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SUMMARY

The work in this thesis focused on using spectroscopic methods to study the
refolding of reduced and mutant lysozymes with surfactant micelles and lipid vesicles,
and the cross-linkings of collagen and dentin with highly biocompatible plant-derived
proanthocyanidins (PACs).

The reformation of secondary structure for disordered, disulfide reduced hen
egg white lysozyme (HEWL) upon interaction with surfactants and lipid vesicles was
studied using Circular Dichroism (CD), fluorescence and infrared (IR) spectroscopic
techniques. Equilibrium CD studies showed that reduced HEWL when mixed with
negatively charged surfactants above critical micelle concentration (CMC), such as
sodium dodecyl sulfate (SDS), or with lipid vesicles having negative head groups, such
as DMPG at concentration above CMC, can regain helical structure but lose tertiary
structure in such environments. Fluorescence studies showed the changes in the local
environment of the tryptophan residues. Comparing the results between oxidized
HEWL, reduced HEWL and the 0SS and 1SS (with zero and one disulfide bond,
respectively) mutants provides an example of the role of disulfide bonds on the protein
folding process. With positively charged/zwitterionic surfactants or lipid vesicles, the
interactions with reduced HEWL are weaker and thus the degree of helicity recovered
is less. Stopped flow dynamics studies showed that both the CD kinetics and the
fluorescence kinetics can be fit to two or three exponentials. The faster steps in CD and

fluorescence detected kinetics appear to be correlated, which suggests formation of an

Xiv



intermediate on rapid interaction of the surfactant micelles or lipid vesicles and the
protein. The slow steps suggest that the protein further rearrange its structure, continue
to gain helical content and relax packing of the tryptophan residues, for which the
hydrophobic interactions are the major driving forces.

ATR-FTIR and fluorescence spectroscopic analysis were used to study the
mechanism of interactions of PACs with collagen and with dentin. The PACs used are
from vitis vinifera grape seed extract. Two cross-linking agents, glutaraldehyde and
carbodiimide hydrochloride, with known cross-linking mechanisms, were selected for
comparative analyses. Both the ATR-FTIR and fluorescence results evidence different
mechanisms for these three cross-linking agents. A new feature was observed in the
ATR-FTIR spectra in PACs-treated collagen and dentin, suggesting a covalent bond
formation between collagen and PACs. PACs-treated collagen also shows different
patterns of changes of fluorescence from the chemical cross-linkers, further supporting

a different mechanism in dentin.
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1. Introduction
1.1 Protein structure and its determination

Proteins are heterogeneous polymers, also known as polypeptides, of amino
acids and play various functions in various biological processes in all living organisms
on earth. The common monomers, or residues, for proteins are 20 naturally occurring
a-amino acids, with the amino and carboxylic acid groups separated by a single carbon,
all of which have the chiral L-form except for the non-chiral glycine. Amino acids can
link together through the formation of a peptide bond between the carboxyl group (R-
COOH) of one amino acid and the amino group (NH2-R) of the following amino acid,
during which the two functional groups would condense and form an amide bond by
losing one water molecule. Since each amino acid has both the carboxyl group and the
amino group, they can be connected to each other in a sequence and forming a linear
polymer known as polypeptide chain. Depending on the length of the polypeptide chain,
they are sometimes called peptides for chains under 40 residues and proteins or
polypeptides for longer chains.) The primary structure of proteins refers to the order
in which the amino acids are covalently linked by peptide bonds, or the sequence of
amino acids, and the location of covalent linkages such as disulfide bonds between
amino acids. The primary structure of a protein is unique to the specific protein and is
a fundamental aspect of the structure and function of the protein.

The peptide amide bond has a planar character because it has a partial
delocalized double bond nature which favors a planar conformation. Due to the planar

peptide bond, the polypeptide chain only twists or rotates at the single bonds on either



side of the a-carbons. The torsion angle ¢ (phi) for rotation about the N-Ca bond and vy
(psi) for rotation about the Ca-C bond are thus the two main degrees of rotational
freedom in the polypeptide chain (ignoring side chain formations), as shown in Figure
1-1. The planar character of peptide amide bonds, and the corresponding dihedral
rotation angles (¢ and ), determine the local conformation of the polypeptide chain.
Not all y and ¢ angle combinations are allowed due to the stereochemical interactions
of adjacent residues and stereochemical conflict within the polypeptide chains. A
Ramachandran plot (Figure 1-2) shows the favored and excluded conformations of v
and ¢ angles for simple peptides that result in different protein secondary structures.®
Driven by a number of non-covalent interactions such as hydrogen bonding, ionic
interactions, van der Waals forces, and hydrophobic effects, sequential residues in
protein polypeptide chains adopt several (¢, y) repeat patterns in the main chain, which
are called protein secondary structure. The most commonly occurring secondary
structures are alpha-helices,® the beta-sheets,® and turns and loops® that can be seen
to occupy local minima in the Ramachandran plot.

Tertiary structure is the global 3-dimensional protein structure, assembled from
different secondary structure building blocks or segments. Hydrogen bonding,
hydrophobic effects, ion pairs and disulfide bonds are the four driving forces for the
formation of protein tertiary structure. Hydrogen bonds can be formed between
backbone groups, between side chain groups and between backbone groups and side
chain groups. Hydrophobic amino acid residues can stabilize the tertiary structure by

collapse of their side chains to a compact structure excluding water from that part of
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Figure 1-1. The ¢, y angles between two consecutive amino acid residues in a
polypeptide chain, indicating direction of positive rotation. The shaded areas represent
amide bond planes.
Derived from “Textbook of Biochemistry: With Clinical Correlations” 4" edition by
Thomas M. Delvin.



The Ramachandran Plot.
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Figure 1-2. Ramachandran Plot describing the phi and psi angel combinations for
protein secondary structures.

Reference from http://swissmodel.expasy.org/course/text/chapterl.htm.



the sequence. Charged amino acid side chains can form ion pairs to provide electrostatic
stabilization interactions, and are also capable of hydrogen bonding. When the charged
or hydrophilic residues are on the water-exposed surface of a folded protein, they
provide stabilization for the overall tertiary structure and solubility. Disulfide bonds are
strong covalent bonds that can form between cysteine residues under oxidizing
conditions when they are close in the folded structure, and they can help to maintain
the tertiary structure by adding considerably to the folding stability. Protein quaternary
structure refers to the number and arrangement of multiple folded protein subunits in a
multi-subunit complex. Figure 1-3 gives a brief review of the primary, secondary,
tertiary and quaternary structures of proteins.

Many analytical techniques have been developed to study protein structures. X-
ray crystallography and nuclear magnetic resonance (NMR) spectroscopy are the two
most widely used experimental techniques available that provide detailed three-
dimensional structural information of proteins and peptides and can achieve atomic
resolution or site-specific resolution. X-ray crystallography can determine the 3D
electron density distribution of atoms in the protein (in the crystallized state) and
thereby infer the 3D coordinates of all the non-H atoms to a certain resolution.® 7)
Currently around 90% of the protein structures available in the Protein Data Bank have
been determined by X-ray crystallography. Its strict requirement for crystallization of
the protein, which is often difficult to achieve, limits the use of X-ray crystallography.®
Roughly 9% of the known protein structures have been obtained by nuclear magnetic

resonance (NMR) techniques, which is sensitive to inter nuclear (atomic) distances and



Primary structure
amino acid sequence

Secondary structure
regular sub-structures

Tertiary structure
three-dimensional structure

Quaternary structure
complex of protein molecules

Figure 1-3. Protein Structure: from primary to quaternary structure.
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can also be used to determine secondary structure of specific residues. With rapid
experimental and theoretical advances, the ability to use NMR for structure
determination of larger proteins has been greatly improved, especially with multi-

s.011)  However, NMR also has some

dimensional experimental technique
disadvantages: a concentrated protein solution is required; most NMR studies require

isotopic labeling for better spectral resolution; and the analysis requires complicated

data acquisition, processing and interpretation.

Optical spectroscopic techniques are often used to determine lower resolution
structural characteristics of proteins, i.e. average secondary structures and changes in
tertiary structure, as well as inter residue distances in some cases. Optical spectra lack
the atomic resolution provided by X-ray crystallography and NMR techniques, but have
several advantages. First, there are a variety of optical spectroscopic methods available
including ultraviolet-visible (UV-Vis) absorption, fluorescence, circular dichroism,
infrared and Raman spectroscopy. Each can provide information about protein or
peptide structure and has its own distinct advantages. The combination of them can be
used to derive complementary structural information even though none of them can
provide a complete picture of protein or peptide structure. Second, sample requirements,
such as concentration and states (gas, liquid, or solid), are moderate so that they can be
applied to more complicated systems under different conditions. Third, optical
spectroscopic techniques have very fast time response so that dynamics of structural

changes can be monitored and followed.



1.2 Protein folding

The physical process by which a polypeptide chain in random coil or disordered
state folds into its unique and functional three-dimensional structure is called protein
folding.(? 13) Proteins of a given primary structure often fold into a unique 3-D structure
and as a result, the amino acid sequence seems to carry the information necessary to
specify the final native 3-D structure of the folded state. Misfolding into a non-native
structure usually results in inactive and possibly disease-causing proteins.(4 15
Understanding protein folding mechanisms can help us to predict the folding outcomes
of a given sequence and thus help develop an understanding of the functions of the
protein. Ionic interactions, van der Waals and dipole interactions, hydrogen bonds and
disulfide bonds can all contribute to thermodynamic stability of the protein final
structure. The entropy contributions to the stability of protein structure can be from the
protein folding process, which results in lower entropy, or from the solvent, which gains
considerable entropy as a protein folds because of the hydrophobic effect which leads

to burying (desolvation of) non-polar residues.

From the thermodynamic point of view, a protein may search out all possible
outcomes to find the final native conformation which has the lowest free energy. Each
amino acid would have numerous possible favorable or unfavorable conformations and
as a result, a typical protein with multiple amino acid residues would have an
astronomical number of possible conformations. If even a very small time interval is
used for each step in the searching process, this would result in an extremely long

overall folding time scale. Such a time is incompatible with experimental protein



folding, which may take microseconds or miliseconds.®® 17) This is called the famous
Levinthal's paradox,® whose solution is that the protein folding process also has
kinetic control, in addition to the thermodynamic control in the protein folding
process.?) Protein folding follows particular pathways, not random and time-
consuming searches, to seek the lowest free energy state.?Y As a result, the protein
amino acid sequence must provide not only the information to specify the final 3-D
structure of the folded state, but also information to guide the folding process to follow
particular pathways and avoid others.®Y) The “framework model” proposes a two-stage
folding process, in which local native secondary structure segments are formed first and
then these segments subsequently coalesce to form the tertiary structures.? 23 The
“hydrophobic collapse model” describes the initial stage of protein folding, during
which the protein may form a more compact, so-called “molten globule” state by
collapse or condensation of its hydrophobic side chains as driven mainly by
hydrophobic effects and subsequent exclusion of the hydrophilic water molecules from
the local environment.?* 25 The molten globule state usually develops significant
secondary structure, which may or may not be similar to the native form, but it does not

have a definite tertiary structure.

The energy landscape theory®®) uses a three-dimensional “funnel” approach to
visualize the correlation between the conformational space of a protein (cross-sectional
area of the funnel) and the relative free-energies of the conformations (height in the
funnel), as shown in Figure 1-4. It organizes an ensemble of partially folded structures

on a free energy surface, which resembles a funnel with a partially rough surface. The
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Figure 1-4. The “folding funnel” free energy landscape scheme of protein folding and

aggregation.
Drawn based on concepts from Brooks III, Charles L., Onuchic, José N., and Wales,

David. J. (2001) Science 293, 612—-613 and Hartl, F. Ulrich and Hayer-Hartl, Manajit
(2009) Nature Structural & Molecular Biology 16, 574-581.
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native state with the lowest energy lies at the bottom of the funnel and local free energy
minima correspond to transient kinetic traps and intermediates at various points on the
sides. The folding process is correlated in a way that the search for a minimum in each
step is improved in efficiency over the preceding steps, because an energy lowering
step also reduces the conformational freedom of the system. Each step not only lowers
the energy, but also restricts the possible paths in the search towards the global energy
minimum solution along the energy funnel. The energy landscape theory allows
multiple folding pathways for a certain protein, which may take the steepest route
(fastest), or a slower route that bypasses certain kinetic traps with local minima and

transition states with local maxima.

