26004000 cm*, Fig. 5). As the lysozyme concentration was increased, the intensity of
the CH stretching bands (2940 cm™) increased. Therefore, we expected that lysozyme
concentration would be linearly related to the ratio of the intensities of the CH and OH
stretching bands. We used the CH3 band at 2940 cm™ as representative of the amount of
lysozyme and the OH band at 3420 cm ™ as representative of the amount of water.
Although water is the main contributor to the OH band at 3420 cm™, lysozyme also
contains OH groups, and their contribution to the band must be taken into account. To
precisely calculate the ratio of the intensity of the lysozyme CH stretching band and the
water OH stretching band (lg40/l3420) While considering the contribution of the
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lysozyme OH band, we used a classical least-squares (CLS) analysis method.*®

The error in the ratios calculated by means of the CLS method was less than 0.2%
at all the concentrations. At concentrations up to 50 mg/mL, the ratio increased linearly
with increasing concentration (Fig. 6a; the line in the figure was calculated by the CLS
method with data for the 0-50 mg/mL concentration range). However, at concentrations
of >100 mg/mL, the relationship was no longer linear. Previous results have also shown
that there is some deviation from linearity at concentrations of >150 mg/mL."

The difference (AR) between the measured value (Rrea) and the calculated value
(Riinear) is plotted against concentration in Fig. 6b. The reason for the non-linearity may
have to do with the difference in the volume (number) of molecules in the excitation
volume at low and high concentrations. The Raman intensity ratio may be linearly
related to the volume (number) of lysozyme molecules in the excitation volume at low
concentration, because the volume of lysozyme molecules in the excitation volume is
negligible; whereas at high concentration, the volume of molecules in the excitation
volume is not negligible. In other word, that the numbers of water molecules and
lysozyme molecules are not linearly related to the mass concentration and therefore that
I2040/13420 IS NOt linearly related to the mass concentration.

To evaluate this possibility, we changed the horizontal axis from mass

concentration of lysozyme to volume fraction of lysozyme (@,):

Vi

- , 1
bV, 4V, @)

where V,, and V_ are the volumes of water and lysozyme, respectively. For the density
of native lysozyme (d.), which is necessary to change the axis, we used a value of 1.4
glem® (Fig. 6¢)." (The black line in Fig. 6¢ was calculated from the data point up to 50

mg/mL by means of the CLS fitting method in the region from 0 to 50 mg/mL.) The
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resulting plot still deviated from linearity at concentrations of >200 mg/mL. To

reproduce the measured values, we introduced the coefficient N :

NV,

- B 2
oV, + NV, @
The coefficients for the 200 and 300 mg/mL concentrations were 1.04 and 1.09,

respectively.

3-6. The Distance between Lysozyme Molecules

To understand the molecular structure of lysozyme at high concentration, we
focused on characteristic Raman bands that are sensitive to changes in the structure and
microenvironment around amino acid residues, such as changes in hydrogen bonding.
Our analysis of the amide | band of lysozyme did not show any significant changes in
the overall molecular structure with changes in concentration, but the Raman bands of
Trp and Tyr, which are sensitive to hydrogen bonding, showed characteristic changes as
the protein concentration was increased.

To evaluate molecular interactions at high concentration, we must consider the
relationship between the changes in the Raman spectra and the distance between the
protein molecules. To estimate the distance between lysozyme molecules at each

1920 on the basis of

concentration, we calculated the mean nearest-neighbor distance
particle size and particle dimension number. For this calculation, lysozyme was

approximated by a simple hard spherical particle with a radius (R) of 2 nm.?* The mean
interparticle surface separation <r> for non-interacting hard spheres is given by
(ry=2R(1-1), (3)

where 4 is the mean distance between the centers of mass of nearest neighbors obtained
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from a conditional pair distribution function.**?° Mean distance A can be expressed in

terms of the volume fraction (¢),

. -9y
240(1—¢12)"
(4)
which is given by
47R®
¢ = M INLC, (5)

where M is molecular weight (14,000) and C is protein concentration (mg/mL).

We plotted the calculated <r> values for lysozyme molecules as a function of

concentration (Fig. S3). At concentrations up to 50 mg/mL, the distance between

lysozyme molecules decreased exponentially, whereas above 50 mg/mL, <r>

decreased more slowly. At about 50 mg/mL, the distance between lysozyme molecules
was approximately the same order of magnitude as the size of the protein. This result is
consistent with previous results indicating that the distance between serum albumin
molecules is equal to the size of the molecules at concentrations of >50 mg/mL; note
however that albumin is not exactly the same size and shape as lysozyme.*

When we plotted the width of the Trp band at 760 cm™ as a function of the
distance between molecules, we observed no change in the bandwidth with the change
in distance (Fig. 7a). In contrast, there was a steep rise in the width of the band at 1555
cm* as the distance decreased from 50 to 10 nm (Fig. 7b); that is, the bandwidth started
to change even when the distance between lysozyme molecules was still relatively long.
This result implies that the increase in the conformational flexibility of the protein was
due mainly to an electrostatic repulsive interaction that acted even over long distances.
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The lgse/lgs7 ratio for Tyr and the lgzo/lg77 ratio for Trp increased with decreasing
distance (increasing concentration) (Fig. 7c). In particular, there was a steep rise in the
ratios when the distance between lysozyme molecules decreased from <10 nm to 1 nm,
and at distances longer than 1 nm, the ratios became saturated. Compared to the change
in the 1555 cm* band, this change started to occur when the distance between lysozyme
got relatively short. This result indicates that side chain interactions became important
as the lysozyme molecules approached each other.

The l2g40/l3420 ratio was linearly related to volume fraction at low concentrations
(Figs. 6¢, d), but above ¢=0.125 (C = 200 mg/mL), there was still some deviation
from linearity. To produce a linear relationship between lyg40/l3420 ratio and volume
fraction, N must be >1. This result indicates that the volume of lysozyme and water in
high-concentration solutions were apparently different from the volume in
low-concentration solutions. We plotted AR as a function of the distance between
lysozyme molecules with N = 1 (Fig. 7d), which showed that the apparent volume of
lysozyme molecules started to change when the distance between the molecules fell
below 1 nm.

We suggest two interpretations of these results. One is that the increase in the
apparent volume of lysozyme was due to the formation of clusters.>?2® Cametti et al.
suggested that in concentrated solutions, clusters of lysozyme molecules form.?® These
investigators also found that the hydration number of the protein decreases as the
concentration rises above 100 mg/mL, as indicated by dielectric relaxation
measurements. They attributed this behavior to removal of loosely bound water as the
clusters form, whereas tightly bound water around the protein persists. This behavior
also means that when the protein concentration is low, the molecules are rather
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monodisperse and that the average distance between the monomers is much larger than
the hydration layer thickness. As the protein concentration increases, however, protein
clusters form, and the average distance between proteins gets smaller as the amount of
loosely bound water decreases. In other words, the lysozyme molecules in
high-concentration exclude the loosely bound water, which might cause the decrease in
water molecules around lysozyme. Therefore, the volume occupied with lysozyme
molecules increases all the more with the decrease of water molecules around lysozyme.

Our results support this interpretation. The behavior of the lg40/l3420 ratio shows
that N_ was >1 at concentrations of >100 mg/mL, which means that the volume
occupied with lysozyme increased all the more as the concentration increased. In
particular, N started to increase at concentrations of >100 mg/mL, and this result is
similar to the result observed by means of dielectric relaxation measurements. Therefore,
we attributed this behavior to the formation of protein clusters.

Another possible interpretation of our results involves changes in the water
structure around the protein molecules. At high concentrations, the water between
lysozyme molecules consists of only a few layers?® and there is only a small amount of
bulk water. So, most of the water molecules interact with protein molecules. This may
cause the structural change of the water.

The increase of N at high concentrations meant the relative decrease of the volume
of water, which is explained by the fact that water molecules near lysozyme molecules
are more ordered than bulk water®® and generally have a lower volume.*® Therefore, at
high protein concentrations, the increase in the proportion of water molecules that are
near lysozyme molecules causes the decrease in the volume of water. A more detailed
interpretation of this phenomenon will require further study involving other analysis
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methods as well as theoretical calculations.

On the basis of our results, we propose that the molecular interactions occur via the
following processes, the contributions of which strongly depend on protein
concentration. Specifically, the molecular interactions change as the order of magnitude
of the distance between the lysozyme molecules changes as shown in Fig. 8:

(i) C < 10 mg/mL (d > 10 nm): This state is the precursor state of the increase of the
potential energy of a system. The electrostatic repulsive interaction works dominantly to
increase the potential energy.

(ii) 10 mg/mL < C < 100 mg/mL (1 nm < d < 10 nm): In this intermediate state,
hydrogen bonding interactions between protein molecules start to stabilize the protein,
and electrostatic repulsive interactions strongly destabilized the protein.

(iif) C > 100 mg/mL (d < 1 nm): In this metastable state, both the electrostatic repulsive
interaction and the hydrogen bonding interaction are saturated and other molecular
interactions such as van der Waals interactions begin to contribute. The repulsive and
attractive interactions are well-balanced.

In conclusion, our results show that although the distance between molecules
changed by more than an order of magnitude over the tested range of concentrations
(2.5-300 mg/mL), the secondary structure of lysozyme did not change. However, the
molecular interactions of the protein molecules changed in a stepwise process as the
order of magnitude of the distance between the molecules changed.

Our results can be expected to be helpful for the development and quality control
of high-concentration protein formulations. In particular, the information about the
behavior of Trp and Tyr residues, which are related to protein function, will be
important. For example, the width of the 1550 cm™ band of Trp can serve as a marker
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of the crowdedness of protein molecules in solution. In addition, the lIgse/lgs7 ratio of Tyr
and the lgzo/lg77 ratio of Trp can act as markers of side chain interactions.

Additional work involving more variables, such as pH, salt concentration, additives,
and solvent, is required and is currently underway in our laboratory. These future
studies can be expected to improve our understanding of the structure and function of

proteins under real-word conditions.

4. Conclusions

We investigated the structure and interactions of lysozyme molecules over a wide
range of concentrations (2.5-300 mg/mL) by using Raman spectroscopy. In this
concentration range, the amide-I band was not affected by concentration, but the width
of the Trp band at 1555 cm™, the lgs¢/lgs7 ratio of Tyr, the lgzo/lg77 ratio of Trp, and the
I2040/13420 ratio changed as the concentration was increased. These results indicate that
although the distance between molecules changed by more than an order of magnitude
over the tested concentration range, the secondary structure of lysozyme did not change.
In contrast, interactions between the molecules did change in a stepwise process as the
order of magnitude of the distance between the molecules changed. Our results also
indicate that marker bands can be used to evaluate high-concentration solutions of
protein and that the use of Raman spectroscopy can be expected to lead to progress in
our understanding not only of the basic science of protein behavior under concentrated
(i.e., crowded) conditions but also of practical processes involving proteins, such as in

the field of biopharmaceuticals.
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Figure 1. Raman spectrum of 20 mg/mL lysozyme solution (a) in the fingerprint region
and (b) in the CH and OH stretching region.
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Figure 2. Amide | band of lysozyme solution of each concentration.
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Figure 3. (@) Raman bands of Trp at 760 cm™* of lysozyme solutions (5, 20, 300 mg/mL).
(b) The band width at 760 cm™ as a function of concentration. (c) Raman bands of Trp
at 1550 cm* of lysozyme solutions (5, 20, 300 mg/mL). (d) The band width at 1550
cm * as a function of concentration.
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Figure 4. (a) Raman spectrum of lysozyme solutions in the range 810 cm* to 960 cm ™.
The concentration is 10, 20, 50, 100, 150, 200, 300 mg/mL. (b) An overlay of the 877
cm* band for 20 mg/mL solutions and for 300 mg/mL solutions. (c) The band intensity
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Figure 8. Schematic figure of protein solution at each concentration. (i) C<10 mg/mL ,
(i) 10 mg/mL<C<100 mg/mL, (iii) C>100 mg/mL. Arrow lines (—) represent the
electrostatic repulsive interaction. Dotted lines (///) represent the hydrogen bonding
interaction.
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5. Supporting Information
5-1. Supporting Information 1
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Figure S-1. Raman spectrum in the fingerprint region of lysozyme solution. The
concentration is 2.5, 5, 10, 20, 50, 100, 150, 200, 300 mg/mL from the bottom
respectively.

5-2. Supporting Information 2

Figure S-2. The molecular structure of Trp
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5-3. Supporting Information 3
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Figure S-3. Distance between molecules as a function of concentration.
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Chapter 3. The Behavior of Bovine Serum Albumin Molecules
in Molecular Crowding Environments Investigated by Raman

Spectroscopy

1. Introduction

Biomolecules are often in crowded environments such as in a cell or blood.
Proteins are one of the most important biomolecules for life, however, characterizing
the state of proteins in such crowded environments is a subject that is not still fully
understood. There are reports that the molecular behavior of proteins in crowded
environments is different from that in vitro (the ideal solution).” The behavior of
proteins in crowded environments is dominated mainly by protein-crowder and
protein-protein interactions. The former type of interaction is primarily an entropic
effect such as exclude volume, whereas the latter interaction is primarily a soft chemical
interaction involving, for example, hydrogen bonding or van der Waals interactions.
Nonetheless, while these interactions have been defined, the details of these interactions
are not fully understood. In this study, the behavior of bovine serum albumin (BSA) in
crowded environments was investigated by Raman spectroscopy as a model system to
examine the entropic effect and soft chemical interactions.

Currently, relatively few techniques are available to investigate directly the
molecular behavior of macromolecules in highly crowded solutions. In-cell NMR
spectroscopy or small-angle X-ray/neutron scattering approaches are powerful
analytical methods for investigating the structure of molecules in molecular crowded

environments or highly concentrated solutions.*” Unfortunately, these methods require
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highly sophisticated experimental setups and access to large equipment resources. In
addition, interpretation of the results is often challenging and complex. Raman
spectroscopy is a powerful tool for detailed investigation of the behavior of molecules
in highly crowded environments because the Raman spectrum is not disturbed by
optical effects such as the multi-scattering effect.® Specifically, for protein science,
Raman spectroscopy has some important advantages. Not only information about each
amino acid type, but also information about the secondary and tertiary structures of a
protein can be obtained from Raman spectra. In addition, the water Raman band
provides information about the hydrogen bond structure of hydration water molecules of
a protein.

Serum albumin is the most abundant protein in the bloodstream and is present
in blood at ~50 mg/mL.% In a dilute solution at pH7.0, BSA has a rigid structure and
behaves as a hard sphere. In contrast, at lower pH (e.g., pH3), the packing of BSA is
weaker and the structure adopts a softer, less rigid state.”> Although the basic properties
of BSA in dilute solutions (in vitro) have been investigated in detail and are well known,
the behavior of BSA in crowded environments remains poorly understood. In this study,
we performed concentration-dependent measurements of BSA solutions at pH7.0 and
3.0 by Raman spectroscopy, and discuss the entropic effect and the soft chemical
interaction under these different conditions. In addition, H-D exchange measurements
in the presence of another protein as a molecular crowder were performed to further

characterize the entropic effect.

2. Experimental Methods
2-1. Materials.
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2-1-1. Concentration Dependence Study

BSA (> 98%) was purchased from Sigma Aldrich (Product no. A3983-109, St.
Louis, MO, USA). A buffer solution of BSA was prepared by mixing trisodium citrate
dihydrate (Code 31404, Nacalai Tesque, Kyoto, Japan) with citrate acid monohydrate
(Code 09106-15, Nacalai Tesque). The concentration of the buffer solution was 20 mM.
The water for the buffer was purified with a Milli-Q laboratory water purifier (Millipore,
Billerica, MA, USA). The final pH of the solutions was adjusted to either 7.0 or 3.0 and
measured by a LAQUA F-72 pH meter (Horiba, Ltd., Kyoto, Japan). The BSA solutions
were prepared at concentrations of 10, 20, 30, 40, 50, 60, 80, 100, 200, and 300 mg/mL.

All measurements were carried out at room temperature (~20 °C).

2-1-2. H-D Exchange Study

H-D exchange measurements were performed to investigate the entropic effect
on the BSA solution in the highly crowded environment. BSA solutions in D,O (>
99.9%) (Product no. 151882, Sigma Aldrich) were prepared at 100 mg/mL. In the H-D
exchange study, Tk-RNase H2 fragment 20 (F20) from a hyperthermophile,
Thermococcus kodakarensis, was added as a crowder. F20 is a derivative from
Tk-RNase H2 with residues 1-176. F20 exists as a monomer and has high stability. F20
was prepared as described previously.®** The concentration of F20 in the BSA solution
was 50 mg/mL. To examine the temperature dependence of the H-D exchange
measurement, the test BSA solutions were incubated at 25, 35, 40, 45, and 50 °C

overnight in the presence and absence of F20.

2-2. Raman Spectroscopy
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Raman spectra were measured with a LabRam Evolution Raman microscope
equipped with the Labspec 6 software (Horiba Jobin Yvon, Paris, France). The
spectrograph of the system had the Czerny—Turner configuration and the focal length
was 800 mm. Raman spectra were measured in the back-scattering geometry. A
thermoelectrically cooled Synapse charge-coupled device camera (Horiba, Ltd.) was
used as the detector.

The entrance slit of the spectrometer was set to 100 um. The dispersive
element had a grating of 600 lines/mm, which provides a wavenumber resolution of ca.
2 cm®. For the concentration-dependent measurements, the excitation was
accomplished with the 532 nm line (20 mW at the sample surface). For the H-D
exchange measurements in the presence of F20, the excitation was accomplished with
the 785 nm line and the laser power was 50 mW at the sample surface.

The scattered light was collected using a multipass cell holder (Horiba Jobin
Yvon) with a visible macro lens (focal length = 40 mm). A 115-QS micro cell (Hellma
Analytics, Millheim, Germany) was used for the micro cuvette. The Raman shift was
calibrated by means of the atomic emission lines of a neon lamp. Raman spectra were

normalized at the maximum intensity in the measurement range.

2-3. Spectroscopic Analysis

Principal components analysis (PCA) is a multivariate analysis method that is
useful for resolving the spectrum of a pure component from several types of spectra.'?
PCA has a unique property to detect the spectra of minute chemical species in local
environments or different interactions from those of dominant bulk species. The number
of chemical species in the protein solution was estimated by PCA. The accuracy of the
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predictive ability of the model was evaluated by rank analysis using a
reduced-eigenvalue (REV) plot. REV has the same statistical meaning as the normal
eigenvalue (EV), however REV is more suitable for the evaluation of minute
eigenvalues since it takes into account the degree of freedom.'” A REV plot is

calculated by the following equation:

EV,
REV, = j

(N=j+1(M - j+1) 1)

where j is the factor level, and the parameters N and M represent the size of the spectral
matrix (N x M). Of note, the analysis of basis factors by means of eigenvalue analysis
does not take into account concentration (intensity) information. Thus, the
cross-validation (CV) technique, which takes into account both spectral and intensity
information, can be employed to cross-check the accuracy of the results of REV. "™
Root-mean-square prediction error of cross-validation (RMSECV), which is
CV with leave-one-out cross-validation,”® was also calculated according to the

following equation:

n N 2
RMSECV = \/Z:Jl((;—‘c‘)
n

, (2)

where ¢; is the predicted concentration, c; is the actual concentration, as determined by
the reference method, and n is the number of samples used in the calibration model. The
accuracy of the factor analysis of PCA increases by use of both REV and RMSECV.
Although PCA is useful for investigating the mathematical structure of data,
interpretation of the results can be complex, since the PCA loading has negative bands
owing to the relative quantitative change, which cannot be treated as real chemical
component spectra. Multivariate curve resolution alternating least squares (MCR-ALS)
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is a complementary method because MCR-ALS is based on nonnegative matrix
factorization and the results obtained with MCR-ALS have more direct physical
meaning.** Specifically, if the number of species can be estimated, the results from
MCR-ALS have more realistic chemical meaning. In the matrix form, MCR-ALS
analysis can be written as

D=CS+E, ©)
where D is the original data matrix, S is the pure matrix of the pure spectra, C is the
score (the concentration) of each species, and E is the matrix of the residuals. The
contribution ratio of each score Cg is the normalized concentration, which is the
quotient upon division of the concentration of the sample (C;) by the sum of

concentrations of all components as described below.

ijlcj _ (4)

3. Results
3-1. Raman Spectrum of BSA

The “fingerprint region” between 400 and 2000 cm ™ of the Raman spectrum of
a protein provides secondary and tertiary structural information or the
microenvironment of each functional group. The interpretation of the relation between
the Raman band and the protein conformation is well established.™® As shown in Fig.
1a, the “fingerprint region” of the Raman spectrum of BSA at pH7.0 has many bands,
including the amide | band at 1650 cm™, the CH stretching band at 1450 cm™*, and the
bands of hydrophobic residues such as Phe at 1002 cm™ and Tyr at 850 and 825 cm ™.
In the higher wavenumber region, strong broad bands from 2800 to 4000 cm™ were
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observed, which were assigned to the CH and OH stretching modes of BSA and water,
respectively (Fig. 1b). These bands were used to describe in structural detail the

concentration dependence and crowding effect behavior of BSA.

3-2. CH and OH Stretching Bands

Increasing the protein concentration of a solution leads to increases in the
viscosity of the solution.*”® In addition, some previous studies have shown that with
increasing viscosity, the structure of hydrogen bonds involving water molecules may
change.’®?! The OH stretching Raman band is sensitive to changes in the geometry of
hydrogen bonds.?** Therefore, we focused on the OH stretching band at ~2800 to 4000
cm*. The CH and OH stretching bands at each concentration (20, 40, 80, 100, and 300
mg/mL) at pH7.0 and pH3.0 are shown in Fig. S1, and described in Supporting
Information 1. To investigate the interaction between the protein and water molecules in
highly concentrated solutions in detail, the data set of these concentration-dependent
spectra were subject to PCA.

For estimating the number of chemical species in the BSA solution at pH7.0,
the REV and RMSECV were calculated, as described in Supporting Information 2. The
REV and RMSECV of BSA between 0 and 300 mg/mL at pH7.0 are shown in Figs. S2a
and S2b, respectively. The results at pH7.0 indicate that there were three species present.
Based on the results of PCA, the MCR-ALS analysis was applied to this
concentration-dependent data set of the concentration dependence measurements. The
abstract spectra of each component are shown in Figs. 2a, 2c and 2e, and the normalized
concentrations, Cg, of each component are shown in Figs. 2b, 2d, and 2f. Fig. 2a shows
the spectrum with two main bands at 3240 and 3420 cm™*, which is the typical spectrum
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of bulk water. In Fig. 2c, the spectrum has two features: the CH stretching band at
~2927 cm™* of the protein, and a water band with two main broad bands at 3290 cm™
and at ~3460 cm *, which are mainly from the hydrated waters of the protein. As shown
in Figs. 2b and 2d, the Cr of the hydrated water component increases as the
concentration increases (Fig. 2d), whereas the Cr of bulk water decreases (Fig. 2b). The
profile of the third component was of unique with respect to the concentration changes
(Fig. 2f). Up to 80 mg/mL, the Cr of this component decreased as the concentration
increased and over 80 mg/mL, the Cgr went down to almost zero. This result indicates
that the third component is influenced by and associated with the highly concentrated
conditions. The abstract spectrum (Fig. 2e) has two features: the CH band at around
2870 and 2932 cm* , which may be from the citrate acid in the solution and a broad
band near 3270 and 3415 cm* associated with the O—H stretching of water. Since the
third component decreased with the increase of the concentration and the spectrum of
this component is similar to the bulk water spectra, this component can be assigned to
the interfacial water around the hydrated protein. These profiles indicate that as the
concentration of the protein increases, the protein hydrates the neighboring free water
and as the concentration increases further the amount of free water around the proteins
decreases, which is especially the case for a protein concentration >100 mg/mL. The
behavior of the hydration of free water correlates (to some degree) with the solution
viscosity. A previous study showed that the viscosity of a BSA solution at pH7.0
increases nonlinearly over 100 mg/mL. Thus, this observation supports the behavior of
the water Raman bands observed in this study."’