The energy landscape theory also provides an explanation for the protein
aggregation mechanism.?”) The protein has conformations ‘funneling’ both to the
native state via intramolecular contacts and toward amorphous aggregates or amyloid
fibrils via intermolecular contacts. In the region of overlap between these energy
surfaces (Figure 1-4, blue and purple region contacts), aggregates can be formed from
intermediates during the de novo folding or destabilization of native state into partially

folded states.
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1.3 The role of disulfide bonds on protein folding

Formation of disulfide bonds is an important aspect of protein folding because
it is thermodynamically linked to protein folding, and thus affects the folding
intermediates and the folding pathways for disulfide-containing proteins. Disulfide
bonds are important posttranslational covalent modifications that occur during protein
folding. Failure to form the correct disulfide bonds usually results in misfolding into
non-native states or protein aggregation. Disulfide bonds are formed by two thiols from
cycteine residues facilitated by an oxidizing environment. There is also disulfide
reshuffling in which the thiolate of a cysteine attacks an existing disulfide bond and
forms a new disulfide bond. The concentration of thiolate anions, the accessibility,
proximity and reactivities of the thiol groups and disulfide bonds are the four major

factors affecting the disulfide bond formation.

It is generally accepted that correctly formed disulfide bonds can stabilize the
native conformation of a protein and destablilize its unfolded state. Disulfide bonds not
only stabilize protein structures, but may also be important for proper folding and
biological activities. The formation of disulfide bonds is closely linked to the protein
folding process and adds an extra dimension of intermediates to the protein folding. (28
There are thus two dimensions of equilibria, including thiol disulfide equilibria and
protein conformational equilibria, involved in the protein folding process (Figure 1-5).
Disulfide bonds can be formed in the unfolded state and thereby limit the

conformational space as the protein then folds into its native structure, or the protein

can first fold into a native-like state and then the disulfide bonds can form. Disulfide



Thiol disulfide equilibria

Thiols »  Disulfides

Unfolded P
A
)
S
'S
T
(]
©
c
.2
& vl vl
= Intermediates P > Intermediates
€ '\ A
o
o
S SH
v
v
g
Folded P

Figure 1-5. Coupling of disulfide bond formation and conformational folding of a
protein.
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bonds may also be formed during intermediate steps in the folding pathway. The protein
folding process can enable or stabilize the formation of disulfide bonds and disulfide
bonds can also affect the kinetics of protein folding. Usually, disulfide bonds in or near
the folding nucleus can accelerate protein folding while disulfide bonds formed in else-
where may actually slow down protein folding, especially if errors in disulfide bond

formation occur.

1.4 Surfactant micelles and lipid vesicles

Surfactants are amphiphilic molecules with both a hydrophilic head group and
hydrophobic tail. At low concentrations, surfactant molecules in a solution are in the
form of individual molecules or monomers. Increasing the concentration of surfactant
in a solution to above a critical concentration, causes surfactant monomers to combine
into the form of large aggregates called micelles with hydrophilic head groups facing
outward shielding the hydrophobic tails from the aqueous solution (Figure 1-6).%% The
concentration above which this occurs is called the critical micelle concentration or
CMC of surfactant. At the CMC, some physicochemical parameters such as the
equivalence conductivity or the surface tension would experience abrupt changes due
to micelle formation. The major factors affecting the CMC are the type of head groups,
the length of the hydrophobic tail, ionic strength of solution, pH value®® and
temperature. Surfactants can be classified into anionic surfactant, cationic surfactant,

zwitterionic surfactant and nonionic surfactant based on the character of head groups.
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Surfactant molecules can bind to proteins and form protein-surfactant
complexes which results in changes to the protein secondary and tertiary structures. V)
There are three major models proposed for the structure of protein-surfactant
complexes.®? The “necklace and bead” model describes the protein-surfactant complex
as the string of a necklace represented by the flexible polypeptide chain with the beads
formed from the surfactant micelle-like clusters. The “rod-like particle” model claims
that the polypeptide chain forms the core of a rod with the surfactant molecules bound
along the rod length. In the “flexible helix” model, the surfactant molecules form a
flexible cylindrical micelle and the polypeptide chain can then wrap around the

cylindrical micelles.

Phospholipids, which are the major components of the lipid bilayer of cellular
membranes, contain a head group and one or more acyl hydrophobic chains. Lipids can
self-assemble to form a lipid bilayer and form vesicles in an aqueous environment, by
which the polar heads of the lipids oriented towards the polar, aqueous environment
and the hydrophobic tails minimize their contact with water and tend to align together
inside the bilayer (Figure 1-6).%9) There is a transition temperature (Tm) for the
phospholipid bilayers, at which the structure will undergo a phase change from a gel
phase to a liquid crystalline phase. In the gel phase below the transition temperature,
phospholipids are tightly packed and ordered, while in their liquid crystalline phase,
their packing is loose and they are more fluid. The properties of the lipid acyl chains
can affect the transition temperature and the packing of lipid bilayer. For example,

introducing a double bond into the acyl chains tends to lower the transition temperature
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of the lipid, increase the fluidity of the bilayer and cause the bilayer to not pack well

due to the double bond kink.

The lipid bilayer has two chemically distinct regions including the interface
region and hydrocarbon core.®® Proteins can bind to the surface of the bilayer through
electrostatic attractions between the charged or polar components of the protein and the
charged or polar head groups from the lipids. Proteins can also insert into the
hydrocarbon core of lipid bilayer where hydrophobic effects are the main driving

forces.

1.5 Thesis structure

This thesis consists of five chapters. Chapter 1 introduces background
knowledge for the related research work described in the following chapters. Chapter 2
summarizes the general sample preparation and spectroscopic methods used. Chapters
3 and 4 present the results for the refolding of reduced lysozyme and mutants with
micelles and lipid vesicles, respectively. Chapter 5 represents my contribution to a
collaborative project studying the collagen-collagen interactions mediated by plant-

derived proanthocyanidins using spectroscopic methods.



2. Material preparations and spectroscopic methods
2.1 Electronic Circular Dichroism (ECD)
2.1.1 Theory for Electronic Circular Dichroism

Electronic circular dichroism (ECD) is a widely used technique for the study of
protein and peptide conformation with high sensitivity. ECD measures the difference
of absorbance between left-circularly polarized (LCP) light and right-circularly
polarized (RCP) light by a sample which arises due to structural asymmetry, typically
evidenced as molecular chirality. All proteins and peptides give rise to measurable ECD
spectra because they are chiral molecules (assuming the peptides are based on L- or D-
amino acids).

According to the Beer-Lambert law, at a given wavelength,

A=A -A, = —log(ll—") —(- log(II—R)) = (g, — &5 )l = AcCl (eq.2-1)

Lo RO

where AA is the difference between absorbance of left and right circularly polarized
light (AL and Ar), Lo and Iro are the intensities of LCP and RCP light before passing
through the sample and Lo is assumed to be equal to Iro (this is a component of
instrument design), IL and Ir are the intensities of LCP and RCP light after passing
through the sample and they may be different due to LCP and RCP interacting with
chiral molecules differently, &€ and &z are the molecular absorptivities for LCP and
RCP light, | represents the path length in centimeters, C is the molar concentration
and Ag 1is the molar circular dichroism. CD is actually measured as AA but most data

is usually reported as degrees of ellipticity (6) or molar ellipticity [0] for historical
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reasons.®*) Degree of ellipticity (0) and molar ellipticity [0] are readily interconverted

from AA or Ag, respectively, by the equations:

A(deg) = AA(HJ(@j =32.98AA (eq.2-2)
4 V4
16)=1900 _ 100Ag[—1n10j(@j = 3298.2A¢ (cq2-3)
Cl 4 V4

Expressing the CD in terms of molar ellipticity [0] removes the linear dependence of
solute concentration and pathlength and has unusual units of deg-cm?/dmol, again for

historical reasons.

2.1.2 ECD of Proteins and Peptides

ECD analyses can provide rapid determination of the average secondary
structure for proteins and peptides in the "far-UV" spectral region (190-250 nm). For
peptides and proteins, the most important CD chromophore in the far-UV region is the
peptide bond, and different protein and peptide conformations (a-helix, B-sheet and
random-coil) show distinct characteristic band shapes and magnitudes of ECD
spectra.®) Figure 2-1 shows the CD spectra for representative protein and peptide
conformations. In the far UV region, the amide chromophore has one n-n* transition
(~220 nm), and two 7-7* transitions (~190 and ~140 nm).®)

CD spectra for a-helices have one positive band (n-n* transition) at around
190~195 nm with a high intensity, 60,000 to 80,000 deg-cm?/dmol, one negative band
at ~208 nm (n-* transition) and a second negative band at ~222 nm (n-n* transition)

both with intensities of -33,000 to -39,000 deg-cm?/dmol.
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Figure 2-1. CD spectra for representative protein secondary structures: poly-L-lysine
in a-helical, B-sheet and random-coil conformations.

Adapted from Greenfield, N. J. and Fasman, G. D. (1969) Biochemistry 8, 4108 with
permission.
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CD spectra for B-sheets have one positive band at around 195~200 nm (n-m*
transition) with an intensity of 30,000 to 50,000 deg-cm?/dmol and one negative band
at around 215~200 nm (n-m* transition) with an intensity of -10,000 to -20,000
deg-cm?/dmol.

Random-coils have one strong negative band at 200 nm (n-n* transition) with
an intensity around -20,000 deg-cm?/dmol and a very weak positive band at 220 nm (n-
n* transition). It is important to note that "random coils" have the same shape ECD as
poly-L-proline II structures, which are left-handed helices.

CD spectra in the near-UV region (250-350 nm) for proteins and polypeptides
can provide important structural information about (or a means of detection for change
in) tertiary structure, typically used to detect loss of tertiary structure on unfolding.®")
Aromatic amino acid side chains, such as tryptophan (250-270 nm), phenylalanine
(280-300 nm) and tyrosine (270-290 nm), and disulfide bonds (broad weak bands
throughout the near-UV region) provide chromophores contributing to the CD signal in
the near-UV region. Near-UV CD spectra can be used to monitor small tertiary structure
changes due to the changes of the environment surrounding aromatic side chains. Such
near-UV CD is usually much weaker than the far-UV CD, first, because there are fewer
chromophores contributing to the near-UV region than in the far-UV region. But more
importantly, the near-UV CD is weaker because they gain most of their chirality through
coupling which is inversely dependent on distance and the separations of the same type
chromophores. Since the separations in a protein can be large, this leads to weaker

coupling. The local protein environment also provides a chiral perturbation but that
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source of CD is weaker, thus near-UV CD spectra require longer path length and/or

higher protein or peptide concentration than do far-UV CD spectra.

2.1.3 ECD Instrument and Measurements

Far-UV CD spectra were measured from 185 nm to 250 nm with a 50 nm/min
scanning rate, 2 s response time, 1 nm bandwidth and as the average of 8 scans on a
Jasco 810 spectrometer (JASCO, Inc.). For equilibrium measurements, the protein
solutions were measured in a 1-mm path length quartz cuvette (Starna, Inc). The
concentration required for CD measurement of protein solutions is determined by
considering the balance between good CD signal and the necessity of avoiding too high
of a HT (voltage) level applied to the PMT detector. This HT voltage level is determined
by an automatic gain control in the instrument which makes the PMT average signal
(current) a constant thus effectively a normalization of the differential (raw CD) signal,
which then scales as AA. All sample spectra were corrected by subtraction of the
corresponding spectrum of the buffer. The fractional secondary structures were
calculated with the CDPro suite of programs
(lamar.colostate.edu/~sreeram/CDPro/main.html) using CD spectra for the 195 nm to
250 nm range. Near-UV CD spectra were measured from 250 to 350 nm with the same
instrument parameters except for using a higher concentration and a 1-cm path length
quartz curvette to improve S/N ratio. A temperature controller (Model CDF-4268S,
JASCO, Inc.) is used to control the temperature of the sample holder for temperature

variation CD measurements.
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2.2 Stopped-flow measurements

For stopped-flow mixing dynamics, a SFM-400 accessory (Bio-logic) and
MPS-52 control console were connected to the Jasco-810 spectrometer. Figure 2-2
shows a simple scheme for the setup. The Xe lamp in the CD spectrometer was changed
to a Xe-Hg lamp to enhance far-UV intensity. The mixing dead time under our
measurement conditions was ~10 ms, but instrument response was much faster and the
signal change large enough to allow determination of kinetics in the ms and longer time
range. The CD signal channel was recorded for 5 s with 1 kHz sampling of the signal
at 222 nm using a 4 nm bandwidth by means of standard JASCO kinetics methods with
a fixed PMT HT and normalization to the detector current (in the software) to determine
AA with a faster response. The total fluorescence signal was simultaneously collected
on the same sample for all emission above 320 nm using a cut-off filter in front of a
separate fluorescence detector which was located at right angles to the CD and
excitation beam. The results for both CD and fluorescence were fit with multiple

exponential functions using the Bio-Kin32 software.
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Figure 2-2. A simple scheme for stopped-flow system setup: collecting CD and
fluorescence measurements simultaneously. Small red arrows indicate fluid flow.
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2.3 Fluorescence Spectroscopy

Intrinsic fluorescent probes such as tryptophan, phenylalanine and tyrosine in
proteins are sensitive to the microenvironment surrounding the probes. The
fluorescence emission spectrum of intrinsic fluorescent probes will have intensity
change or peak position shift when the environment around the probes is changed due
to structure changes or solvent changes.®® Thus fluorescence spectroscopy can provide
information about tertiary structure of proteins and polypeptides. In this thesis we used
excitation wavelength at 295 nm to monitor the fluorescence from tryptophan which
dominates tyrosine and phenylalanine fluorescence. Fluorescence spectra were
measured on a Fluoromax-3 spectrofluorometer (Horiba Jobin Yvon Inc.) with the
samples in a | mmx1 cm quartz cell. Both excitation and emission slits are 5 nm and
the scan speed is 1 nm/s. The emission spectra were collected from 300 nm to 500 nm.