For the estimation of the number of the chemical species in the BSA solution at
pH3.0, REV and RMSECV were calculated, as described in Supporting Information 2.
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The REV and RMSECYV of the BSA concentrations from 0 to 300 mg/mL at pH3.0 are
shown in Figs. S2c and S2d, respectively. The results of both REV and RMSECV at
pH3.0 indicate that there were only two main species, which is different to the results
observed at pH7.0. Based on the PCA results, MCR-ALS analysis was applied to this
concentration dependence data set. The abstract spectra of each component are shown in
Figs. 3a and 3c, and the Cg of each component is shown in Figs. 3b and 3d. Fig. 3a
shows the typical spectral features of bulk water. In Fig. 3c, the spectrum has two
features: the CH band at ~2930 cm ™ from the protein, and a water band with three main
bands at 3220 cm ™, 3290 cm?, and 3430 cm*, which mainly arise from the hydrated
water of the protein. Interestingly, this hydrated protein component at pH3.0 gives rise
to a water band that has greater intensity when compared with the main band observed
at pH7.0 (Fig. 2c). This observation indicates that the amount of hydrated water

associated with the protein at pH3.0 is larger than that at pH7.0.

3-3 Amide | Band

In previous studies examining the effects of molecular crowding environments,
protein molecules often adopt confined and compact structures.* Here, we carried out
an in-depth examination of BSA in a homogenous crowded environment by examining
the amide | band, which represents the secondary structure of a molecule.

The amide | band of proteins is sensitive to the strength of hydrogen-bonding
interactions (C=0---HN) involving amide groups. Thus, the information about protein
secondary structures can be obtained from the location of this band.*% In the Raman
spectrum of BSA, the amide | band overlaps with the water bending band at 1640 cm™
(Fig. 1a). We therefore applied PCA to resolve these two bands. To estimate the number
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of chemical species, REV and RMSECV were calculated for the estimation of the
number of the chemical species as described in Supporting Information 3. The detailed
results at pH7.0 and 3.0 are presented in Figs. S3a—S3d. The results of both REV and
RMSECV showed that there are two chemical species in this data set at both pH values.
MCR-ALS analysis with two-component approximation was performed based on the
results of PCA. The results for pH7.0 are shown in Figs. S4a and S4b. The abstract
spectra were (a) the amide | band of the protein and (b) the OH bending band. The band
position of the resolved spectra of the protein was ~1660 cm™*, which means that BSA
adopts primarily an a-helical secondary structure with a partial -sheet structure. The
open circles shown in Fig. S4c represent the Cg of the protein and the closed circles
represent the Cg of water. As shown in the figure, as the Cr of the protein increases, the
Cr of water decreases. The analysis at pH3.0 is presented in Fig. S5. Clearly, the
MCR-ALS results at pH3.0 are nearly the same as the results at pH7.0. Based on this
quantitative information, the OH bending band was subtracted from the original
spectrum recorded at each concentration. In Fig. 4, the amide | bands of each
concentration (10, 50, 100, and 300 mg/mL) at (a) pH7.0 and (b) pH3.0 are shown. This
result shows that at both pH values, there were no specific changes to the amide | band
at each concentration, thereby indicating that over this concentration range there were

no significant changes to the secondary structure of BSA.

3-4. Tyr Band

The band intensity ratio lgso/lszs is a known marker of hydration.”” A Igso/lszs
ratio roughly indicates that the OH group of Tyr acts as a hydrogen donor or acceptor.
However, in recent studies, the interpretation of these bands has changed slightly. The
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first interpretation of the ratio of the Tyr doublet Igso/lgs Was suggested in 1975 by
Siamwiza et al.?” This rule was derived from studying the simple molecule “p-cresol”,
and subsequently it has been revealed that this interpretation cannot be adapted to Tyr
derivatives or macromolecules containing Tyr residues, such as proteins. In addition, it
has been reported that the ratio lgso/lgos of Tyr is a rather qualitative marker of the
hydrophobic or hydrophilic environments of Tyr.?®

We compared Raman spectra in the region of 800-870 cm* over the BSA
concentration range of 20-300 mg/mL at pH7.0 (Fig. 5a). To calculate the ratio at each
concentration, we fitted the 825 and 850 cm™* bands with a Gaussian—Lorentz function
(the fitting results are indicated by the blue curves in Fig. 5a). Comparison of the
Igso/lg2s ratios for BSA samples ranging from 10 to 300 mg/mL showed that the ratio
was essentially constant over this concentration range (Fig. 5b).

We also compared the lgso/lgps ratio of the BSA samples at pH3.0. In contrast to
the results at pH7.0, a change in the ratio was observed as the BSA concentration
increased. The concentration dependence of the lgso/lg2s ratio shows that the ratio started
to increase from ca. 1.4 to 1.6 at concentration >20 mg/mL and was saturated at
concentrations >100 mg/mL, which indicates that Tyr residues at concentrations >100
mg/mL at pH3.0 are located in the local environments, similar to those at pH7.0. Since
there was not a significant change of the amide | band as the protein concentration
increased, the observed increase of the Igso/lsys ratio indicates the partial environmental
change around Tyr residues, which may be due to the excluded volume effect with the

increase of the concentrations.

3-5. Phe Band
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The band intensity of Phe at 1002 cm* arises from a symmetrical stretching
mode of the benzene ring of Phe. The relative intensity of the band arising from Phe is
caused by the local environmental change of Phe residues from hydrophilic to
hydrophobic conditions.”®*° In previous studies, the increase in band intensity at 1002
cm* represents a maker of the hydrophobic effect in which hydrophobic parts
oligomerize or aggregate without changes in secondary structure.

The Raman band at 1450 cm ™ is a CH, stretching band arising from the amino
acids of a protein and the band intensity reflects the amount of protein and is not
sensitive to the local environments. Thus, the band at 1450 cm™ can be used as an
internal standard of protein concentration and the intensity is linearly proportional to the
concentration of the protein.

The concentration dependencies of the two bands, 1002 and 1450 cm™ at
pH7.0 are shown in Fig. 6a and the relative intensity of the l102/l1450 ratio at pH7.0 is
plotted in Fig. 6b. As the concentration increased in the lower concentration range, there
was no specific change of the lyg2/l1450 ratio; however, at concentrations >80 mg/mL
the ratio began to increase. This behavior indicates a change of the local environment of
Phe residues, i.e., an increase of the hydrophobic effect surrounding Phe residues. These
changes may be due to the interaction at the hydrophobic protein-protein interface
around Phe, induced by the attractive short range interactions. The results at pH3.0
differed to those observed at pH7.0. The concentration dependencies of the two bands,
1002 and 1450 cm™* at pH3.0 are shown in Fig. 6c, and the relative intensity of the
l1002/ 11450 ratio at pH3.0 is presented in Fig. 6d. The ratio at pH3.0 started to increase at
> 60mg/mL and got higher than the one at pH7.0. It is of interest that the increase in the
l1002/ 11450 ratio began at concentrations lower than observed for data recorded at pH7.0.

47



This result shows that at pH3.0, protein molecules interacted with each other at lower

concentrations.

3-6. Effect of Crowding

Although the behavior of the hydrophobic residues of Tyr and Phe was affected
by the concentration effect from these experimental results, the amide | band was not
sensitive to the concentration effect which can induce the excluded volume effect. It
would be of interest to perform the H-D exchange experiment with and without the
crowder and we could observe the subtle change in the amide | band to ascertain the
excluded volume effect more directly. For this purpose, the hyperthermophile protein
F20, which is temperature stable, was added as a molecular crowder to the BSA
samples. In Fig. S6, the Raman spectrum of F20 (50 mg/mL) in D,0O is shown. The
water bending band of D,O located at 1200 cm* was subtracted from the spectrum. The
amide | band at 1650 cm ™, the CHj stretching band at 1450 cm ™, and the bands arising
from hydrophobic residues such as Phe at 1002 cm™* were observed. Because the
bending band of D,0 was located at 1200 cm ™ and was not in overlap with the amide |
band at ~1650 cm*, the analysis of the amide | band was straightforward.

To investigate subtle changes to the secondary structure of BSA in the presence
of F20, a temperature-dependent series of H-D exchange measurements between 25 and
50 °C was performed. In Fig. S7, the amide | bands of F20 at 25 (red) and 50 °C (blue)
are shown. Over this temperature range, no specific change in the amide | band of F20
was observed, which indicates that the secondary structure of F20 is stable over this
temperature range. Fig. 7 shows the 780-880 cm™ spectral region (this region probes
the local environment of Tyr residues) of the Raman spectra of BSA between 25 and
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50 °C before (red) and after the addition of F20 (blue). No specific interaction between
BSA and F20 was observed, and the local environment of the Tyr residues of BSA did
not change over this temperature range. Therefore, F20 functioned as simple hard
spheres and the addition of F20 predominantly influenced the entropic effect (the
excluded volume effect).

The amide | band at each temperature in (a) BSA and (b) BSA with F20 are
shown in Fig. 8. The band position of the amide | band shifted slightly to a lower
wavenumber, which indicates that H-D exchange occured.*® To analyze the thermally
induced H-D exchange dynamics in more detail, the H-D exchange spectra at each
temperature were subject to PCA and MCR-ALS analysis.

To estimate the number of components in the BSA solution in the absence and
present of F20, REV and RMSECYV were calculated from these profiles and the detailed
results are shown in Figs. S8a-S8d. The results of both REV and RMSECV show that
there were two components in the H-D exchange dynamics of the amide | band.
MCR-ALS analysis with two-component approximation was performed based on the
results of the PCA. The abstract spectra of each component and the contribution ratio Cg
of each component at each temperature are shown in Figs. 9a-9d. Figs. 9a and 9c show
the abstract spectra of the amide I band before (blue) and after (red) H-D exchange. The
amide | bands of both systems shifted to a lower wavenumber because of H-D
exchange. Interestingly, the concentration profile of each system was different. In the
H-D exchange dynamics of the BSA sample, the H-D exchange started at slightly
above 25 °C and the temperature of the intermediate state (T;) was ca. 32 °C. In contrast,
the T; of BSA in the presence of F20 was different. The H-D exchange did not start
until ~35 °C and the T; was ~40 °C. This difference between the two systems shows that
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the addition of F20 as a crowder prevents H-D exchange of solvent labile groups of
BSA. In other words, the excluded volume effect suppresses BSA dynamic fluctuations
and thus stronger intramolecular hydrogen bonds are formed that reduce H-D exchange
of the hydrogen atom of the amide bond. Thus, the results show that the crowding effect
functions by forcing BSA to adopt a more compact state that stabilizes the secondary

structure elements and therefore yields stronger intramolecular hydrogen bonds.