All the spectra were corrected by subtraction of the buffer spectrum.

2.4 UV-Vis Spectroscopy

UV-Vis absorbance at 280 nm was used to determine protein concentration. In
this thesis UV-Vis spectra were also used to carry out a lysozyme activity assay and
measure the CMC for surfactants, for which detailed protocols will be presented in
corresponding chapters. All the UV-Vis absorbance spectra were collected on a CARY

300 Bio UV/Vis (Varian) spectrometer.
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2.5 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)

FTIR spectra are widely used to identify secondary structures of proteins.
Amide I, amide II and amide III bands are usually used for secondary structure
identification.®% 40 The Amide I band (1600 to 1700 cm) arises from the C=0
stretching vibrational mode coupled with N-H bending mode. The Amide II band (1480
to 1580 cm™) is from an out-of-phase combination of N-H bending and C-N stretching
modes. The Amide III band (1229 to 1300 cm™) is primarily an in-phase combination
of N-H bending and C-N stretching modes with some contributions from the Ca’-H
deformation. FTIR usually requires relatively high concentration for proteins,
especially in comparison to ECD measurement, and typically deuterated samples are
used due to the overlap of the H20O bending mode with the amide I band.

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) is a
sampling technique which can examine solid or liquid samples directly without further
preparation like lyophilization, deuteration and IR cell preparation.®!) The light path
length for ATR measurement is about 1 micrometer so there is no requirement to replace
H>O with D20 for aqueous samples, and it can be used to study low concentration
protein systems (if they are evaporated to a film or if a design incorporating a large
number of reflections is used). The FTIR spectrometer (Bruker Vertex 80) was used
with an ATR accessory fitted with a diamond/ZnSe crystal (PIKE MIRacle single/three
reflection ATR). Solution samples were dried on the crystal surface to form a uniform
thin film on the crystal surface and solid samples were flattened onto the crystal surface

using a pressure clamp to better cover the active area. Sample absorbance spectra over
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the range 4500 cm™ to 600 cm™ were collected as an average of 512 scans (10 kHz scan
speed with a DTGS detector) and processed with 3-term Blackman-Harris apodization
and zero filling of 2. Background transmission spectra collected with same
measurement parameters but without sample on the ATR crystal surface were
subtracted as a baseline correction. Polarized ATR of lipid vesicles collapsed on the
surface can provide information about the relative orientation of protein secondary
structures to the lipid membrane surface.? Polarized ATR spectra were collected with
a wire grid polarizer placed in front of the sample for 0° and 90° polarizations of the
incident light beam. The dichroic spectra were obtained by subtracting the spectrum
recorded at 0° from that recorded at 90° using a weight coefficient ratio, Riso. Riso is
obtained by calculating the ratio of integrated absorbance of the lipid carbonyl band
(1699 cm™ to 1770 cm™) in spectra measured at 90° to the integrated absorbance of the

spectra measured at 0°.(42)



3. Interaction of reduced lysozyme with surfactants: Disulfide effects on

reformed protein structure in micelles

This chapter represents work already published in Biochimica et Biophysica Acta 1834,
p593-600 (2013) by Weiying Zhu and T.A. Keiderling

3.1 Introduction

Protein folding remains a vital area of biophysical research. Many proteins fold
spontaneously in a manner that seems based solely on their sequence, while others
misfold or require external conditions or chaperones to aid in folding. Sequence
dependence of folding has dominated many studies over the past few decades, and
remains a fundamental issue. One special aspect arising from the sequence is the role
of Cys and the presence or absence of disulfide bonds in the folding sequence. Forming
the correct disulfide bonds before the polymer folds to a stable secondary and tertiary
structure would greatly limit the conformational entropy, and thus facilitate the search
for a global minimum structure. Conversely forming the wrong disulfide bond will
insert a misfolding step into the mechanism and dramatically slow progress toward the
minimum energy structure.

Previous studies have shown that reduction of disulfide bonds decreases the
stability of the native protein.*>#”) Some studies have maintained that disulfides have
a stabilizing effect on the native state but do not determine either the folding pathway
or the final three-dimensional structure of the protein, so that in such cases disulfide
links can be formed at late stages of the folding process.“® Other studies contradict this

point of view and show that native disulfide bonds can greatly accelerate secondary
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structure formation at early stages of the folding process when the protein has no
defined tertiary structure.9) The effects of disulfide bond formation in the folding
process remain unclear: does correct disulfide bond formation determine the folding
pathway or just stabilize the elements of secondary structures formed and contribute to
the formation of tertiary structure? Sorting these out for proteins in only buffer
conditions is challenging because many reduced proteins do not fold, so no sensible
comparison of structure or stability is possible with the oxidized form.

Ionic surfactants can interact strongly with oppositely charged globular proteins,
often resulting in denaturation.®® Such studies have been long pursued; however, the
mechanism by which the surfactants influence protein structure is still not well defined.
Bovine serum albumin (BSA) has been most frequently studied with sodium dodecyl
sulfate (SDS), a representative anionic surfactant.®:-5) Even millimolar levels of SDS
are known to be a strong denaturant for many proteins, 52 5% yet SDS can also counteract
the effect of other denaturants.®8 5 SDS has been shown to lead to compact, highly
helical (molten globular) structures for acid denatured cytochrome ¢ 8 5% and to induce
sheet-to-helix transformations in B-lactoglobin.®%-62) These effects can be strongly
concentration sensitive, with the latter results being seen for proteins in micellar
environments. Such surfactants may provide a simple model for study of protein-
membrane like interactions (since both offer an interfacial interaction where charge and
hydrophobic elements are separated or organized at some level). These can have some
advantages for biophysical studies due to the higher solubility and smaller size of

surfactants as micellar forms. Membrane interaction (and by extension, surfactants) can
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also offer an alternative folding pathway which may illustrate the relative role of
disulfide bond formation in a consistent medium. Such environments do allow both
reduced and oxidized forms to fold to some structure which can then be compared and
may or may not be related to the native state structure. Kinetic studies of SDS
interaction with proteins are less common than are equilibrium evaluations, but several
studies have been undertaken that monitored heme absorbance changes and near UV
CD,®3 fluorescence changes,® and include previous CD and fluorescence studies of
acid denatured Cyt ¢ from our group.®®)

This study is focused on hen egg white lysozyme (HEWL), which has four
disulfide bonds in its native state (indicated schematically in Figure 3-1), and compares
surfactant effects on folding, or regaining structure to a new state, by study of the
reduced form of the protein as induced by interaction with various surfactants which
provide a model system for study of charge and hydrophobic interactions. These
systems may mimic protein-membrane interactions although the structures and
presumably the detailed interaction mechanisms are admittedly different. It is
interesting to note that, for some gram-negative bacteria, native lysozyme or partially
unfolded forms of lysozyme can penetrate the outer membrane and acquire bactericidal
capacity.®-%") The mechanism of the antimicrobial properties of lysozyme on gram-
negative bacteria is still unclear, and the driving forces behind such interactions of
membrane surfaces and the HEWL structure under such conditions remain an

interesting problem.
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Figure 3-1. The structure of native HEWL with four disulfide bonds shown in yellow
and six tryptophans shown in red and labeled as “W”. In the top figure, the region above
the red line is the B-domain and the region below the red line is the a-domain. The
bottom figure is the rotated view along the horizontal axis.
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3.2 Experimental
3.2.1 Materials

Lysozyme from hen egg white (HEWL) and lyophilized Micrococcus
lysodeikticus cell were purchased from Sigma. A comparative test experiment was
carried out on a mutant lysozyme in which all the cysteines are replaced by alanines
which was kindly provided by Prof. Harald Schwalbe and Dr. Robert Silvers, University
of Frankfurt. The surfactants used (compared in Figure 3-2): sodium dodecyl sulfate
(SDS), sodium 1-dodecanesulfonate (Ci12SOs3), sodium 1-decanesulfonate (C10SO3) and
sulfobetaine  (SB3-10)  were  purchased from  Sigma  except for
dodecyltrimethylammonium chloride (DTAC) which was from Fluka. The reducing
agent 1,4-dithio-DL-threitol (DTT) was purchased from Fluka. Solution pH was
measured with a HANNA HI 98180 pH meter. All the materials were used without
further purification. To prepare reduced lysozyme solution, the protein was dissolved
(0.4 mg/mL) in 20 mM phosphate buffer at pH 4.6 and incubated with 5 mM DTT for
24 hours at 65 °C. The reduction of the sample was quenched by rapid cooling at -20
°C for 20 minutes and then stored at 5 °C. This procedure is a modification of previously
published methods.®® All samples were studied at pH 4.6 to enhance solubility of the

reduced form with DTT reductant.
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Figure 3-2. Schematic representations of the structures of surfactants used in this study.
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3.2.2 CMC measurement of surfactants

CMC (critical micelle concentration) for the various surfactants under the
experimental conditions, which include buffer, lowered pH and reductant, were
determined by a UV-absorption spectroscopy method detecting absorbance change of
BZA (benzoylacetone or 1-phenyl-1,3-butadione) using literature methods as
summarized here.®® BZA has two tautomeric forms: the ketonic and the enolic forms.
This keto-enol equilibrium of BZA is solvent sensitive and there will be more enolic
form in nonpolar solvents and more ketonic form in polar solvents. When a surfactant
is added to an aqueous solution of BZA, there is no change to the keto-enol equilibrium
when surfactant concentration is below the CMC and there are only surfactant
monomers. When surfactant concentration is above the CMC, the micelles of surfactant
will form and provide a less polar solvent and the amount of enolic form will increase
abruptly and the amount of ketonic form will decrease. The enolic form and ketonic
form have separate UV absorbance peaks at 312 nm and 250 nm respectively so
monitoring the changes in the absorbance measurements at these two wavelengths with
varying concentration of surfactant in aqueous solutions can determine the CMC of
surfactants.

The stock BZA solution was prepared with high concentration at 5 mg/mL in
dioxane. The stock BZA solution in dioxane was then diluted with buffer to 0.08 mg/mL.
For each sample, 0.4 mL of the aqueous BZA solution was mixed with the appropriate
amount of surfactant, the additive such as DTT and HEWL, and buffer to 3 mL of total

volume of solution with constant BZA concentration in all samples. The spectra of BZA
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samples with varying surfactant concentrations were measured on a CARY 300 Bio
UV/Vis (Varian) spectrometer. The results of CMCs of different surfactants under the
experimental conditions are shown in table 3-1. Figure 3-3 shows one example of the

absorbance changes and the determination of the surfactant CMC.

Table 3-1. Measured cmc of surfactants in 20 mM phosphate buffer at pH 4.6 at 25 °C

Surfactant samples cmc measured
SDS 2.7mM
DTAC 17 mM
C12S03 6.5 mM
C10SO3 35 mM
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Figure 3-3. Absorbance spectra of BZA in various SDS concentration solutions (a) and
absorbance of BZA as a function of concentration of SDS (b), DTAC (c), C12SO3 (d)
and C10S0O3 (e) at 312 nm and at 250 nm. The CMC is obtained by drawing two tangent
lines in the region of absorbance changes and the intercept of those two tangent line is
at the CMC.
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3.2.3 CD measurements

CD spectra were measured from 185 nm to 250 nm with a 50 nm/min scanning
rate, 2 s response time, 1 nm bandwidth and as the average of 8 scans on a JASCO 810
spectrometer (Jasco, Inc.). For equilibrium measurements, the protein solutions were
prepared at 0.2 mg/mL in 20 mM pH 4.6 phosphate buffer and measured in a 1 mm
pathlength quartz cuvette (Starna, Inc) at room temperature. All sample spectra were
corrected by subtraction of the corresponding spectrum of the buffer. The fractional
secondary structures were calculated with the CDPro programs (accessible at:

lamar.colostate.edu/~sreeram/CDPro/main.html) using data for 195 nm to 250 nm.®

3.2.4 Fluorescence

Fluorescence spectra were measured on a Fluoromax-3 spectrofluorometer
(Horiba Jobin Yvon Inc.) with the samples in a 1 mm x 1 cm quartz cell. The excitation
wavelength was 295 nm and the emission spectra were collected from 300 nm to 500

nm. All the spectra were corrected by subtraction of the buffer spectrum.