4. Discussion
4-1. The Difference in the Behavior of BSA between pH7.0 and pH3.0

From these results, it was confirmed that the hydrophobic residues, e.g., Tyr
and Phe, behave differently between pH7.0 and pH3.0. On the basis of some previous
researches, it is a well-known fact that BSA at pH7.0 has a N form, which is a rigid
globular structure, while BSA at around pH3.0 has an E (Expanded) form which
partially loses the packing of the molecule.®> As the concentration increases, the distance
between surfaces of the molecules decreases, which can be calculated as shown in the
Fig. S9. Since the pl of BSA is at pH ca. 4.7, the electric repulsion will work powerfully
at both pH7.0 and 3.0. Therefore, the excluded volume effect from the electric repulsive
interaction will work well. Unexpectedly, the amide | band at both pH does not change
apparently, although the concentration changes. This result can imply that the excluded
volume effect does not change the secondary structure but stabilizes the secondary
structure of the BSA. In addition, it is of interest that the local environment of Tyr at
pH7.0 does not change as the concentration increases, while the local environment of
Tyr at pH3.0 partially changes. This difference of Tyr will be caused by the rigidity of
BSA at pH7.0 and 3.0. At pH7.0, the packing of BSA is highly fastened, thus, there is
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almost no change of the local segmental motion of Tyr with the increase of the excluded
volume effect. On the other hand, at pH3.0, the packing of BSA is partly loosen and the
excluded volume effect will induce the re-packing of BSA, therefore, this re-packing
effect will restore BSA to the native-like conformation and the local environment of Tyr
becomes the similar state at pH7.0. Therefore, these results show that BSA at pH7.0 can
be treated as a hard sphere, thus the behavior of the local motion around Tyr is not
sensitive to the excluded volume effect. In contrast, BSA at pH3.0 is relatively softer,
therefore, the behavior of the local motion around Tyr is partially sensitive to the
excluded volume effect (Fig. 10a).

As the distance between the molecules gets close to the size of the molecule,
the soft chemical interaction (the short range attractive interaction) such as the van der
waals interaction or the CH—= interaction will also work well. In the case of BSA, the
distance between the molecules almost becomes the same size over 50 mg/mL. The
relative intensity of Phe (l1002/l1450) at pH7.0 (Fig. 6b) slightly increases >80 mg/mL,
which is the concentration when the short range attractive interaction works well. In
other words, this result indicates that the change will be caused by the short range
attractive interaction, which may be induced by the interaction at the hydrophobic
protein-protein interfaces around Phe. Of note is that the relative intensity of Phe
(l1002/11450) at pH3.0 (Fig. 6d) starts to increase from >60 mg/mL, which is the lower
concentration than the one at pH7.0 and saturates at ca. 1.4, which is a higher value than
in the case of pH7.0. The difference of the behavior of Phe can be due to the rigidness
of the structure again, although the electric repulsive interaction works well at both pH.
At pH7.0, the packing of the molecule is highly fastened, thus, the molecule can be
treated as a charged colloidal sphere, therefore, the electric repulsive interaction can
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compete the short range attractive interaction. In this manner, the short range attractive
interaction gently works. On the other hands, at pH3.0, the packing of the molecule is
partly loosen, thus, the hydrophobic surfaces can be attracted mutually with the aid of
the flexibility of each segment, which will lead to the short range interaction between
the molecules (Fig. 10b).

On the basis of these discussions, the difference of the behavior of the
hydrophobic residues of both Tyr and Phe at the crowding environment can be
explained from the view point of the rigidness or softness of the molecule. The results
show that the “hard” molecule is not sensitive to the crowding effect such as the

excluded volume effect, while the “soft” molecule is sensitive to the one.

4-2. The Role of the Interfacial Water around BSA Molecules

The behaviors of the hydration water at both pH7.0 and 3.0 are re-focused on
the basis of the knowledge of the structure of BSA at both pH. In the neighboring water
molecules around protein of the N form (pH7.0), there can be seen a clear difference
between the hydration water and the interfacial free water, and the interfacial water
decreases and gets hydrated with the increase of the concentration, as shown in Fig. 2.
In the E form (pH3.0), the amount of the hydration of water seems to be larger than that
at pH7.0 from the results of the hydrated water Raman bands of the BSA in Fig. 3. This
difference can be explained by the difference of the structure of the BSA, since the E
form is partly loosen and has larger area which can be hydrate a larger number of
neighboring water molecules. In addition, there is not a clear difference between the
hydration water and the interfacial free water, in contrast to the case of pH7.0. This
behavior will be due to the fact that the structure at pH3.0 is softer and more flexible,
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thus the interface between the hydrated protein and bulk water will not be divided
clearly as in the case of pH7.0. In this manner, the behavior of the hydrated and
interfacial waters at pH7.0 and 3.0 can be highly relevant to the molecular structure as
in the case of the behavior of the hydrophobic groups of Tyr and Phe. In other words,
the different behavior of the hydrophobic groups at pH7.0 and 3.0 is also related to that
of the hydrated and interracial waters. Therefore, the results can also indicate that the
local environment of the hydrophobic groups is kept stable, while the interfacial water
around the BSA molecules exists. On the other hand, the molecule is sensitive to the
excluded volume and the soft chemical interaction, while the interfacial water around
the BSA molecules does not exist. Thus, the role of the interfacial water will keep the

local environment of hydrophobic groups stable.

4-3. A Description of BSA in Crowded Environments from a Raman Spectroscopic
Viewpoint

From a spectroscopic analysis viewpoint, the hydration effect was clearly
observed and the difference between pH7.0 and pH3.0 was confirmed. The amide |
band showed negligible change with increasing protein concentration; however, the
amide | band was sensitive to the excluded volume effect, and the influence of this
entropic effect on protein backbone fluctuations was observed by H-D exchange
analysis. The lgso/lgos ratio of Tyr probes the local environmental change associated with
the packing of the molecule. The lip2/l1450 ratio of Phe probes the protein-protein
interfacial interactions between hydrophobic regions of a protein. In this manner, the
spectroscopic analysis of the amide | band, the lgso/lgos of Tyr, and the lyg02/11450 Of Phe
can provide a detail description of proteins in different molecular crowding
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environments, and should enable assessment of molecular crowding environments. By
using these various Raman spectroscopic probes, a detailed molecular description of
BSA under crowding conditions has been presented. The results of this study showed
that the behavior of BSA in different molecular crowding environments is dominated by
a balanced interplay of the entropic effect, soft chemical interactions, and the hydration

effect.

5. Conclusions

In summary, Raman spectroscopic data have revealed that the entropic effect, soft
chemical interactions, and hydration effect are tightly balanced in crowded
environments (Fig. 11). The key molecular findings of BSA in crowded environments
are:
(i) The crowding effect strongly affects the secondary structure of a protein by
maintaining a compact state and strengthens intramolecular hydrogen bonds in a
concentration-dependent manner, as determined from the analysis of the amide | band
and the H-D exchange experiment.
(if) From the water, Tyr and Phe Raman bands, an increase in protein concentration
induces cooperatively a change in the local environment of hydrophobic residues
associated with the packing of the molecule or the intermolecular interaction. The
interfacial free water layer surrounding the protein maintains the local environment of
hydrophobic residues.
(iii) On the basis of these knowledge, it was found that the “hard” molecule is not
sensitive to the crowding effect such as the excluded volume effect, while the “soft”
molecule is sensitive to the one.
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Figure 1. Raman spectra of the 100 mg/mL BSA sample at pH7.0 (a) in the fingerprint

region and (b) in the CH and OH stretching regions.
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Figure 2. Abstract Raman spectra of each component (a, ¢, e) and the normalized
concentration Cr of each component (b, d, f) in the CH and OH stretching regions of the

BSA sample at pH7.0.
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Figure 3. Abstract Raman spectra of each component (a, ¢) and the normalized
concentration Cg of each component (b, d) in the CH and OH stretching regions of the
BSA sample at pH3.0.
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Figure 8. Overlay of the amide | band of (a) BSA and (b) BSA with F20 over the
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Figure 9. Abstract spectra in the amide | region of (a) BSA and (c) BSA with F20. The
scores of (b) BSA solution and (d) BSA solution with F20 by MCR-ALS analysis of the
temperature-dependent measurements between 25 and 50 °C. First (blue) and second
(red) mean before and after H-D exchange, respectively.
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6. Supporting Information

The dependence of protein concentration on Raman spectra in the CH and OH
stretching region are supplied as Supporting Information 1. The results of PCA (REV,
RMSECV) are supplied as Supporting Information 2, 3, and 8. The abstract spectra and
the normalized score of the MCR-ALS analysis of amide | band are shown in
Supporting Information 4 and 5. The Raman spectra of F20 and its overlay of the amide
| band at 25 °C and 50 °C are shown in Supporting Information 6 and 7. The distance
between the molecules of the BSA solution as a function of concentration is supplied as

Supporting Information 9.

6-1. Supporting Information 1

Raman spectra in the CH and OH stretching regions of BSA at 20, 40, 100, 200,
and 300 mg/mL and (a) pH7.0 or (b) pH3.0 are shown in Fig. S1. As the BSA
concentration increased, the intensity of the CH stretching bands (2930 cm™) also
increased.
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Figure S1. Raman spectra in the CH and OH stretching regions of BSA samples at (a)
pH7.0 and (b) pH3.0. The BSA concentrations are 20, 40, 100, 200, and 300 mg/mL.

6-2. Supporting Information 2
To estimate the number of chemical species, REV and RMSECV in the CH and

OH stretching regions of BSA samples at pH7.0 and pH3.0 were calculated. In Fig. S2a,
the REV of the BSA solution at pH7.0 is shown. Because the changes in the eigenvalue
against the factor level were large, we have plotted the ordinate axis using a logarithmic
scale. As the number of the factor increased, the REV score decreased. The first and
second loading had relatively larger scores and the one after the third score had a
smaller score. Because a smaller REV score indicates that the factor is from a minute
species or represents noise, this result indicates that the first and second loadings are the
main species. In addition, after the third loading, the eigenvalue decreased rapidly and
the loading value was essentially at the noise level. This result indicates that the factors
after the third factor can be attributed to random noise and the third loading may be
assigned to the minor species.

The RMSECV score at pH7.0 is plotted in Fig. S2b. As shown, after the third
loading, the RMSECYV score is almost constant, which indicates that factors after the
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third one can be attributed to random noise and the third loading is very small. Since the
third loading is a minor species, the detail of RMSECV was performed by use of
ARMSECYV, which is the difference of RMSECV against the maximum RMSECV.
Factors that decrease RMSECV by < ca. 2% of the maximum RMSECYV are usually
rejected as error factors. In Fig. S2c, the ARMSECV (%) at pH7.0 is plotted. The dotted
line in Fig. S2¢ shows 2% of the ARMSECYV, which can be rejected as error factors. The
score shows that the third loading is over 2 %, which indicates the third loading is a real
minor species.®*

Therefore, both REV and RMSECYV for pH7.0 showed that there are two chemical
species and a very minor species in this data set of the CH and OH stretching region.

The results of the data recorded at pH3.0 contrast those observed at pH7.0. In Fig.
S2c, the REV of the BSA solution at pH3.0 is shown. The first and second loadings had
relatively large scores and this result indicates that the first and second loadings are the
main species. In contrast, the one after the third score had a score similar to that of the
noise level and there was not so much difference between the third one and the other
scores after that. This result implies that the one after the third loading can be
considered as noise.