3.2.5 Stopped-flow measurements

For stopped-flow mixing dynamics, an SFM-400 accessory (Bio-logic) and
MPS-52 control console were connected to the Jasco-810 spectrometer. The Xe lamp
in the CD spectrometer was changed to a Xe-Hg lamp to enhance far-UV intensity. The
mixing deadtime under our measurement conditions was ~10 ms, but instrument

response was much faster and the signal change large enough to allow determination of
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kinetics in the ms and longer time range. The CD signal channel was recorded with 1
KHz sampling for 5 s of the signal at 222 nm using a 4 nm bandwidth by means of
standard JASCO kinetics methods. The HV was fixed and the CD signal was
normalized to the detector current (in the software) to enable determination of the AA
with a faster response. The total fluorescence signal was simultaneously collected on
the same sample by collecting emission at all wavelengths above 320 nm using a cut-
off filter in front of a separate fluorescence detector which was located at right angles
to the CD and excitation beam. The results were fitted with multiple exponential

functions using the Bio-Kin32 software.

3.2.6 Lysozyme activity assay

The enzymatic activity of lysozyme was measured by monitoring the rate of
decrease in the turbidity of a Micrococcuslysodeikticus cell suspension. For this assay,
0.02 ml of lysozyme sample (0.1 mg/ml) was added to a 1 cm cuvette with 0.98 ml cell
suspension (0.3 mg/ml), which was then was agitated via a pipette action for 10 s. The
absorbance was recorded at 450 nm on a CARY 300 Bio UV/Vis (Varian) spectrometer
every 10 s for 10 minutes. One unit of activity corresponds to an absorbance decrease

of 0.0026/min.
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3.3 Results and discussion

3.3.1 The refolding of reduced HEWL with anionic surfactant micelles

After reduction HEWL loses all four S-S bonds as demonstrated by mass spectra
which show the molecular weight to increase from the native state value by eight mass
units (Figure 3-4). CD spectra (Figure 3-5, truncated at 200 nm because spectra became
prohibitively noisy at <200 nm due to absorbance of the reductant and SDS) show that
the reduced/unfolded HEWL (blue dotted trace) has a higher fraction of unordered
structure and much less helical structure than the native state (red dash line). The
fluorescence spectra (Figure 3-6) of the reduced HEWL (red solid line) has 50% more
intensity than that of the native state (black solid line), and a red shift of the peak
position from 344 to 354 nm is observed, which is consistent with the tryptophans being
more exposed to solvent after reduction. (The lower pH of 4.6 is needed for solubility
of the protein in reductant, but has little effect on native HEWL.) Low concentrations
of negatively charged surfactants (e.g. SDS) cause HEWL to aggregate and precipitate,
limiting the range of concentrations for which we can study HEWL-surfactant
interaction. Reduced HEWL is somewhat more soluble in SDS, but concentrations
below 1 mM remain problematic, since dilute SDS will precipitate the protein due to
charge neutralization.

The far-UV CD spectra of reduced HEWL in the presence and in the absence of
anionic surfactant SDS as compared to that of native HEWL are shown in Figure 3-5a,
and the average fractional secondary structure derived from these spectra (using CDPro)

are shown in Figure 3-5b. The CD spectra show that with the addition of anionic
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addition of different concentrations of SDS at pH 4.6. (b) Calculated secondary
structure fractions: helix (pink circles, pink solid line), sheet (green triangles, green

dash line) and unordered structures (blue squares, blue dot line). CDPro outputs
fractions for regular and distorted helices, regular and distorted sheet strands, unordered

structure and turns. The fractions of turns are not plotted.
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Figure 3-6. (a) Fluorescence spectra of native HEWL and reduced HEWL, and with
addition of different concentrations of SDS at pH 4.6. (b) Variation of the integrated
fluorescence intensity (squares, dash line) and peak position (triangles, solid line) with
addition of anionic surfactant SDS (red circles show the peak positions of oxidized
HEWL and oxidized HEWL in 10 mM SDS).
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surfactant, SDS, the reduced HEWL structure becomes increasingly helical, coming to
a saturated value well above the critical micelle concentration (CMC) in this
environment (2.7 mM as corrected for buffer, reduced pH, protein and reductant, Table
3-1). Reduced HEWL with SDS above the CMC has even more helical structure than
does the native state. However, adding SDS to native HEWL also increases its helicity
(Figure 3-7a and Figure 3-8), so that both reduced and oxidized HEWL in SDS above
its CMC have similar fractional helical compositions. While native HEWL has ~32%
helix, it increases to ~37% for the oxidized form in micellar SDS. The CMC is buffer
and pH sensitive, such that the altered conditions of our experiment yield lower values
than often quoted in the literature, as we have determined by absorbance change of BZA
(benzoylacetone or 1-phenyl-1,3-butadione). The relevant values for our experiments
are indicated on the figures (and summarized in Table 3-1). These plots show that the
maximal gain of helical structure occurs well after the CMC has been reached,
indicating monomer surfactant-protein interaction is insufficient for saturation and that
micelles have a role in the final state.

The intrinsic fluorescence emission from the six tryptophan residues undergoes
a two-step change upon interaction with SDS. The fluorescence intensity first increased
at low SDS concentration and then decreased back to the level of native HEWL upon
further addition of SDS to higher concentration (10 mM, Figure 3-6b). The fluorescence
peak position for reduced HEWL in SDS also changed in a similar manner: first
becoming blue shifted and then red shifted back to nearly the native (oxidized) HEWL

value (342 nm). At low concentrations of SDS, surfactant monomers with negative
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charges can bind specifically to the positively charged sites and neutralize the protein,
which leads to some helical formation and considerable increase in fluorescence
intensity and blue shift.") Increasing the SDS concentration increases hydrophobic
interaction between the reduced HEWL and SDS, which steadily increases the initially
reduced HEWL fluorescence until the CMC is reached, whereupon the hydrophobic
interaction with the protein appears to become limited by micelle formation. Above the
CMC the helicity continues to grow but the fluorescence characteristics reverse,
quenching intensity and red-shifting the maximum frequency, indicating an altered
interaction with micelles having increased exposure to solvent and charge. For the
micellar saturated reduced HEWL state, which has similar average secondary structure
content to the oxidized micellar state (i.e. for oxidized HEWL with SDS above CMC),
the reduced HEWL in SDS fluorescence also has similar frequency to the native state
with and without SDS (see open red circles, Figure 3-6b). (None-the-less, despite the
fluorescence recovery, both oxidized and reduced HEWL have non-native tertiary
structure in SDS micelles, see below.)

Near-UV CD can monitor changes in Trp environments and by extension
changes in tertiary structure. In Figure 3-9, the near-UV CD spectra for native and
reduced HEWL with and without SDS addition are compared. The spectra vary and the
CD intensity at 290 nm, which indicates Trp structure for oxidized HEWL, is lost in the
SDS interacting species. Reduced HEWL tertiary structure does change with addition
of SDS, but the native form is not recovered. By comparison, the form of the near-UV

CD for oxidized HEWL in SDS is also different, indicating a loss of tertiary structure
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in both forms that is not recovered in the surfactant medium.

The balance of the electrostatic interactions and hydrophobic interactions
between protein and surfactants is an important aspect in this process of reforming
helical structure. Two more surfactants were studied that alter the relative distribution
of negative charge and hydrophobicity. Ci12SO3 has the same length hydrophobic tail as
SDS but contains a different head group with less partial negative charge distribution.(?
Interaction with reduced HEWL results in the same effects on the spectra, and by
extension on the structure, as found with SDS, but requires a higher concentration of
Ci12S0s to restore secondary structure for the reduced HEWL (Figure 3-10). More
helical structure can be obtained for reduced HEWL under conditions above the C12SO3
CMC than for native state HEWL, suggesting that disulfides restrict the ultimate helical
structure that can be formed with the HEWL polymeric sequence, in the presence of
negatively charged surfactant micelles. Paralleling the SDS result, the fluorescence
intensity first increased and then decreased back to a level characteristic of native
HEWL upon addition of Ci2SOs3, and the fluorescence peak position first blue shifted
and then red shifted back to the native HEWL position, but this fluorescence change is
not strictly correlated to the CMC.

By contrast C10SO3 has the same head group, and thus charge, as C12SO3 but
has a shorter hydrophobic tail and higher CMC, and thus paralleling the overall CMC
dependent pattern, it requires even higher concentration to induce full recovery of the
helical fraction in reduced HEWL (Figure 3-11). This contrast in behavior for different

length surfactants reinforces the importance of the micellar formation to induce the
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maximum helicity for each surfactant with this protein. In the same way as seen with
SDS, both C12SO3 and C10SOs can restore helical content for reduced HEWL when the
surfactants interact with the protein above their CMC, but these two —SOs based
surfactants require higher concentrations, which appears to be due to their having less
charge on their head groups and, for Ci0SOs, less hydrophobic interaction. The
difference in hydrophobicity between C10SO3 and C12SOs3 alters the CMC and that may
be the critical parameter for achieving ultimate structural change in reduced HEWL.
These comparisons lead to the added conclusion that more negative charge and more
hydrophobicity on the anionic surfactant will favor the process of regaining secondary

structure and altering Trp exposure in reduced HEWL.

3.3.2 The interaction of reduced HEWL with cationic and zwitterionic surfactant

micelles

While anionic surfactant micelles should have coulomb attraction to the
positively charged reduced HEWL protein at these reduced pH 4.6 values (since the
HEWL isoelectric point is 10.7), for cationic surfactant micelles we might expect
different behavior, even though both offer hydrophobic interactions. In contrast to its
behavior in anionic surfactants, the reduced HEWL can only partially recover helical
structure by addition of the cationic surfactant, DTAC, even for concentrations above
the DTAC CMC (Figure 3-12). The helical fraction for reduced HEWL in DTAC above
the CMC is only ~25% which remains below the ~33% helix in native HEWL structures.

Figure 3-12b shows the fluorescence intensity and peak position values upon adding
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Figure 3-12. (a) Variation of fractional secondary structure for reduced HEWL on
addition of cationic surfactant DTAC, from fitting CD: helix (pink circles, pink solid
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DTAC, which undergo a simpler change than with the anionic surfactants, showing only
further intensity increase and blue shift from native HEWL, both aspects stabilizing
above the CMC. For the zwitterionic surfactant, sulfobetaine (SB3-10), similar effects
on the structures of reduced HEWL were seen as for DTAC (Figure 3-13), implying
that the hydrophobic interaction is primarily operative for both of these with HEWL.

Comparison of the effects of different surfactants on the refolding of reduced HEWL
suggests that negative charge on surfactants is required to specifically bind to the
positively charged protein and to refold and increase the helical fraction of secondary
structure for the reduced HEWL. Hydrophobic interactions then dominate higher,
micelle forming, concentrations and develop maximal helix fraction. Native HEWL
also increases helicity and loses tertiary structure when interacting with negative
surfactant micelles, showing a parallel behavior with and without disulfides that is not
obvious in only buffer environments. However, with positive micelles, DTAC, there is
little change in secondary structure (Figure 3-7a), although the fluorescence changes
(Figure 3-7b) indicate an interaction with surface Trp residues. Analogous experiments
with a mutant HEWL where all cysteins were converted to alanines gave similar
variations with SDS and DTAC (shown below) further supporting the role of disulfides

in this difference.



56

0.351 CMC
»
030 | .
0.25- A
o
. ]
2 0.20-
(8]
o
“ 0151 o o
0.10-
»
0-05 T T T T T T T T T T
0 10 20 30 40 50
SB3-10 (mM)
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3.3.3 The folding of 0SS mutant HEWL with anionic and cationic surfactant

micelles

The 0SS mutant HEWL was prepared by replacing all the eight cysteines by
alanines so there can be no disulfide bonds and was graciously provided to us by Prof.
Harald Schwalbe and Dr. Robert Silvers, University of Frankfurt. It can also be refolded
to a non-native highly helical state with addition of anionic surfactant micelles (Figure
3-14) and can be only partially refolded with cationic surfactant micelles (Figure 3-15).
This indicates that the reduced HEWL and the mutant HEWL have the same structures
and structure reforming processes. Despite both species having a total loss of S-S bonds,
they differ in that reduced HEWL has cysteine and 0SS has alanine in the eight mutated
positions. As a result, the initial CD change is bigger and occurs faster and steeper for
0SS than reduced HEWL, and occurs at lower SDS concentrations, with gradual further
increase in helicity up to the CMC. On the other hand, the fluorescence in the 0SS

mutant changes directly parallel those seen with reduced HEWL.

3.3.4 The refolding of helical structure in reduced HEWL induced with

trifluoroethanol (TFE)

TFE is known to induce helical structures in proteins, not only by disturbing
native hydrophobic interactions, binding to the protein backbone via hydrogen bonds,
but also providing hydrophobic surface areas to mimic interaction of the polypeptide

chain with membranes. The CD spectra (Figure 3-16a) show that increasing TFE
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concentration can steadily induce formation of more helical structure in HEWL. At 50%
TFE, both reduced and oxidized HEWL have increased ellipticity, more than twice that
of native HEWL in aqueous buffer. At low concentration of TFE (15%) there is no
significant effect on the oxidized HEWL secondary structure, but reduced HEWL gains
helical structure at even lower concentrations of TFE. This may be due to the reduced
HEWL not being as compact as native HEWL resulting in its hydrophobic sites being
more exposed to the solvent, and thus the TFE having more relative impact on structure.
However, the conformational transition is virtually complete at 50% TFE for both
reduced HEWL and oxidized HEWL suggesting that the binding of TFE to surface sites
is saturated, forming a direct parallel to the above (negative) surfactant results. It is
interesting that with stepwise addition of TFE, reduced HEWL does not pass through
an intermediate state that matches the secondary structure of the oxidized state HEWL
at some specific concentration of TFE. Presumably this is because the original
hydrophobic interactions of the protein are disrupted once TFE is added, and the
refolding is taking place on a different path to another, partially helical but non-native
structure.

With increasing TFE concentration, the fluorescence intensity first increases
then decreases back and the peak position blue-shifts then red-shifts back, much as seen
with the anionic surfactants (Figure 3-16b). At low concentration, TFE binds to sites on
the protein to form hydrogen bonds and make the tryptophans less exposed to
solvent.*7® When TFE binds to more hydrophobic surface sites at higher

concentrations and disrupts hydrophobic interactions between helical segments, the
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tryptophans will most likely be more solvent exposed.

3.3.5 Thermal stability studies on the refolded state of reduced HEWL in

surfactant micelles

The thermal stability studies shown in Figure 3-17 show a nearly linear decrease in the
(negative) ellipticity magnitude in the far-UV CD on heating the highly helical state of
reduced HEWL in surfactant micelles. This can be contrasted with the clearly
cooperative thermal denaturation of native HEWL (filled squares, Figure 3-17), which
means the cooperativity of structural stabilization is lost for the helical states of reduced
HEWL in surfactant micelles. This would be consistent with formation of a
conformation, often termed a molten globule,’”) in the presence of micelles that has
substantial secondary structure (helix) but little tertiary structure. This may represent a
dynamic equilibrium of related conformational substates resulting in the loss in
cooperativity in the structural transition. It is important to see that addition of anionic
or cationic surfactant to native HEWL also resulted in a loss of cooperative unfolding
(Figure 3-17), indicating the surfactant had a similar effect on oxidized state tertiary
structure. In other words, inclusion of disulfides does not change the surfactant effect

on cooperativity.
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3.3.6 Stopped-flow kinetic study of the refolding of reduced HEWL with surfactant

micelles

The kinetics of the structural changes induced in reduced HEWL by interaction
with surfactant micelles were monitored by measuring both CD ellipticity change at
222 nm and total fluorescence intensity above 320 nm under stopped-flow mixing
conditions. The CD (summarized as fits only, since the data have a large noise level as
shown by the example trace in Figure 3-18) and fluorescence kinetic traces for reduced
HEWL refolding with anionic (SDS) and cationic (DTAC) surfactant micelles are
shown in Figure 3-19 and Figure 3-20, respectively. The stopped-flow curves, (1),
are fit with a multiple exponential function to determine rate constants in the structure
reforming process using the following relationships:

g(t)y=at+b+> c ee™ (eq.3-1)
where ki and Ci are the rate constant and amplitude of the ith phase and a and b represent
linear baseline corrections.

The stopped-flow kinetics of the reduced HEWL structure change with SDS
micelles show a biexponential behavior for the ellipticity change at 222 nm. The rate
constants obtained from the stopped-flow data analysis at various concentrations are
listed in Table 3-2. The faster rate constant, ki~250 s™!, corresponds to a fast phase
which results in a large gain in helical secondary structure. This fast phase is followed
by a slower kinetic phase with a rate constant, kz~10 s!, which indicates relatively small
structural change after further interaction with SDS micelles. The fluorescence curves

also show an initial fast decrease with a rate constant, ki~150 s, which is followed by
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Figure 3-18. (a) An example of stopped-flow kenetic ECD actual measured data

(shown in red dots) and fitted curve (shown in black solid line). (b) Expanded view of

the short time component of (a).
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Figure 3-19. Kinetic variation of reduced HEWL spectral response on mixing with SDS.
(a) Fitted curves for the CD signal at 222 nm (example of actual data available in Figure
3-17) and (b) Curves for the fluorescence intensity, where inset shows early time
behavior. [The first 10 ms is the dead time of mixing turbulence and not fit. The fast

increase step from 10 ms to 17 ms is fit separately from the slow steps beyond 17 ms
due to overshoot.]
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Table 3-2. Stopped-flow kinetic parameters from ECD and fluorescence for reduced

HEWL mixing with SDS and DTAC*

stopped-flow ECD

stopped-flow fluorescence

ki /s ka /s’ ki /s ka/s’!
5 mM SDS 231.5+7.1 123+ 1.4 2302+ 14.1 -
10 mM SDS 271.1+ 4.6 8.7+ 1.7 169.3+ 8.2 1.840.6
50 mM SDS 336.3+ 16.6 10.2+ 1.9 129.9+ 5.1 0.7+ 0.3
10 mM DTAC 209.4+ 5.6 10.6+ 1.4 193.9+16.1 0.6+ 0.3°
25mM DTAC 250.9+ 6.4 11.5+0.8 199.2+21.1 8.0+ 1.3
35 mM DTAC 260.1+ 5.9 12.3+2.5 202.3+239 7.6£0.6
native HEWL with SDS  9.61 - 127.9 8.2

2 the errors are calculated with the results of three trials

b concentration 10 mM is below the CMC of DTAC

a slow decrease with a rate constant, ko~0.7-1.8 s™. This indicates that there is a collapse

of the polypeptide chain accompanying the major secondary structure change at the

very early stages of folding in the fast phase, in other words, these fast CD and

fluorescence spectral changes may result from the same process or kinetic step. It is

important to note that the CD kinetic data is quite noisy and the fast steps are close to

our mixing time limits, so there may be additional, undetected fast steps or added error

in the fast step kinetic constant determinations, which would make discrimination

between CD and fluorescence results tentative. However the slower components (k2)
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appear to be different processes which may result from one or multiple sequential
mechanistic steps. We propose that these steps correspond to a kinetic mechanism for

the refolding of reduced/unfolded HEWL with surfactant micelles as follows:

k1 _
U, > | > —

—

Scheme 3-1. Proposed mechanism for refolding of reduced HEWL, showing the

possibility of multiple intermediates.

In scheme 3-1, U: represents the unfolded state after reduction; N denotes the
native state; I is an intermediate state and Fm is the highly helical, compact state for
HEWL in surfactant micelles. I is formed in the fast kinetic phase corresponding to
refolding of much of the secondary structure. The I state will further fold to the Fm state,
possibly through added intermediate steps, implied by ? in Scheme 3-1, which has even
more helical structure than the native state (N). This can occur in the second kinetic
phase as induced by further interaction with SDS micelles. As noted above, this latter
process may be multistate, given the differences in the CD and fluorescence k2 values.

The state of reduced HEWL in SDS micelles (Fm) has almost the same fractional
secondary structure and similar tertiary structure as does oxidized HEWL in SDS
micelles, which is supported by CD (both near and far-UV) and fluorescence
measurements. We also measured the unfolding kinetics of native state HEWL to the
Fm state, and with CD detection a single exponential was determined yielding a rate
constant, k’~10 s™!, which is close to the CD determined k2 for the reduced HEWL

interacting with micelles. The interaction between the partially folded intermediate state



69

I or the native state N and SDS micelles thus appears to undergo a kinetic phase with
rate constant ~10 s that induces formation of more helical structure as well as loss of
tertiary structure, but results in shielding of the Trps by the micelle.

The refolding kinetics of reduced HEWL in cationic micelles DTAC (Figure 3-
20) also show biexponential behavior as is seen with SDS, but the amplitude of the CD
ellipticity change at 222 nm is smaller, which is consistent with the equilibrium result
that the helical fraction for reduced HEWL can not be as fully recovered in cationic as
in anionic surfactant micelles. The fluorescence intensity increases biexponentially on
mixing with DTAC, instead of decreasing as was seen in anionic surfactant micelles,
such as SDS. The stopped-flow experiments measure the kinetics both below and above
the CMC of DTAC and the fit kinetic parameters are comparable except for the ki from

CD measurement and k2 from fluorescence measurement (see Table 3-2).



70

(a) -17.5+
-18.0 -
-18.5 - —— reduced lysozyme with 10mM DTAC
-19.0 - - -reduced lysozyme with 25mM DTAC
19'5 - - - - reduced lysozyme with 35mM DTAC

Ellipcity

0 1000 2000 3000 4000 5000
time/ms

(b) reduced lysozyme with 10mM DTAC (bottom)
- - -reduced lysozyme with 25mM DTAC (middle)
- - - - reduced lysozyme with 35mM DTAC (top)
> N
x
n
c
[
-t
£
o
o
c
© z
o %
7] H
o £
o £
S
) g
= g
0 20 40 60 80 100
time/ms
T T T T T T T T T T
0 1000 2000 3000 4000 5000
time/ms

Figure 3-20. Kinetic variation of reduced HEWL spectral response on mixing with
DTAC. Fitted curves for (a) the CD signal at 222 nm and (b) the fluorescence intensity,
where inset shows early time behavior (Fit as described in Figure 3-18).
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3.3.7 Comparision with refolding of denatured/reduced HEWL by dilution and

reformation of disulfide bonds

Previous papers have reported both equilibrium and kinetic studies on the
refolding of denatured/reduced HEWL, under different conditions than we have studied.
Native HEWL can be denatured by GdnHCl or urea and reduced by addition of DTT.(®
8) The refolding process is accomplished by dilution of the denatured/reduced HEWL
with added refolding buffer containing GSSG which can oxidize the Cys and allow
reformation of the protein disulfide bonds. The idea behind those previous studies is to
remove the effect of the denaturant and reform the disulfide bond. Our experiments are
unique and different from these reported studies because we do not reoxidize and
reform the disulfide but instead have added micelles which can provide an alternative
pathway for structure formation that can then be compared to that including disulfide
bonds in the same environment. These previous refolding studies reported three rate
constants with ki1 and k2 close to 0.06 min™! and ks close to 0.002 min™' which are all
much slower than the rate constants we have obtained with surfactants, ki ~ 250 s™' and
k2 ~ 10 s”'. The explanation for this difference is because it takes time for the eight
cysteine residues in the sequence to locate each other, form disulfide bonds and then
reshuffle to the correct configuration of —S-S- links. Our experiment does not require
formation of disulfide bonds, so the kinetics are not limited by that rate. By contrast,
we monitor the secondary structure refolding mechanism, under reducing conditions in
the presence of micelles, which is occurring on a much faster time scale. Chaffotte et

al. also studied refolding of denatured oxidized HEWL, which has already all disulfide
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bonds pre-fomed, by dilution with refolding buffer and reported a fast rate constant of
ki = 69.9 s and a slower rate constant of ko = 2.74 s7'.("® These reported values are
comparable with our kinetic results, but imply that micelles (which can solvate and
access to the peptide chain) can provide faster secondary structure formation
mechanisms than can disulfide bonds alone in water, even when the correct disulfide

bonds are already present.