The RMSECYV score at pH3.0 is plotted in Fig. S2d. As shown in the figure, after
the second loading, there is no specific improvement of the RMSECV score and the
score is almost constant, which indicates that factors after the second factor can be
attributed to random noise. To ascertain the detail, the ARMSECV (%) is also calculated.
As shown in Fig. S2f, the ARMSECV (%) at pH3.0 is plotted. The score shows that the
third loading is nearly close to 2 %, which indicates the third loading can be assigned to
an error factor. Hence, both REV and RMSECYV for the data recorded at pH3.0 showed
that there are two chemical species in this data set of the CH and OH stretching region.
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Figure S2. Plots of reduced eigenvalues (REV), root-mean-square prediction error of
cross-validation (RMSECV) and the ARMSECV against the factor level of the PCA in
the CH and OH stretching region of the BSA samples at (a, b and c¢) pH7.0 and (d, e and
f) pH3.0.

6-3. Supporting Information 3

To estimate the number of the chemical species, REV and RMSECV in the
amide | band region of the BSA samples at pH7.0 and pH3.0 were calculated. In Fig.
S3a, the REV of the BSA sample at pH7.0 is shown. As the number of the factors
increased, the REV score decreased. After the second loading, the eigenvalue decreased
rapidly and the loading value was essentially the same as the noise level. This result
indicates that factors after the second factor can be attributed to random noise. The
RMSECYV score at pH7.0 is also plotted in Fig. S3b. As shown, the RMSECYV score was
clearly constant after the second loading. Thus, both REV and RMSECV showed that
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there are two chemical species in this data set of the amide | band.

In Figs. S3c and S3d, the REV and RMSECYV of the BSA sample at pH3.0 are
shown. The REV and RMSECYV showed almost the same results as observed for pH7.0
data. Therefore, this also confirmed that at pH3.0 there are two chemical species in this
data set of the amide | band.
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Figure S3. Plots of reduced eigenvalue (REV) and root-mean-square prediction error of
cross-validation (RMSECV) against the factor level of the PCA in the amide | band
region of the BSA sample at (a, b) pH7.0 and (c, d) pH3.0.
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Figure S4. Abstract Raman spectra of (a) the water bending band of the BSA solution at
pH7.0 and (b) the amide | band of BSA at pH7.0 by MCR-ALS analysis. (c) The
normalized concentration Cr of each component. The filled circles represent the
contribution ratio Cg of the water band and the open circles represent the Cg of the
amide | band.
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Figure S5. Abstract Raman spectra of (a) the water bending band of the BSA sample at
pH3.0 and (b) the amide | band of the BSA sample at pH3.0 by MCR-ALS analysis. (c)
The normalized concentration Cr of each component. The filled circles represent the
contribution ratio Cr of the water band and the open circles represent the Cr of the

amide | band.
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Figure S6. A Raman spectrum of F20 (50 mg/mL) dissolved in D,O. The D,0 bending
band has been subtracted from the spectrum.
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Figure S7. An overlay of the amide | band of the F20 solutions at 25 (red) and 50 °C
(blue).

6-8. Supporting Information 8

To estimate the number of chemical species in the H-D exchange experiments,
REV and RMSECYV in the amide | region of the BSA sample before and after the
addition of F20 were calculated. In Fig. S8a, the REV of the BSA sample before the
addition of F20 is shown. After the second loading, the eigenvalue decreased rapidly
and the loading value was almost the same as the noise level. This result indicates that
factors after the second factor can be attributed to random noise. The RMSECV score is
also plotted in Fig. S8b. The RMSECYV shows a sharper result than the REV. There was
a break at the second factor in the RMSECV plots, again suggesting that there are two
main species in the data set. Thus, both REV and RMSECV showed that there are two
chemical species in this data set of the H-D exchange experiment.

In Fig. S8c, the REV of the BSA solution after the addition of F20 is shown.
After the second loading, the eigenvalue decreased rapidly and the loading value was
almost the same as the noise level. This result indicates again that factors after the
second factor can be attributed to random noise. The RMSECYV score is also plotted in
Fig. S8d. As shown in the figure, after the second loading, the RMSECV score is clearly
constant. Thus, both REV and RMSECV showed that there are two chemical species in
this data set in the H-D exchange experiment of the amide | band after the addition of
F20.
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Figure S8. Plots of reduced eigenvalue (REV) and root-mean-square prediction error of
cross-validation (RMSECYV) against the factor level of the PCA in the amide | region of
a BSA sample (a, b) before and (c, d) after the addition of F20.

Supporting Information 9

The distance between surfaces of the molecules of the BSA solution can be
calculated as the mean nearest-neighbor distance on the basis of particle size and
particle dimension number. The BSA molecule can be approximated by a simple hard
spherical particle with a radius (R) of 3.48 nm.> The mean interparticle surface

separation (distance between the molecules) <r> for non-interacting hard spheres is
given by
(ry=2R(A-1), ®)

where A is the mean distance between the centers of mass of the nearest neighbors
obtained from a conditional pair distribution function. Mean distance A can be
expressed in terms of the volume fraction (¢),

(1-¢)’
249(1-¢12)" ©

which is given by
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47R°
?=y

where M is molecular weight (64,000) and C is protein concentration (mg/mL).

IN,C, (7)

The calculated <r> values for BSA molecules as a function of concentration

were plotted as shown in Fig. S9. At concentrations up to 50 mg/mL, the distance

between the BSA molecules <r> decreases exponentially, whereas over 50 mg/mL,

<r> decreases more slowly. At about 50 mg/mL, the distance between the BSA

molecules is approximately the same order of magnitude as the size of the molecule.
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Figure S9. Distance between surfaces of the molecules of the BSA solution as a function
of concentration.
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Chapter 4. The Assessment of the Protein—Protein
Interactions in a Highly Concentrated Antibody Solution by

Using Raman Spectroscopy

1. Introduction

Many biopharmaceuticals have strong potential as drugs due to their high efficacy,
and in the biopharmaceutical industry, liquid formulations are becoming increasingly
popular.' For such formulations, highly concentrated (>100 mg/mL) protein solutions
are required. At high concentrations, however, the increased viscosity is accompanied
by an increased risk of protein aggregation or denaturation. These changes may result in
side effects, and therefore the optimization of drug formulations is of great importance.
Accordingly, a comprehensive understanding of the interactions of proteins in nonideal
solutions (e.g., highly concentrated solutions) is essential. In particular, protein—protein
interactions that could cause oligomerization or aggregation in highly concentrated
solution should be thoroughly investigated.

Currently, relatively few techniques are available to characterize protein—protein
interactions in high-concentration solutions. The second virial coefficient (By,), as an
indicator of deviation from ideality, or the interaction parameter (kp), as deduced from
dynamic light scattering (DLS), can give information about protein-protein interactions
but these factors are applicable only in a dilute solution.™? In highly concentrated
solutions, attractive interactions such as dipole-dipole interactions would be expected
to increase, therefore, it is extremely important to understand such interactions in detail.

Small-angle X-ray scattering and small-angle neutron scattering are powerful
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analytical methods for investigating the structure of molecules in high-concentration
solutions,® but obtaining information about protein—protein interactions by using these
techniques is difficult. Raman spectroscopy is a powerful tool for detailed investigation
of the behavior of functional groups in proteins.** Specifically, Raman spectroscopy has
two important advantages: information about each type of amino acid residue can be
obtained from the Raman spectrum of a protein, and Raman spectroscopy is one of the
best methods for analyzing high-concentration solutions.® In this study, on the basis of
our previous study of a model system,® we used Raman spectroscopy to analyze the
protein-protein interactions in a highly concentrated antibody solution as a practical

system.

2. Experimental Methods
2-1. Materials
2-1-1. Concentration Dependence Measurement

Purified 1gG from rabbit serum (>95%) was purchased from Sigma Aldrich
(product no. 15006, St. Louis, MO, USA). A buffer solution of 1gG was prepared by
mixing trisodium citrate dihydrate (code 31404, 500 mg, lot no. M2E8017, Nacalai
Tesque, Kyoto, Japan) with citrate acid monohydrate (code 09106-15, 50 mg, lot no.
M2G9914, Nacalai Tesque). The concentration of the buffer solution was 20 mM and
the concentration of sodium chloride (code 31320-05, 500 g, lot no. VIN6638, Nacalai
Tesque) was 150 mM. The final pH of the solution was adjusted to 6.0 by using a
LAQUA F-72 pH meter (HORIBA, Kyoto, Japan). Test solutions of 1gG were prepared
at concentrations of 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 150, and 200 mg/mL by
dilution of the buffer solution with water that was purified with a Milli-Q laboratory
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water purifier (Millipore, Billerica, MA, USA). All measurements were performed at

room temperature (~20 °C).

2-1-2. Application Study

To investigate the pH effect on the concentration dependence measurement, test
solutions of 1gG at pH4.0 were prepared. The concentrations were 10, 20, 30, 40, 60, 80,
100 mg/mL. The concentration of the buffer solution was 20 mM and the concentration
of sodium was 150 mM as was the same as at pH®6.0.

For the measurement of the salt effect on the molecular interaction, the salt
dependence measurements were performed. The concentration of IgG was 50 mg/mL
(pH6.0). The salt concentrations of these 1gG solutions were 10, 50, 100, 500, 1000 mM
NaCl.

For the storage stability test, the fresh 100 mg/mL IgG solution (pH6.0, 150 mM

NaCl) was preserved at 4 °C for 3 month in a darkroom.

2-2. Raman Spectroscopy

Raman spectra were obtained with an XploRA Raman microscope equipped with
Labspec 6 software (HORIBA Jobin Yvon, Paris, France). The spectrograph of the
microscope had the Czerny-Turner configuration, and the focal length was 200 mm.
Raman spectra were measured in the back-scattering geometry. A thermoelectrically
cooled Synapse charge-coupled device camera (HORIBA) was used as the detector.

The entrance slit of the spectrometer was set to 100 um. The dispersive element
had a grating of 1800 lines/mm, which provides a wavenumber resolution of ca. 2 cm™.
Excitation was accomplished with the 532 nm line, and the laser power was 40 mW at
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the sample surface. The excitation intensity was monitored with a TQ8210 optical
power meter (Advantest, Tokyo, Japan). The scattered light was collected through a
multipass cell holder (HORIBA Jobin Yvon) with a visible macro lens (focal length, 40
mm) for high sensitivity. The optical cell was a 115-QS micro cell (Hellma Analytics,
Millheim, Germany). The Raman shift was calibrated by means of the atomic emission

lines of a neon lamp.

2-3. Spectroscopic Analysis

Principal components analysis (PCA) is a multivariate analysis method that has
proven effective for distinguishing the spectra of a pure component from several kinds
of spectra. PCA has also proven useful for detecting the spectra of minute chemical
species in different local environments or interactions from those of dominant bulk
species.” The number of chemical species in the antibody solution was estimated by
using PCA. The accuracy of the predictive ability of the model was evaluated by rank
analysis using a reduced-eigenvalue (REV) plot. REV intrinsically has the same
statistical meaning as the normal eigenvalue (EV), but REV is better for the evaluation
of minute eigenvalues because it takes into account the degree of freedom.” A REV plot

is obtained by using the following equation:

REV, = BV, 1)
F(N=j+)M = j+1)

where j is the factor level, and the parameters N and M represent the size of the spectral
matrix (N x M). Of note, the analysis of basis factors by means of eigenvalue analysis
does not take into account concentration (intensity) information. Therefore, the
cross-validation (CV) technique, which takes into account both spectrum and intensity

information, is useful to ascertain the accuracy of the results of REV.2
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Root-mean-square prediction error of cross-validation (RMSECV), which is CV

with leave-one-out cross-validation,® is also carried out by using the following equation:

RMSECV::ﬂEQEé%:EQ—, 2)

where ¢; is the predicted concentration, ¢; is the actual concentration, as determined by
the reference method, and n is the number of samples used in the calibration model. The
use of both REV and RMSECYV increases the accuracy of the factor analysis of the PCA.
Although PCA is useful to investigate the mathematical structure of data, interpretation
of the results can be complex. This is because the loading spectra have negative bands
due to the relative quantitative change, which cannot be treated as pure component
spectra. Multivariate curve resolution (MCR) is a complementary approach because
MCR is based on nonnegative matrix factorization and the results obtained with MCR
have more direct physical meaning.? Specifically, if the number of species is known, the
results from MCR are more realistic. In matrix form, MCR analysis can be written as

D=CS+E, ©)
where D is the original data matrix, S is the pure matrix of the pure spectra, C is the
concentration of each species, and E is the matrix of the residuals not explained by the
chemical species of conformations in C and S and should be close to the experimental
error. The contribution ratio Cg is the normalized concentration, which is the quotient
upon division of the concentration of the sample (C;) by the sum of concentrations of all

components as described below.