3.4 Conclusion
3.4.1 Interaction of reduced HEWL in surfactant micelles

Reduced HEWL interacts with anionic surfactants to regain a highly helical but
non-native state. Above the CMC, the non-native state has more helical structure than
that of the native HEWL but loses tertiary structure and enzymatic activity. In our
studies, this non-native helical state of the reduced protein can not be distinguished
from that of oxidized (originally native state) HEWL once they both interact with
micelles since they have superimposable CD and fluorescence spectra and no enzymatic
activity. Charge and hydrophobicity play important roles in this non-native refolding
process, particularly since we are studying HEWL, which has a pI~10-11, at pH 4.6.
More negative charge on the surfactant head groups helps micelles bind to the positive
protein surface (of HEWL), effectively desolvating it. This is operative at low surfactant
concentrations which encompass monomer interactions and induce the initial structure
changes. A larger degree of hydrophobicity, where the differences are most evident

under conditions of micelle formation, can induce even more helical structure (i.e.
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favoring internal H-bond formation leading to stability). Reduced HEWL can only gain
part of this degree of helicity when interacting with cationic surfactants above their
CMC, since the surfactant has the same charge as the protein, leading to a binding or
interaction that effectively only depends on the hydrophobic aspects of the surfactant.
Our data suggest that the surfactant acts primarily to desolvate the peptide chain, which
can allow those segments having a high helical propensity to reform structure. As such
it suggests that the hydrophobic interactions are not sufficient to drive the protein to
such a fully structured state, and that the framework needs an assist to build secondary
structure, native or otherwise. This desolvation is supported by the parallel between
surfactant and TFE influences on regaining helicity, however their fluorescence
differences suggest that the terminal (tertiary at least) states are not the same. The
preference for negative (anionic) surfactants suggests that neutralization of positive
sidegroups can facilitate structure formation. This may be akin to creating hydrophobic
interactions, or reducing charge repulsion, thereby reducing barriers to folding found in
the just buffer-solvated, positively charged protein structure. Thus, although average
secondary structure is similar in the two proteins interacting with SDS, native (oxidized)
and reduced, it is possible and even likely that their detailed (especially tertiary)
structures differ. The 0SS mutant and reduced HEWL show similar structures in
surfactant micelles, which indicates the replacement of non-crosslinked reduced
cysteine residues with alanine residues does not have significant effect on the final

reformed structure in micelles.
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3.4.2 The role of disulfide bonds on the folding pathway of HEWL

From both equilibrium and kinetic studies of the reformation of secondary
structure for reduced HEWL in surfactant micelles, we have shown that the reduced
HEWL state, Ur, without disulfide bonds can be reconfigured to a compact state of
higher helicity state, Fm, in micelles. This also behaves like the partially (tertiary
structure) unfolded, but more helical state of native (oxidized) HEWL interacting with
anionic surfactant micelles, where the micelles provide counteracting destabilizing
(tertiary) and stabilizing (helicity) forces arising from as electrostatic and hydrophobic
interactions, respectively. Both native and reduced HEWL in micelles have structural
characteristics often associated with molten globules.

The formation of disulfide bonds early in protein folding clearly provides a
restriction of conformational space, which can facilitate folding in, for example, a
funnel mechanism. However, such disulfide links are not required to allow the reduced
protein to find a compact state that has considerable secondary structure, although the
tertiary structure may differ from that of the native (oxidized) state, as it does here for
HEWL. This parallel of oxidized and reduced HEWL folding, when in surfactant
micellar media, as found in both our equilibrium and dynamic studies using CD and
fluorescence, suggests that disulfide bonds do not determine either the folding pathway
or the final secondary structure of the protein at early stages of the folding process.
Rather it suggests that disulfides can add stability to elements of secondary structures

formed and contribute to the formation of tertiary structure.



4. Refolding of reduced and mutant lysozymes in vesicles. Impact of disulfide

effects on refolding equilibria and dynamics

4.1 Introduction

Previous studies have shown that reduction of disulfide bonds decreases the
stability of a native-state protein.*3*>) As noted in chapter 3, disulfide bonds can have
an important role in protein folding, forming either late in the process®”*®) or early to
direct the path.“% Still other studies found that a single specific disulfide bond out of
a set of them in a protein can be eliminated without compromising the acquisition of
secondary structure and the formation of native-like secondary structure.®? The
effects of disulfide bond formation in the folding process remain unclear: does correct
disulfide bond formation determine the folding pathway or just stabilize the elements
of secondary structures formed and contribute to the formation of tertiary structure?
What is the reason for the appearance of disulfide bonds during the evolution process?

Most previous studies of protein folding and the basic principles governing the
folding process have been carried out using re-naturation of proteins with existing
disulfide bonds. In a natural physiological folding process, the protein starts in the
reduced form without the preformed disulfide bonds. As a result, to more closely
mimic the physiological folding process, in this study we study the refolding of fully
reduced hen egg white lysozyme (HEWL), as well as mutants, one of which also has
no disulfide bonds (0SS) or one having only one disulfide bond left (1SS). By

comparison, native HEWL has four disulfide bonds in the folded state. To initiate
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refolding of these inherently destabilized HEWL forms, we have studied their spectral
changes when mixed with model membrane vesicles with which they can interact and
refold. Our previous studies reported in chapter 3, focused on induced folding of
reduced HEWL mixed with surfactant micelles as a mimic of membrane
interaction.® In this chapter, we extend our studies to HEWL interactions with lipid
vesicles which can provide a mimic of cellular membranes to better model protein-
membrane interactions. Our previous study showed that the unfolded states of reduced
HEWL can regain helical secondary structure in the presence of detergents, but do not
attain native tertiary folds.

The 0SS and 1SS mutants provide control systems that lack all or all but one
of the four disulfide bonds but do not require additional reductant. The 1SS mutant,
C64-C80, we use in this study has the disulfide bond left in the B domain, which is the
only intra-f-domain disulfide bond in native HEWL. By studying the refolding
process of the 1SS mutant with one intra-f-domain disulfide bond remaining intact,
we can gain insight into the effects of this single disulfide bond and its role in the

change to helical structure.

4.2 Experimental
4.2.1 Materials

Lysozyme from hen egg white (HEWL) was purchased from Sigma (catalog
no. L6876), as were the reducing agent 1,4-dithio-DL-threitol (DTT), organic solvents

(methanol and chloroform, spectral-grade) and sodium phosphate (analytical grade).
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The lipids used: dimyristoylphosphatidylglycerol (DMPG),
dimyristoylphosphatidycholine (DMPC), dilauroylphosphatidylglycerol (DLPG),
dioleoylphosphatidylglycerol (DOPG), distearoylphosphatidylglycerol (DSPG) and
palmitoylphosphatidylglycerol (POPG) were purchased from Avanti Polar Lipids, Inc.
(Alabaster, AL). The HEWL 0SS and 1SS mutants were prepared and kindly provided
by our collaboration with the lab of Prof. Harald Schwalbe, Universitéit Frankfurt.
Solution pH was measured with a HANNA HI 98180 pH meter. All the materials
were used without further purification.

To prepare reduced lysozyme solution, the protein was dissolved (0.4 mg/mL)
in 20 mM pH 4.6 phosphate buffer and incubated with 5 mM DTT for 24 hours at 65
°C. The reduction of the sample was quenched by rapid cooling and then storage at 5
°C. This procedure is a modification of a previously published method.®) All samples

were studied at pH 4.6 to enhance solubility of the reduced form with DTT reductant.

4.2.2 Lipid vesicles preparation

A weighed amount of lipid was dissolved in organic solvents (chloroform or
chloroform/methanol mixture) in a glass vial, and the resulting lipid solutions were
dried while being rotated under a small stream of dried air to form a relatively
uniform thin film on the wall. The required volume of 20 mM pH 4.6 phosphate
buffer was added to the vial to resuspend the dried film and form a multilamellar
liposome suspension. The suspension was then sonicated (MICROSON XL2000

ultrasonic liquid processor, Qsonica, LLC) with 5-6W power for a few minutes until
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the solution became clear. This freshly prepared SUV solution was then added to the
protein solution and mixed well to form a protein-lipid complex with a final 0.2
mg/mL HEWL concentration. The average sizes of SUVs are around 50 nm as

measured with dynamic light scattering (DLS).

4.2.3 CD measurements

CD spectra were measured from 185 nm to 250 nm with a 50 nm/min
scanning rate, 2 s response time, 1 nm bandwidth as the average of 8 scans on a
JASCO 810 spectrometer (Jasco, Inc.). For equilibrium measurements, the protein
solutions were prepared at 0.2 mg/mL in 20 mM pH 4.6 phosphate buffer and
measured in a 1 mm pathlength quartz cuvette (Starna, Inc) at room temperature. All
sample spectra were corrected by subtraction of the corresponding spectrum of the

buffer.

4.2.4 Fluorescence

Fluorescence spectra were measured on a Fluoromax-3 spectrofluorometer
(Horiba Jobin Yvon Inc.) with the samples held in a I mmx1 cm quartz cell. The
excitation wavelength was 295 nm and the emission spectra were collected from 300

nm to 500 nm. All the spectra were corrected by subtraction of the buffer spectrum.
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4.2.5 Stopped-flow measurements

For stopped-flow mixing dynamics, a SFM-400 accessory (Bio-logic) and
MPS-52 control console were connected to the Jasco-810 spectrometer. The Xe lamp
in the CD spectrometer was changed to a Xe-Hg lamp to enhance far-UV intensity.
The mixing dead time under our measurement conditions was ~10 ms, but instrument
response was much faster and the signal change was large enough to allow
determination of kinetics in the ms and longer time range. The CD signal channel was
recorded with 1 KHz sampling for 5 s of the signal at 222 nm using a 4 nm bandwidth
by means of standard JASCO kinetics methods. A fixed HV and computational
normalization of the modulated signal by the detector current (in the software) was
used to determine AA with a faster response. The total fluorescence signal was
simultaneously collected on the same sample for all emission above 320 nm using a
cut-off filter in front of a separate fluorescence detector which was located at right
angles to the CD and excitation beam. The results were fit with multiple exponential

functions using the Bio-Kin32 software.

4.2.6 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)

The FTIR spectrometer (Bruker Vertex 80) was used with an attenuated total
reflection technique (ATR) accessory fitted with a ZnSe crystal (PIKE MIRacle three
reflection ATR). Samples were dried on the crystal surface to form a uniform thin
film on the crystal surface. Sample absorbance spectra over the range 4500 cm™ to

600 cm™! were collected as an average of 512 scans (10 kHz scan speed with a DTGS
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detector) and processed with 3-term Blackman-Harris apodization and zero filling of
2. Background spectra collected with same measurement parameters but without a
sample on the ATR crystal surface were used as a reference for absorbance
calculation. Polarized ATR spectra were collected with a wire grid polarizer placed in
front of the ATR apparatus and oriented at 0° and 90° polarizations of the incident
light beam. The dichroic difference spectra were obtained by subtracting the spectrum
recorded at 0° from that recorded at 90° using a weight coefficient ratio, Riso. Riso s
obtained by calculating the ratio of integrated absorbance of the lipid carbonyl band
(1699 cm™ to 1700 cm™) in spectra measured at 90° to the integrated absorbance of
the spectra measured at 0°, so that this band integrates to zero in the difference

spectra.?)

4.3 Results and discussion
4.3.1 Refolding of reduced HEWL with various lipid vesicles

HEWL reduced by addition of DTT loses all four disulfide bonds as confirmed
by mass spectra that show the molecular weight to increase from the native/oxidized
state value by eight mass units (see chapter 3).? The CD spectrum of reduced
HEWL (Figure 4-1 red dash line) shows that it loses most of its helical structure and
gains mainly unordered/unfolded structure after losing its four disulfide bonds, by
comparison with the CD spectrum of native/oxidized HEWL (black solid line in

Figure 4-1).
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Figure 4-1. Far-UV CD spectra of native HEWL and reduced HEWL, and with addition
of different concentrations of DMPG at pH 4.6.

Black solid line: native HEWL; magenta short dash line: native HEWL + 5 mM
DMPG; red dash line: reduced HEWL; green dot line: reduced HEWL + 1 mM
DMPG; purple short dot line: reduced HEWL + 1.75 mM DMPG; blue dash dot line:
reduced HEWL + 2 mM DMPG; cyan dash dot dot line: reduced HEWL + 5 mM
DMPG. The inset shows the variation of ellipticity at 222 nm with addition of DMPG.
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To investigate the refolding of reduced HEWL which has lost most of its
helical structure, it was mixed with varying concentrations of vesicles of a lipid
DMPQG, and the resultant CD spectra are overlaid in Figure 4-1. Lipids with
negatively charged head groups were used, since the protein has a net positive charge
under the conditions used. For comparison, the spectrum of oxidized HEWL in
DMPG vesicles is also presented (Figure 4-1, magenta short dash line) to demonstrate
the difference of interaction with lipid vesicles between reduced HEWL and oxidized
HEWL, one with no disulfide bonds and one with four disulfide bonds. This may shed
light on the effects of disulfide bonds on the folding process or the gain of secondary
structure in this protein.