Celi)=="— 4)
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3. Results
3-1. Raman Spectrum of 1gG

In the wavenumber region from 200 to 2000 cm* of the Raman spectrum of IgG
(Fig. 1a, 100 mg/mL), there are many bands for each functional group, and from this
“fingerprint region,” information about conformational changes and changes in the
microenvironments of the amino acid residues can be obtained. The relationships
between Raman band characteristics (wavenumber, band intensity ratio, and full width
at half-maximum) and protein secondary structure are well established.*> The strong
and broad bands in the wavenumber region from 2800 to 4000 cm ™ of the spectrum of
IgG are assigned to the CH and OH stretching modes of 1gG and water, respectively
(Fig. 1b). As the IgG concentration was increased, changes in several of the Raman

bands were observed, as described in detail below.

3-2. Amide | Band

The location of the amide | band of proteins depends mainly on the strength of the
hydrogen-bonding interactions (C=0---HN) involving amide groups and the strength of
the dipole-dipole interactions between carboxyl groups. Thus, the location of this band
provides information about protein secondary structure.’®™ In the Raman spectrum of
IgG, the amide | band overlaps with the band for the bending mode of water at 1640
cm*. We therefore used PCA to separate these two bands. To estimate the number of the
chemical species, REV and RMSECYV were calculated and the detailed analysis results
of these values are shown in Fig. S1la and b, respectively. The results of both REV and
RMSECYV show that there are two chemical species in this concentration data set of the
amide I band.
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MCR-ALS analysis with two-component approximation was performed based on
the result of the PCA. As shown in Fig. 2a and b, the abstract spectra are the amide |
band of the protein and the OH bending band. The band position of the resolved spectra
of the protein is around 1670 cm*, which means that this 1gG has mainly p-sheet and
partially a-helical and non-helical structure. The red circles shown in Fig. 2c represent
the contribution ratio Cr of the protein and the blue circles represent the Cr of water. As
expected, when the Cg of the protein increases, the Cr of water decreases proportionally.
Using this quantitative information, the OH bending band was subtracted from the
original spectra of each concentration. In Fig. 2d, the Amide | bands of each
concentration (10, 20, 40, 60, 80, 100, 200 mg/mL) are shown. This result shows that
there is not specific change of Amide | band of each concentration, therefore, at these
concentrations, there is not significant change of the secondary structure.

In a highly concentrated solution, the structure of the hydrogen bond of water could
change, however, the water bending spectrum would not change, because it is not
sensitive to the hydrogen-bonded structure.*? In contrast, the OH stretching band is
sensitive to the hydrogen-bonded structure, and therefore, next we focused on the

spectra of the OH stretching band at around 2800 to 4000 cm .

3-3. CH and OH Stretching Bands

To analyze the interaction between water and protein in a highly concentrated
solution in depth, we subjected the data set of the concentration dependence spectra in
the CH and OH stretching regions to PCA. The concentrations analyzed are 0 mg/mL
(buffer solution) and 10 to 200 mg/mL. The Raman spectrum in the CH and OH
stretching regions of the IgG solution at 10, 40, 80, 100, and 200 mg/mL are shown in
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Fig. S2.

For the estimation of the number of the chemical species, REV and RMSECV were
calculated. The REV and RMSECV of these data (0-200 mg/mL) and the detailed
analysis results of these values are shown in Figs. S3a and S3b, respectively. The results
of both REV and RMSECYV indicate that there are two main species with four minute
species, suggesting that highly concentrated solutions can contain various minute
species. Detailed interpretation of these results, however, is complex, because the
characterization of these four species is difficult from PCA. Therefore, to simplify the
analysis of these data, the range of the analysis was divided into two parts: (i) lower

concentrations (0—60 mg/mL) and (ii) higher concentrations (60—200 mg/mL).

3-3-1. Lower Concentrations (0-60 mg/mL)

For the lower concentrations, the data set included 10-60 mg/mL and the buffer
solution. The results of the REV and RMSECV are shown in Figs. S3c and S3d,
respectively. Both results indicate the presence of two main species and one minute one.

On the basis of the result of PCA, the MCR-ALS analysis was applied to this lower
concentration data set. The abstract spectra of each component are shown in Figs. 3a,c,e
and the concentration of each component is shown in Figs. 3b,d,f. In Fig. 3a, the spectra
have two features: the CH band at around 2940 cm ™ from the protein, and a water band,
with two main bands at 3290 cm™ and at around 3570 cm™*, which is mainly from the
hydrated water of the protein. Figure 3c shows the typical spectral shape of bulk water,
which has two main bands at 3240 and 3420 cm™. As shown in Figs. 3b and 3d, the
concentration of the hydrated protein component increases as the concentration
increases, whereas the concentration of the bulk water decreases. The third component

83



has a unique profile with respect to concentration changes (Fig. 3f). Up to 30 mg/mL,
the concentration ratio of this component increases; however, over 30 mg/mL, the
concentration ratio decreases as the concentration increases. This behavior indicates that
the third component is displaced as the protein-protein interaction increases. The
abstract spectra of this component are also of interest, comprising two main bands: one
at around 3560 cm * and the other at the lower region at around 3150 cm . The former
band represents weakly hydrogen-bonded water which may be the disordered water
around the hydrophilic pocket and the latter band represents strongly hydrogen-bonded
water which may be the “ice-berg” water around hydrophobic residue.”>*" For these
results, the third component can be assigned to the interfacial water between the bulk

water and the protein.

3-3-2. Higher Concentrations (60—200 mg/mL.)

For the higher concentrations, the data set included 60—200 mg/mL and the buffer
solution. The results of the REV and RMSECV are shown in Figs. S3e and S3f,
respectively. The results of both REV and RMSECYV show there are two main species at
these concentrations.

Therefore, MCR-ALS analysis was applied to the higher concentration data set with
two-component approximation, bulk water and protein and its hydrated water as shown
in Figs. 4a,c. As the concentration increases, the Cr of the water decreases, whereas the
Cr of the protein increases (Figs. 4b,d). Of note, there is a difference in the water
Raman bands of the resolved abstract spectra of the second species between the lower
and higher concentrations as shown in Fig. S4. The main difference between these
Raman spectra is the spectral shape at 3550 cm . The band intensity at 3550 cm ™ at the
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higher concentrations is lower than that at the lower concentrations, indicating that at
the higher concentrations, the amount of the interfacial water around the protein is
smaller compared with that at the lower concentrations. This is because as the
concentration increases, the protein hydrates the neighboring water molecules, and
therefore there is less interfacial water around the protein as the concentration increases.
In terms of the thermodynamics, this behavior of the interfacial water can be explained.
It means that these dehydrated water molecules act favorably with the gain in entropy
when they are displaced from the interface. This entropic gain compensates the entropy
loss from the excluded volume effect with the increase of concentration.

In summary of the results of CH and OH stretching bands, the amount of the

interfacial water begins to decrease at the concentration greater than 30 mg/mL.

3-4. Fingerprint Region

To obtain detailed information concerning the functional groups of the protein, we
focused on the fingerprint region of the Raman spectra. The fingerprint region of the
Raman spectra is rich in information about the protein, because the Raman bands of
amide I11, from the peptide backbone, and each functional group, such as Phe, Tyr, and
Trp, are found in this region.**® Interpretation of the region, however, is not easy
because the Raman bands of each functional group overlap. Therefore, rather than focus
on each specific Raman band, the better approach is to focus on the entire fingerprint
region and to interpret changes over a larger spectral region. For these reasons, we
applied PCA to the whole fingerprint region (980-1500 cm™).

The data set included concentrations ranging from 10 to 200 mg/mL and the buffer
solution. The results of the REV and RMSECYV and the detailed analysis result of these
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values were plotted by using PCA (Figs. S5a,b). The results of both REV and RMSECV
show that there are three main species at these concentrations.

We also applied MCR-ALS analysis to the fingerprint region data set. The Cg of
each component is shown in Figs. 5a—c and the abstract spectra of each component are
shown in Fig. 5d. The abstract spectra were overlayed and normalized at 1240 cm . The
abstract spectrum of the first, second and third components are shown as a black, red
and blue line. The band at 1240 cm™ is assigned to the Amide Il band of the 1gG
molecules. The band at 1415 cm ™ and the one at 1090 cm ™ are assigned to the COO™
and the v (C—C) stretch vibration of citric acid, respectively.”**?

Of note is that the band intensity at 1415 cm* and the one at 1090 cm ™ of citric
acid are clearly different. (Fig. 5d) This result indicates that the spectrum from the
buffer solution is dominant in the first loading, whereas the spectrum from the 1gG
molecules is dominant in the second loading. In other words, the first-loading spectrum
is mainly dominant at the lower concentration and the second-component spectrum is
mainly dominant at the higher concentration. As expected, the Cg of the first-component
spectra is dominant at the lower concentration and decreases as the protein
concentration of the solution increases. In contrast, the Cr of the second-component
spectra decreases as the concentration of the solution increases. Interestingly, the third
component has a unique profile, because the ratio of this component increases at
concentrations greater than 80 mg/mL. The spectrum of the third component has
another unique feature: the band intensity of Phe at 1004 cm™* of the third-component
spectra is greater than that of the second-component spectra, although the other main
bands such as the Amide 111 band at 1240 cm™ have almost the same intensity, which
suggests that there is not significant change of the secondary structure. In Fig. 5e, the
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band intensity ratio 11004/l1240 Was replotted.

This increase in the relative intensity of Phe indicates that not the effect of the
increase of concentration but the change of the interaction around Phe caused this
behavior. Previous studies have shown that changes in the relative intensity of Phe are
caused by changes in the local environment of Phe from hydrophilic conditions to
hydrophobic ones as the amount of available water molecules surrounding Phe
decreases.®® These results are consistent with our findings, since at high
concentrations, the hydrated water around the IgG molecules decreased as shown by the
result of the water Raman band analysis.

In addition, hydrocarbons residues such as Phe and —CH,— are attracted each other
and self-assembling due to their high polarizability and atomic density.® Thus, the Phe
residue will be surrounded by its neighboring hydrocarbons residues. This will cause the
CH-= interaction of Phe. From the previous theoretical study, the CH-r interaction of
Phe is known to increase polarizability.”* This result can explain the increase in the
relative intensity of Phe, since the intensity of Raman scattering is proportional to the
polarizability. While n—=n stacking could also increase the polarizability of Phe, this
interaction is rarely seen in proteins. Hence, the CH—= interaction is one of the strong
candidates of this cause.

The average distance between the C donor and the = acceptor in a CH—rx interaction
is less than 1 nm, which means that in the highly concentrated solutions the distance
between the molecules is likely less than 1 nm. In such a state, with the distance
between the proteins being so small, the protein molecules may have been in the initial
stages of aggregation. In other words, the band intensity ratio l1go4/l1240 Can be used as a
maker of the short range attractive interaction such as the CH—r interaction.
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3-5. Band Intensity Ratio of Tyr

The band intensity ratio lgse/lsso is @ known marker of hydration.”® A low lgsg/lgso
ratio indicates that the OH group of Tyr acts as a strong hydrogen donor, and an increase
in the ratio indicates that the OH group is acting as both a hydrogen acceptor and a
hydrogen donor. Our previous study of a highly concentrated solution of lysozyme
showed that the ratio of these bands (lgse/lg30) can be used as a maker of Tyr side chain
interaction.® In the case of 19G, many Tyr residues are part of the Fab region; therefore,
we would expect the lgse/lgso ratio to be sensitive to Tyr side chain interactions with
neighboring protein molecules, originating from dipole—dipole interactions. Such
interactions was estimated from a theoretical calculation.?

We compared the Raman spectra in the region from 820 to 890 cm™* for 10 and 200
mg/mL solutions of IgG and found that the Igse/lg3o ratios at these two concentrations
differed (Fig. 6a). Another band at 877 cm™ is attributed to a benzene 12-like vibration
from the phenyl ring coupled with N.—H bond motion.*® To calculate the ratio at each
concentration, we fitted the 830 and 856 cm ™ bands and another 877 cm™ band with a
Gaussian—Lorentz function, and normalized the bands by the intensity of the 877 cm™
band (the fitting results are indicated by the blue curves in Fig. 6a). Comparison of the
Igse/lg3p ratios at concentrations ranging from 10 to 200 mg/mL shows that the ratio
starts to increase at 30 mg/mL and becomes saturated at concentrations of >80 mg/mL
(Fig. 6b). This result suggests that the side chain begins to interact at a concentration of
30 mg/mL as the distance between the molecules decreases and become saturated at
concentrations greater than 80 mg/mL, because the molecules are tightly packed at this
concentration.
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3-6. Bandwidth of Trp

The Raman band for the ring-breathing mode of the indole ring of Trp appears at
760 cm* (Fig. 7a). We found that the width of the band did not vary with concentration
in the range of 10 to 200 mg/mL (Fig. 7b), indicating that the conformation of the indole
ring was unaffected by changes in concentration. The Raman band at 1555 cm ™ is due
to the C=C stretching vibration of the C,=C3-C,—C, moiety of the indole ring,>"*® and
this band is a conformational marker that provides information about the torsion angle
(v21) of the C,=C3-C,—C, moiety. In contrast to the width of the 760 cm* band, the
width of the 1555 cm™* band increases with increasing concentration up to 80 mg/mL as
shown in Fig. 7c,d. The increase of the width of this band can be explained by the
excluded volume effect, because in highly concentrated solution, the entropy AS
decreases and Trp residue avoid the unfavorable steric repulsion to other amino acid
residue, which increases the variety of the conformation of Trp. From our previous
study®, the width of this band at 1555 cm™ can be used as a maker band of the
molecular interactions, thus this result indicates that as the concentration increases,
molecular interactions, such as long-range repulsion, between IgG molecules increases.
We expected the band to continue to increase in width at concentrations of >80 mg/mL,
but no such increase is observed. One possible reason for this result is that in this

concentration range, the protein may be in a metastable state.

4. Discussion
4-1. Relationship between the Distance between Molecules and Their Interactions
To evaluate molecular interactions at high concentration, we must consider the
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relationship between changes in the Raman spectra and the distance between the protein
molecules. To estimate the distance between IgG molecules at each concentration, we
calculated the mean nearest-neighbor distance on the basis of particle size and particle
dimension number. Although the true shape of an antibody is not that of a sphere, 1gG

can be approximated by a simple hard spherical particle with a radius (R) of 4.4 nm.?

The mean interparticle surface separation (r) for non-interacting hard spheres is given

by

(rY=2R(2-1), (5)

where A is the mean distance between the centers of mass of the nearest neighbors
obtained from a conditional pair distribution function (Fig. S6a). Mean distance A can

be expressed in terms of the volume fraction (¢),

PR ol ) (6)
244(1—$12)

which is given by

47R®

3M IN,C, ()

¢=(

where M is molecular weight (150,000) and C is protein concentration (mg/mL).
We plotted the calculated <r> values for 1gG molecules as a function of
concentration (Fig. S6b). At concentrations up to 50 mg/mL, the distance between the

IgG molecules decreases exponentially, whereas above 50 mg/mL, <r> decreases more

slowly. At about 50 mg/mL, the distance between the 1gG molecules is approximately
the same order of magnitude as the size of the protein. By using this calculated result,

the horizontal axis of the concentration was converted to the one of the distance
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between the molecules.

In Figs. 8a—c, the width of the band at 1555 cm?, the Igsg/lgso ratio for Tyr, and the
l1004/ 11240 ratio for Phe are shown as a function of the distance between molecules. In
Fig. 8a, there is a steep rise in the width of the band at 1555 cm™ as the distance
decreased from 50 to 5 nm; that is, the bandwidth starts to change even when the
distance between the 1gG molecules is still relatively long. This result implies that the
increase in the conformational flexibility of the protein is due mainly to an electrostatic
repulsive interaction that acts even over long distances. In Fig. 8b, the Igse/lg3o ratio for
Tyr increases with decreasing distance (increasing concentration). In particular, there is
a steep rise in the ratios when the distance between the 1gG molecules decreases from
<5 nm to 2 nm, and at distances longer than 2 nm, the ratios becomes saturated.
Compared with the change in the 1555 cm* band, this change begins when the distance
between the 1gG molecules is relatively short. This result indicates that side chain
interactions become important as the IgG molecules approach each other. In Fig. 8c, the
l1004/11240 ratio for Phe drastically increases at distances of less than 2 nm. This result
indicates the CH-—r interaction occurs when the 1gG molecules are within a distance of
half of their radius (i.e., almost attached to each other).

On the basis of our results, we propose that the molecular interactions take place in
a stepwise process that depends on the distance between the molecules. In the tested
concentration range (10-200 mg/mL), the secondary structure of 1gG did not change;
however, the molecular interactions of the protein molecules changed as the
concentration changed, as shown in Fig. 9. The boundary value of the distance is almost

the same as the van der Waals radius of the IgG molecule. The details are shown below.
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4-1-1. C <30 mg/mL (dy > R)

In this state, the distance between the IgG molecules is larger than R. The 1gG
molecules remain disperse in solution and interfacial water still exists around the
protein. Most of the 1gG molecules interact with the surrounding water and they are
kept stable by the hydrogen interactions with water. Under these conditions, the

electrostatic repulsive interactions still predominate.

4-1-2. 30 mg/mL < C <80 mg/mL (R/2<du<R)

In this concentration range, the distance between the IgG molecules is less than R
but larger than R/2. In this range, the 1gG molecules start to interact with neighboring
IgG molecules as seen from the assessment of the peak intensity ratio lgse/lgso. The
amount of the interfacial water hydrated with IgG molecules decreases as the
concentration increases, as shown by the water Raman band. In other words, the
interaction between the 1gG molecules and the water has changed to interactions among
the 1gG molecules themselves. Therefore, in this range, short-range attractive
interactions, such as the dipole—dipole interaction, begin to occur between the proteins

with the displacement of the interfacial water around protein.

4-1-3.C >80 mg/mL (R/2>dwm)

At these concentrations, the distance between the 1gG molecules is less than R/2.
The 1gG molecules are tightly packed and almost all of them interact with neighboring
IgG molecules as demonstrated by the side chain interaction from the assessment of the
peak intensity ratio lgs¢/lgsp. There is almost no interfacial water because the water
molecules are hydrated with 1IgG molecules. In addition, CH—= interactions start to
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occur because the distance between the molecules is less than a few nanometers
according to the Phe band analysis. Therefore, in addition to the dipole—dipole
interaction between proteins, this second type of short-range attractive interaction
begins. This state is the precursor state to aggregation.

In conclusion of the concentration dependence measurement, our results show that
although in the tested range of concentrations (10-200 mg/mL), the secondary structure
of 1gG did not change, as the concentration changed, short-range attractive interactions
between IgG molecules began to occur, which correlated with the amount of interfacial
water present. This correlation between short-range interaction and hydrated water also
suggests that pH and cosolute adjustment is highly effective in stabilizing proteins in

high-concentration solution.

4-2. The application of the marker bands
On the basis of the knowledge discussed above, we performed additional
experiments (i) pH effect, (ii) Salt effect and (iii) the storage stability test to demonstrate

the practicality of the marker bands.

4-2-1. pH Effect

The band intensity ratio lgse/lgzp 0f Tyr can be a marker for the evaluation of the
side chain interactions for many kinds of protein molecules. IgG molecules, in particular,
have a number of Tyr residues in their Fab region, suggesting that this band would be
sensitive to the side chain interactions. To investigate the pH effect on the
protein-protein interaction, the concentration dependence measurement at pH4.0 was
carried out and compared to the one at pH6.0. The concentration dependence of lgse/lg30
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of Tyr at pH6.0 and 4.0 are shown in Figs. 10a and b. The ratio lgse/lg3o at pH6.0 starts
to increase from 30 mg/mL to 80 mg/mL and the averaged inclination (dR/dC) of the
ratio lgse/lsao With respect to the concentration is 4.6 x 10~ as shown in Fig. 10a. On the
other hand, as shown in Fig. 10b, the ratio lgse/lg30 at pH4.0 starts to increase from less
than 10 mg/mL steeply and get saturated at around 40 mg/mL and the averaged
inclination dR/dC at pH4.0 is 2.2 x 10°2. Of note is that the lgse/lgao gets saturated in the
lower concentration than pH6.0 and the dR/dC at pH4.0 is larger than the one at pH6.0.

This result indicates that there is potentially an increased tendency to form
aggregation at pH4.0, in other words, the cohesive strength will be relatively strong at
pH4.0, since IgG molecules are positively charged at pH4.0% and their intramolecular
interaction destabilizes. Thus, it could be expected that the molecules unfolds partially
and the hydrophobic part of the molecule is exposed to the solvent. This change could
lead to the oligomerization or aggregation. In contrast, at pH6.0, IgG molecules are
more stable, thus the cohesive strength will be relatively weak. In this manner, the
averaged inclination dR/dC can be a useful maker to assess the cohesive strength. (Fig.
10c)

Assuming that the concentration induced oligomerization from the monomer of the

IgG molecule is the equilibrium reaction, this can be expressed shown below (eg8).

Kn

MZN, (8)
where M is the monomer of the 1IgG molecule and N is the oligomer or aggregation. On
the basis of the equilibrium reaction shown above, Ky is defined as the equilibrium
constant of the monomer for high oligomer species. Although the Ky is intrinsically not
the same as the averaged inclination dR/dC and the equilibrium equation needs the

assumptions, the dR/dC may have some correlations with Ky.
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4-2-2. Salt Effect

To investigate the salt effect on the protein-protein interaction and demonstrate the
practicality of the ratio lgse/ls3o Of Tyr, the salt concentration dependence measurements
were performed. The IgG solutions were 50 mg/mL at pH6.0 and the salt concentrations
were 10, 50, 100, 500, 1000 mM. The ratio lgsg/lgzp Of Tyr of each concentration is
shown in Fig. 11. It is of interest that the ratio has a higher value when the salt
concentration is less than 50 mM and more than 500 mM, while the ratio has a
minimum at 100 mM. This result indicates that the side chain interactions works
powerfully when the salt concentration is less than 50 mM and more than 500 mM. In
other words, at 100 mM, the IgG molecules are more stable. This result implies that at
lower concentrations, the electric repulsive interaction is dominant and it destabilizes
the proteins while at higher concentrations, the salting-out effect induces the attractive
protein-protein interaction. The previous experimental research supports this result.**
In this way, the ratio lgse/lgzo Of Tyr can be used to assess the protein stability and it

was confirmed that at 100 mM, the salt of NaCl stabilized the protein effectively. This

band will also be used for the optimization of the drug formulation.