The CD spectra show that with the addition of DMPG vesicles, the reduced
HEWL increases in helical structure up to a maximum, achieving a saturated state
with ~5 mM DMPG. As indicated by the two negative CD bands at 208 nm and 222
nm characteristic of a-helices, the refolded state of reduced HEWL in 5 mM DMPG
vesicles (Figure 4-1 cyan dash dot dot line) clearly has much more helical structure
than does the oxidized/native HEWL (Figure 4-1 black solid line). The oxidized
HEWL also gains helical structure with 5 mM DMPG vesicles (Figure 4-1 magenta
short dash line) as compared to native HEWL in buffer only, but this change is less

than achieved for the reduced HEWL in 5 mM DMPG vesicles.
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Both the oxidized HEWL and reduced HEWL are positively charged under
conditions used, so they can both bind to the negative head groups on the DMPG
vesicle surface, and may insert into and thus interact with both the surface and bilayer
interior of the DMPG vesicles. Since the oxidized HEWL has intact disulfide bonds
and stable native secondary structure, it should be more difficult for it to insert into
the vesicles. On the other hand, the reduced HEWL has no disulfide bonds, and in
buffer solution loses most of its helical structure and probably all tertiary structure,
which can be observed from the collapse of the reduced HEWL near-UV CD (Figure
4-2 red dash line). As a result, the reduced form is more flexible and can more easily
insert into the interior hydrophobic environment of the vesicles which may induce
even more helical structure formation.

HEWL has six tryptophan (Trp) residues and their intrinsic fluorescence
emission can be used to monitor changes of their local environment as well as
coupling to other Trp residues and thus can give information on the change of the
protein tertiary structure. The intrinsic fluorescence intensity increases in the presence
of DMPG vesicles (Figure 4-3 and Figure 4-4). Below 1 mM DMPG the fluorescence
intensity reaches a maximum and then slightly falls back to a plateau at higher
concentrations. Instead of the two-step change observed for the fluorescence intensity,
the peak position blue shifts in a simpler one-step process: going from 351 nm in
buffer to about 340 nm in the presence of DMPG vesicles, and is independent of the
DMPQG vesicle concentration above 0.5 mM. The blue shift of peak position and the

increased fluorescence intensity indicates that as the reduced HEWL binds to the lipid
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Figure 4-2. Near-UV CD spectra of native HEWL (black solid line), reduced HEWL
(red dash line), native HEWL in 5 mM DMPG (blue dot line) and reduced HEWL in 5

mM DMPG (green dash dot line).
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Figure 4-3. Variation of the integrated intrinsic fluorescence intensity (blue triangles)
and peak position (black squares) of reduced HEWL with addition of DMPG vesicles.
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Figure 4-4. Fluorescence spectra of reduced HEWL (black line), and reduced HEWL

with 0.5 mM (red line), 1 mM (green line), 1.5 mM (blue line), 2 mM (cyan line) and
5 mM (magenta line) DMPG vesicles.
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vesicles, segments containing tryptophan residues are shielded from the solvent and at
least those with higher quantum yield are moved into a hydrophobic environment,
presumably the interior of the lipid bilayer. During that process lipid-bound reduced
HEWL starts forming helical structures while the tryptophan residues become less
exposed to solvent. With addition of more DMPG vesicles, the helicity of the reduced
HEWL continues to grow, and the fluorescence intensity decreases to a stable state
(~1.5mM), even though the peak position no longer varies.

While lipid vesicles with negative head groups have coulomb attraction to the
positively charged reduced HEWL protein (native HEWL has an isoelectric point of
~10.7, but our measurements are at pH 4.6), it is interesting to explore the relationship
between coulomb forces and hydrophobic interactions. We wish to determine whether
attraction of opposite charges is a prerequisite for the insertion process, or if
hydrophobic interactions alone could lead to the same structural transition. In contrast
to its behavior with negative DMPG vesicles, reduced HEWL behaves differently
with DMPC, which has zwitterionic head groups. The DMPC-HEWL complex
induces some secondary structure in reduced HEWL but it does not significantly
affect helicity, as shown by the CD spectra (Figure 4-5). The CD of the
oxidized/native HEWL (Figure 4-5 black line) barely changes upon addition of
DMPC (Figure 4-5 magenta short dash line) with the spectra being superimposable.

These results are similar to observations we reported comparing surfactant
micelles (chapter 3), in that reduced HEWL can interact with cationic/zwitterionic

surfactant micelles or lipid vesicles with positive/zwitterionic head groups, while the
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Figure 4-5. Far-UV CD spectra of native HEWL and reduced HEWL, and with addition
of different concentrations of DMPC at pH 4.6.

Black solid line: native HEWL; magenta short dash line: native HEWL + 1.5 mM
DMPC; red dash line: reduced HEWL; green dot line: reduced HEWL + 0.5 mM
DMPC; blue dash dot line: reduced HEWL + 1 mM DMPC; cyan dash dot dot line:
reduced HEWL + 1.5 mM DMPC.
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oxidized HEWL has no obvious structure changes with cationic/zwitterionic
surfactant micelles or lipid vesicles. Cationic/zwitterionic micelles can induce more
structure changes for the reduced HEWL than do the DMPC vesicles with
zwitterionic head groups. Micelles are smaller and can more easily attach to or
occlude the reduced HEWL to affect its structure, while the DMPC vesicles are larger
and more structured, so that the reduced HEWL may have more difficulty inserting
into the lipid bilayer without electrostatic attractions holding it to the surface of the
vesicles. The changes of reduced HEWL with DMPC vesicles indicate that there are
still interactions, in the absence of coulomb attractions, presumably due to
hydrophobic stabilization of parts of the HEWL sequence. The observed CD changes,
together with the ATR spectra (Figure 4-6) showing increasing beta sheet peak (1627
cm’!) intensity, suggest formation of beta sheet structure which may be on the lipid
surface. When the protein is well-structured and more rigid, such as the case with
oxidized/native HEWL, the binding between opposite charges from the protein and
vesicle membrane can facilitate, and may be a prerequisite for, further insertion and
hydrophobic interactions. The fluorescence spectra (Figure 4-7) show that, in the
presence of DMPC, the peak position blue shifts from 351 nm to 348 nm and intensity
increases, but both changes are smaller than with DMPG vesicles, suggesting less
interaction with the hydrophobic interior of the bilayer than with DMPG.

It is reasonable to think that after the electrostatically mediated binding to and
initial insertion into the lipid membrane bilayers, hydrophobic interactions play a

more important role for further formation of helicity in reduced HEWL. As a result,
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Figure 4-6. ATR spectra of reduced HEWL (black line), reduced HEWL with 5 mM
DMPQG (red line) and reduced HEWL with 1.5 mM DMPC (blue line).
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Figure 4-7. Fluorescence spectra of reduced HEWL (black line), and reduced HEWL
with 0.5 mM (red line), 1 mM (green line) and 1.5 mM (blue line) DMPC vesicles.
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the hydrophobicity and packing of the lipid vesicles could be two key factors for the
formation of protein helicity with vesicles. Three other lipid vesicles were studied that
have the same negative head groups as DMPG, but differ in hydrophobicity and/or
packing of the lipid bilayers. DLPG aliphatic tails are only 12 carbons long, as
compared to 14 for DMPG, and result in a lower liquid crystal phase transition at Tm
~-3"C. As seen with DMPG vesicles, reduced HEWL interacting with DLPG vesicles
have more helicity than the oxidized/native HEWL in only buffer, but the final
maximum helical content induced by DLPG vesicles is less than for DMPG vesicles.
This suggests that the longer chains creating a larger hydrophobic interior in the lipid
vesicle bilayers provides a better environment for the reduced HEWL to form helical
structure. The reduced HEWL with 1 mM DLPG (Figure 4-8 blue dash dot line) is
more helical than with 1 mM DMPG (Figure 4-1 green dot line), and it reaches its
maximum plateau faster. One possible explanation is that the DLPG has higher
fluidity, making it easier for the reduced HEWL to bind but the larger DMPG has
higher capacity for helix insertion.

The other two lipid vesicles studied, POPG and DOPG, alter both the
hydrophobicity and their packing properties. POPG has one 16 carbon chain and one
18 carbon chain with a double bond, and DOPG has two 18 carbon chains with a
double bond on each. Both of them have longer hydrocarbon chains than DMPG, but
lower transition temperatures since the packing properties of kinks induced by double
bonds in the lipid bilayer are different. As demonstrated by the respective CD spectra

in Figure 4-9 and Figure 4-10, despite their higher hydrophobicity, POPG and DOPG
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Figure 4-8. Far-UV CD spectra of native HEWL, and reduced HEWL with addition of
different concentrations of DLPG at pH 4.6.

Black solid line: native HEWL; red dash line: reduced HEWL; green dot line: reduced
HEWL + 0.5 mM DLPG:; blue dash dot line: reduced HEWL + 1 mM DLPG; cyan
dash dot dot line: reduced HEWL + 2 mM DLPG; magenta short dash line: reduced
HEWL + 5 mM DLPG.
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Figure 4-9. Far-UV CD spectra of native HEWL, and reduced HEWL with addition of
different concentrations of POPG at pH 4.6.

Black solid line: native HEWL; red dash line: reduced HEWL; green dot line: reduced
HEWL + 0.5 mM POPG; blue dash dot line: reduced HEWL + 1 mM POPG; cyan
dash dot dot line: reduced HEWL + 2 mM POPG; magenta short dash line: reduced
HEWL + 5 mM POPG.
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Figure 4-10. Far-UV CD spectra of native HEWL, and reduced HEWL with addition
of different concentrations of DOPG at pH 4.6.

Black solid line: native HEWL; red dash line: reduced HEWL; green dot line: reduced
HEWL + 0.5 mM DOPG; blue dash dot line: reduced HEWL + 1 mM DOPG; cyan
dash dot dot line: reduced HEWL + 2 mM DOPG; magenta short dash line: reduced
HEWL + 5 mM DOPG.
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vesicles interact with reduced HEWL but induce less helicity than do DMPG vesicles,
even less than DLPG vesicles. In this case, the degraded packing plays a more
important role than the increase in hydrophobicity, as implied by their longer tails, for
the folding and formation of helical structure. Both POPG and DOPG vesicles have
double bonds, which cause kinks in the tails so that they do not pack as well, which

may have consequences for insertion of a helical segment.

4.3.2 Refolding of HEWL mutants with DMPG vesicles

The 0SS mutant has all eight cysteines in HEWL replaced with alanines, and
thus there are no disulfide bonds. The 1SS (64-80) mutant retains one single disulfide
bond in the beta domain of the native HEWL, with the six other cysteine residues
replaced with alanines. Since the Cys64-Cys80 disulfide bond is in the beta domain,
its impact on structural changes that induce formation of helical structure inside
vesicles is a more interesting question than for the other three disulfide bonds in
HEWL. The CD spectra of 0SS (Figure 4-11) and 1SS (Figure 4-12) in the presence
of DMPG vesicles show that they behave similarly as reduced HEWL, forming
significantly more helical structure than does native HEWL in 5 mM DMPG. All
three disulfide depleted HEWLs, 0SS, 1SS and reduced HEWL, form their maximum
helical refolded state interacting with DMPG vesicles to attain apparently the same
final secondary structure, as indicated by their superimposable CD spectra in the
presence of 5 mM DMPG vesicles. Even though they achieve the same final state, the

1SS mutant behaves slightly differently from 0SS and reduced HEWL during the
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Figure 4-11. Far-UV CD spectra of native HEWL, and 0SS mutant with addition of
different concentrations of DMPG at pH 4.6.

Black solid line: native HEWL; red dash line: 0SS mutant; green dot line: 0SS + 0.75
mM DMPG; blue dash dot line: 0SS + 1 mM DMPG; cyan dash dot dot line: 0SS +
1.5 mM DMPG; magenta short dash line: 0SS + 1.75 mM DMPG; purple short dot
line: 0SS + 2 mM DMPG; olive short dash dot line: 0SS + 5 mM DMPG. The inset
shows the variation of ellipticity at 222 nm with addition of DMPG.
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Figure 4-12. Far-UV CD spectra of native HEWL, and 1SS mutant with addition of
different concentrations of DMPG at pH 4.6.