4-2-3. Storage Stability Test

The band at 1004 cm ™ of Phe could be useful for the storage stability test, since its
intensity increases when the molecules get in the pre-aggregation state. To demonstrate
the practicality of this band, we performed the storage stability test (3 month in 4°C). In
Fig. 12a, the spectra of 100 mg/mL IgG solution, just after the preparation (red) and
after the storage stability test (blue) are shown respectively. The spectra are normalized
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at 1240 cm . Both solutions are transparent apparently. It is of interest that the band
intensity at 1004 cm* of the one after 3 month in 4 °C is much larger. This indicates
there are amount of the aggregation of the IgG solution after the storage stability test,
although it is transparent. The band intensity ratio lo04/l1240 Of this sample are plotted in
Fig. 12b. The averaged band intensity ratio l1po4/l1240 Of the fresh sample in the range of
normal state (10-90 mg/mL) and in the pre-aggregation state (100-200 mg/mL) shown
in Fig. 5e are also plotted as references. The error bars in this Figure is 3 standard
deviation of each data set. Compared to these two regions, the value of the sample after
the storage stability test are 4 times larger than those fresh samples. In this manner, the
band intensity ratio l1g04/l1240 Will be a practical maker band to evaluate the aggregation.

As shown above, these application studies have shown the practical potential of
Raman spectroscopy in highly concentrated antibody solution. Additional work
involving more quantitative evaluation of the aggregation of antibodies will be carried
out in the near future.

On the basis of these results of this application studies, it is also concluded that
Raman spectroscopy is a valuable method for the study of highly concentrated solutions
that can provide conformational and interaction information about each functional group,
especially of the aromatic residue such as Phe, Tyr and Trp. While conventional
colloidal approaches are powerful to describe the behavior of molecules simply, this is
only the case when the concentration is relatively low and the molecules are
monodisperse. As the concentration increases, molecules interact with each other,
leading to oligomerization or aggregation. At such concentrations, conformational
information or knowledge about the interactions of each functional group is important,
and can be obtained by using Raman spectroscopy. Therefore, Raman spectroscopy is a
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useful complementary method for the study of highly concentrated solutions.

5. Conclusions

We used Raman spectroscopy to perform concentration-dependent measurements of
highly concentrated antibody solutions over a wide range of concentrations (10-200
mg/mL). Our analysis of the amide | band, Igse/lgso Of Tyr, relative intensity of Phe at
1004 cm ™, and the OH stretching region at around 3000 cm* together showed that at
these concentrations, the secondary structure of the IgG molecules does not change;
however, short-range attractive interactions around Tyr and Phe begin to occur as the
distance between the IgG molecules decreases. Our analysis of the OH stretching region
at around 3000 cm* further showed that these short-range attractive interactions
correlate with the amount of hydrated water around the 1gG molecules. Thus a
conformation-based approach using Raman spectroscopy can provide valuable
information especially regarding highly concentrated solutions, whereas conventional

colloidal approaches work well for dilute solutions.
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Figure 1. Raman spectrum of the 100 mg/mL IgG solution (a) in the fingerprint region
and (b) in the CH and OH stretching regions.
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(b) water (blue) by MCR-ALS analysis. (c) The normalized concentration Cg of each
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Figure 10. Band intensity ratio lgse/lgzo of Tyr of the IgG solution at (a) pH6.0 and (b)
pH4.0 as a function of the concentration. (c) Schematic representation of the
concentration dependence of the IgG molecules and the definition of dR/dC.
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Figure 11. Salt concentration dependence of band intensity ratio lgse/lgzp of Tyr of the
IgG solution.
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Figure 12. (a) Raman spectra of the 100 mg/mL IgG solution just after the preparation
(red) and after the storage stability test (4 °C, for 3 months) (blue). (b) Band intensity

ratio lipoa/l1240 OF Phe of each concentration and after the storage stability test.

6. Supporting Information

The results of PCA (REV, RMSECV) are supplied as Supporting Information 1,
3, 5 (Figs. S1, S3, S5). Concentration dependence of Raman spectra in CH and OH
stretching region (Fig. S2), the abstract spectra of MCR-ALS analysis (Fig. S4) and
distance between the molecules of the 1gG solution as a function of concentration (Fig.

S6) are also supplied as Supporting Information 2, 4, 6.

6-1. Supporting Information 1
To estimate the number of the chemical species, REV and RMSECYV in the amide |
band region were calculated. In Fig. S1a, the REV is shown. Given that the changes in

eigenvalue against factor level were drastic, we plotted the ordinate axis using a
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logarithmic scale. As shown in the figure, as the number of the factor increases, the
REV score decreases. A small REV score indicates that the factor is from a minute
species or is noise. After the second loading, the eigenvalue decreases rapidly and the
loading value is almost the same as the noise level. This result indicates that the factors
after the second factor can be attributed to random noise. The RMSECYV score was also
plotted in Fig. S1b. As shown in the figure, after the second loading, the RMSECV
score is almost constant. Both REV and RMSECV, thus show that there are two
chemical species in this concentration data set of the amide I band.

REV

RMSECV

0.05

0 2 4 6 8 10 12 14

Factor

Figure S1. Plots of (a) reduced eigenvalue (REV) and (b) root-mean-square prediction
error of cross-validation (RMSECV) against the factor level of the PCA in the amide |
band region.

6-2. Supporting Information 2

We subjected the data set of the concentration dependence spectra in the CH
and OH stretching regions (0 mg/mL (buffer solution) and 10 to 200 mg/mL) to PCA.
The Raman spectrum in the CH and OH stretching regions of the IgG solution at 10, 40,
80, 100, and 200 mg/mL are shown in Fig. S2. As the IgG concentration increases, the
intensity of the CH stretching bands (2940 cm™) also increases.
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Figure S2. Raman spectrum in the CH and OH stretching regions of the 1gG solution
and the buffer solution. The concentrations are 10, 40, 80, 10, 50, 100, and 200 mg/mL,
respectively.

6-3. Supporting Information 3

For the estimation of the number of the chemical species, REV and RMSECV
of the data (0-200 mg/mL) in the CH and OH stretching regions were calculated as
shown in Figs. S3a and S3b. Both the REV and RMSECV for the first and second
factors are more than two orders of magnitude larger than that after the second factor,
indicating that there are two main species in these plots. In addition, there appears to be
four minute species, suggesting that highly concentrated solutions can contain various
minute species.

6-3-1. Lower Concentrations (0—-60 mg/mL)

For the lower concentrations, the data set included 10-60 mg/mL and the buffer
solution. The results of the REV and RMSECV are shown in Figs. S3c and S3d. The
REV after the third factor is almost constant, suggesting that the factors after the third
factor can be attributed to random noise. Of note, although the third factor is small, it
may represent a minute species. The RMSECV results are similar to the REV results,
with two main species represented in the RMSECV plots. The RMSECYV after the third
factor does not improve the value, again indicating that the factors after the third factor
can be attributed to random noise. Taken together, these results show that there are three
species in the data set at these concentrations: two main species and one minute one.

6-3-2. Higher Concentrations (60-200 mg/mL.)
For the higher concentrations, the data set included 60—-200 mg/mL and the
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buffer solution. The results of the REV and RMSECYV are shown in Figs. S3e and S3f.
The REV after the second factor is almost constant, suggesting that factors after the
second factor can be attributed to noise components. The RMSECV shows similar
results to those of REV. The RMSECV after the second factor is two orders of
magnitude smaller than after the second factor, again indicating that factors after the
second factor can be attributed to noise. Taken together, these results show that there are
two main species at these concentrations.
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Figure S3. Plots of (a,c,e) REV and (b,d,f) RMSECV against the factor level of the PCA
in the CH and OH stretching regions. Concentrations: (a,b) 10-200 mg/mL; (c,d) 10-60
mg/mL; (e,f) 60-200 mg/mL.
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6-4. Supporting Information 4
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Figure S4. An overlay of abstract Raman spectra of a component of the protein with
hydrated water at the lower (10-60 mg/mL) and the higher concentrations (60-200

mg/mL).

6-5. Supporting Information 5

The results of the REV and RMSECYV in the fingerprint region were plotted by
using PCA (Figs. Sba, b). Since the REVs for the first through the third factor are more
than one order of magnitude larger than the REV for the fourth factor, there are three
main species in the data set. In addition, the REV after the third factor is almost constant,
indicating that factors after the third factor can be attributed to random noise. The
RMSECYV shows a sharper result than the REV. There is a break at the third factor in the
RMSECYV plots, again suggesting that there are three main species in the data set. Thus,
both results show that there are three main species at these concentrations.
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Figure S5. Plots of (a) REV and (b) RMSECV against the factor level of the PCA in the
fingerprint region.
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6-6. Supporting Information 6
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Figure S6. (a) Schematic representation of the model of hard spherical particles for the
calculation of the mean nearest-neighbor distance. (b) Distance between the molecules
of the IgG solution as a function of concentration.
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Chapter 5. Conclusions

The present study aims at establishing a methodology for the understanding of the
protein behavior in the crowding / highly concentrated solution by using Raman
spectroscopy and describing their behavior in detail. In addition, using these established
methods, the practical application and its potential for the evaluation of the
protein-protein interaction in the highly concentrated antibody solution have been
shown.

In Chapter 2, the structure and interactions of lysozyme molecules over a wide
range of concentrations (2.5-300 mg/mL) have been investigated by using Raman
spectroscopy. In this concentration range, the amide | band was not affected by
concentration, but the width of the Trp band at 1555 cm™, the lgs/lgs7 ratio of Tyr, the
Ig70/lg77 ratio of Trp, and the lg40/13420 ratio changed as the concentration was increased.
These results indicate that although the distance between molecules changed by more
than an order of magnitude over the tested concentration range, the secondary structure
of lysozyme did not change. In contrast, interactions between the molecules did change
in a stepwise process as the order of magnitude of the distance between the molecules
changed. These results also indicate that fundamental marker bands can be used to
evaluate high-concentration solutions of protein and that the use of Raman spectroscopy
can be expected to lead to progress in our understanding not only of the basic science of
protein behavior under concentrated (i.e., crowded) conditions but also of practical

processes involving proteins, such as in the field of biopharmaceuticals.
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In  Chapter 3, wusing the established method in Chapter 2, the
concentration-dependent measurements of BSA solutions at pH7.0 and 3.0 by Raman
spectroscopy has been carried out to discuss the entropic effect and the soft chemical
interaction under these different conditions as an advanced study. Raman spectroscopic
data have revealed that the entropic effect, soft chemical interactions, and hydration
effect are tightly balanced in crowded environments. In addition, it has been found that
the “hard”” molecule is not sensitive to the crowding effect such as the excluded volume
effect, while the “soft” molecule is sensitive to the one.

In Chapter 4, on the basis of the knowledge of the study of a model system of
lysozyme and BSA in Chapters 2 and 3, the protein-protein interactions has been
discussed in a highly concentrated antibody solution as a practical system and the
application studies have been performed to show the practical use. In addition, in these
studies, the importance of the conformational information or knowledge about the
interactions of each functional group has been shown and these knowledge can be
obtained by using Raman spectroscopy. Therefore, it has been concluded that Raman
spectroscopy is a useful complementary method for the study of highly concentrated
antibody solutions.

In this thesis, the methodology for the understanding of the protein behavior in the
crowding / highly concentrated solution has been established by using Raman
spectroscopy and the detail behavior of proteins in the crowding environment has been
described in the model and practical system. These knowledge and methodology will
likely lead to progress in understanding and describing the molecules in more real and

complex molecular crowding environments in the near future.
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