Black solid line: native HEWL; red dash line: 1SS mutant; green dot line: 1SS + 0.75
mM DMPG; blue dash dot line: 1SS + 1 mM DMPG; cyan dash dot dot line: 1SS +
1.5 mM DMPG; magenta short dash line: 1SS + 1.75 mM DMPG; purple short dot
line: 1SS + 2 mM DMPG; olive short dash dot line: 1SS + 5 mM DMPG. The inset
shows the variation of ellipticity at 222 nm with addition of DMPG.
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refolding process. In the presence of 1.75 mM DMPG, the 1SS nearly achieves its
maximum helicity (Figure 4-12 magenta short dash line), while the 0SS (Figure 4-11
magenta short dash line) and reduced HEWL (Figure 4-1 purple short dot line) require
higher lipid vesicle concentrations (higher than 2 mM) before maximizing helicity.
From our observations, the single disulfide bond Cys64-Cys80 in the 1SS mutant does
not inhibit the ability of HEWL to form a final vesicle-bound secondary structure
similar to the fully reduced and 0SS HEWLs, but this disulfide bond does affect the
pathway or intermediate formation in the folding process. The disulfide bond can
restrict the conformational distribution in the unfolded state, although the unfolded
states of HEWL after losing three or all four disulfide bonds must be similar, since the
CD spectra of unfolded 0SS and 1SS are so similar.

The intrinsic tryptophan fluorescence peak positions for both the 1SS and
0SS mutants undergo similar changes upon addition of DMPG vesicles, both showing
blue shifts from 351 nm to about 340 nm in the presence of DMPG vesicles in what
appears to be a one-step process (Figure 4-13, Figure 4-14, Figure 4-15 and Figure 4-
16). Higher concentrations of DMPG vesicles do not affect the fluorescence peak
position. However, the intrinsic fluorescence intensity of both 1SS and 0SS mutants
have a different pattern of changes from that of reduced HEWL.: the fluorescence
intensity increases gradually and then reaches a plateau with addition of higher
DMPQG vesicle concentrations. This contrasts with reduced HEWL fluorescence
which increased to a maximum at low vesicle concentration then stabilized back to a

plateau with addition of more DMPG vesicles. The difference in fluorescence
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Figure 4-13. Variation of the integrated intrinsic fluorescence intensity (blue triangles)
and peak position (black squares) of 0SS mutant with addition of DMPG vesicles.

(no data for DMPG concentrations below 0.5 mM because of precipitation).
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Figure 4-14. Fluorescence spectra of 0SS mutant (black line), and 0SS mutant with 0.5
mM (red line), 1 mM (green line), 1.5 mM (blue line), 2 mM (cyan line) and 5 mM
(magenta line) DMPG vesicles.
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Figure 4-15. Variation of the integrated intrinsic fluorescence intensity (blue triangles)
and peak position (black squares) of 1SS mutant with addition of DMPG vesicles.
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Figure 4-16. Fluorescence spectra of 1SS mutant (black line), and 1SS mutant with 0.5

mM (red line), 1| mM (green line), 1.5 mM (blue line), 2 mM (cyan line) and 5 mM
(magenta line) DMPG vesicles.
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intensity change does not originate from the presence of DTT for reduced HEWL and
its absence for the mutants, because for HEWL samples with added DTT but without
incubation at 65°C either the peak position or the intensity of HEWL’s fluorescence
was not affected. As a result, the difference in fluorescence intensity changes for 0SS
in DMPG suggest that the reduced cysteine residues may affect the environment of
some tryptophan residues, and this effect is modulated if the cysteines replaced by
alanines in the mutants. From the native structure of HEWL, some of the cysteine
residues are close to tryptophans and thus the charge and dipolar properties of
cysteine residues as compared to alanine substitutes must have an influence on DMPG

dependence of the tryptophan fluorescence.®)

4.3.3 Thermal stability studies

Thermal stability studies on both oxidized HEWL and reduced HEWL in
DMPG vesicles (Figure 4-17) show a gradual decrease in magnitude for the far-UV
CD (negative) ellipticity, corresponding to degree of helicity, with increasing
temperatures. The lipid vesicles cause the native state HEWL to lose its normal
cooperative thermal denaturation behavior (Tm ~83°C), as seen for HEWL in buffer
only (Figure 4-17, open triangles), and evidence only a broad transition at lower
temperature (Tm ~65°C). Even though the four disulfide bonds can have strong
stabilizing effects on the structure of native/oxidized HEWL, they are not strong
enough to resist the effects of lipid vesicle interaction as evidenced by loss of

cooperativity in the structural stabilization. The more gradual change for the reduced



105

22 -
1T m
207 412
18- L A
A A
VAVAVVAVVVAVAVN u
16 - DODMNNANNNOSI S A
8 Rl
° A A
£ 14 1 "
Q ] LN
ON 12_ ~7AN A
! 1 oogooo QA "
i o o I i o O g 0
10 _ 0l0og DDDDDDDDDDDDDDDDmﬂummmmﬂééééﬁé
8-
6_
0 20 40 60 80 100

temperature/ °c

Figure 4-17. Thermal denaturation of oxidized HEWL (filled triangles) and reduced
HEWL (filled squares) in DMPG vesicles, native HEWL in buffer only (open triangles)
and reduced HEWL in buffer only (open squares).
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HEWL-vesicle complex might be described as a molten globule state’”) which has

substantial helical secondary structure but little tertiary structure.

4.3.4 Orientation of protein structures in the lipid bilayer

Polarized ATR-FTIR was employed to identify the orientations of component
structures of refolded reduced HEWL, and the refolded 0SS and 1SS mutants with
DMPG films on a surface. The polarized ATR-FTIR difference spectra (90°-0°
polarization) for reduced HEWL (red line), 0SS mutant (blue line) and 1SS mutant
(black line) with DMPG vesicles are shown in Figure 4-18 and evidence similar
characteristics. The transition dipole moment of the CH: scissoring modes of the lipid
aliphatic tails is perpendicular to the hydrocarbon chains. In our spectra, it appears as
a negative difference band at 1467 cm™!, which, assuming the lipid chains are
predominantly perpendicular to the normal of the plate after self-assembly, indicates
that a negative difference corresponds to a transition dipole parallel to the plate
surface. The positive band at 1655 cm™! in the protein-containing films can be
assigned to the a-helical amide I modes, which implies the a-helical amide I dipoles
are mostly perpendicular to the plate surface and the lipid membrane surface. Thus,
the helices are preferentially perpendicular to the lipid membrane and inserted into it.
The positive band at 1629 cm™! can be assigned to the B-sheet amide I modes, which
are normal to the strands, and their positive sign suggests that they might lie on the
membrane surface. Based on these polarized ATR-FTR results, we can conclude that

the helical structure of the reduced HEWL, 0SS and 1SS mutant gained from the
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Figure 4-18. Polarized ATR-FTIR difference spectra (90°-0° polarization) of reduced

HEWL (red line), 0SS mutant (blue line) and 1SS mutant (black line) with DMPG
vesicles and DMPG only (green line).
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interactions with vesicles is formed by incorporation of segments which can form

helices and their insertion into the lipid vesicles.

4.3.5 Stopped-flow Kkinetic studies of reduced HEWL refolding with DMPG

vesicles

The kinetics of the induced structural changes of reduced HEWL by
interaction with DMPG vesicles were monitored with both changes in CD ellipticity
at 222 nm and in total fluorescence intensity above 320 nm under stopped-flow
mixing conditions.

The stopped-flow curves, ¢(t), from the CD channel and total fluorescence
intensity channel were fit with multiple exponential functions to determine rate

constants in the structure reforming process using the following formula:

HD)=at+b+) c, 0™ (eqd-1)
where ki and ci are the rate constant and amplitude, respectively, of the ith exponential
component and a and b represent linear baseline corrections. Figure 4-19a shows a
sample kinetic trace and fit of the CD amplitude at 222 nm for reduced HEWL mixing
with 5 mM DMPG vesicles, and Figure 4-19b shows the corresponding kinetic trace
from the total fluorescence intensity above 320 nm with the inset indicating the very
fast mixing step. We did not have sufficient 0SS and 1SS mutant samples for

corresponding stopped-flow experiments. The kinetic parameters obtained from the

fits to the kinetic traces are listed in Table 4-1.
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Figure 4-19. (a) The CD signal at 222 nm (black dots) and its fitted curve (red line)
showing the kinetics of reduced HEWL mixing with 5 mM DMPG vesicles; (b) The
total fluorescence intensity above 320 nm showing the kinetics of reduced HEWL
mixing with 5 mM DMPG vesicles, where inset shows early time behavior.
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Table 4-1. Stopped-flow kinetic parameters from ECD and fluorescence for

reduced HEWL mixing with 5 mM DMPG vesicles.

ki/s! ci ko/s™! c2 ks/s™! Cc3

ECD 146.1 £20.1 127 9.7£09 49 - -

Fluorescence 395.5+60.5 -0.29 185+19 -0.02 1.8+0.3 -0.02

* errors are calculated with the results of three trials

The stopped-flow kinetic trace for the ellipticity change at 222 nm on mixing
reduced HEWL with 5 mM DMPG vesicles shows a biexponential behavior. There is
a fast phase, ki[CD, vesicle] ~ 146 s!, resulting in a large gain in helical secondary
structure, followed by a slower phase, k2[CD, vesicle] ~ 9.7 s™! corresponding to a
smaller increase of helical structure. The fluorescence traces show an initial large
burst increase, ki[fluorescence, vesicle] ~ 395.5 s°!, which is followed by two much
slower increase steps with rate constants, ka[fluorescence, vesicle] ~ 18.5 s and
ks[fluorescence, vesicle] ~ 1.8 s™\. Between the fast and slower steps is an overshoot
and recovery that we did not attempt to fit in our analysis. Consequently, the fast
fluorescence increase (ki[fluorescence, vesicle]) was fit separately from the other two
constants ko[ fluorescence, vesicle] and ks[fluorescence, vesicle].®®) Even though the
first fast fluorescence rate constant ki[fluorescence, vesicle] is 2-3 times larger than
the fast CD rate constant ki[CD, vesicle], the fast CD and fluorescence spectral

changes at the very early stages of folding may occur in the same process or kinetic
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step. The CD data is quite noisy and consequently is more limited in time resolution
than the fluorescence data. During this step, to the ability we can resolve it, the
polypeptide chain appears to collapse, as monitored by fluorescence, in the same time
frame as the major secondary structure change occurs, as monitored by CD.
Following the fast step, the two slower fluorescence rate constants bracket the slower
CD rate constant. These slower rate constants may represent best fits to different
processes resulting from one or multiple sequential mechanistic steps, but for the
fluorescence they represent smaller spectral changes.

Based on these kinetic parameters, we propose that the first step of the folding
of reduced HEWL with vesicles is a process involving both binding and partial
insertion, during which there are major changes for both secondary and tertiary
structure. The fast (burst) fluorescence change is within the mixing time and indicates
the tryptophan environment is altered immediately either due to the electrostatic
interactions with the lipid head groups or to the overall change in environment. For
the first binding and insertion step, the electrostatic attractions of the opposite charges
on protein and vesicles define this interaction. In subsequent steps after binding, the
protein can rearrange its structure, continue to refold helical structure and equilibrate

to the more hydrophobic interior of the lipid bilayer.

4.3.6 Comparison with micelle refolding

Our previous study reported the results of similar studies with surfactant

micelles such as SDS.® The rate constants for reduced HEWL with SDS micelles
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were shown, ki[CD, micelle] ~ 250 s™! and k2[CD, micelle] ~ 10 s! while,
ki[fluorescence, micelle] ~ 150 s™! and ko[fluorescence, micelle] ~ 0.7-1.8 s™. The rate
constants from DMPG vesicles are similar to those from micelles, suggesting they
represent intrinsic reduced protein folding properties more than lipid control. Previous
papers have reported both equilibrium and kinetic studies on the refolding of
denatured/reduced HEWL, under different conditions than we have studied. One
study tried to refold the denatured but still oxidized form of HEWL containing all
disulfide bonds by removing the effect of the denaturant, and reported two rate
constants ki~ 69.9 s™' and k2 ~ 2.74 s7'.("® Another used reduced HEWL but then
reformed the disulfide bonds by addition of oxidizing agent, and reported three very
slow rate constants with ki1 and k2 close to 0.06 min™' and k3 close to 0.002 min™'.(7®
80) The rate constants for refolding reduced HEWL and reforming four disulfide bonds
are much slower than our results with vesicles or micelles, because it takes much
longer for the cysteine residues to come together and form the correct disulfide bonds.
By contrast, interaction with lipids does not require formation of disulfide bonds but
does not form native structure. The rate constants from the refolding of the denatured
HEWL with all disulfide bonds intact by removing denaturant are closer but still
slower than our results with vesicles or micelles, which indicates that vesicle or
micellar medium can facilitate secondary structure formation independent of disulfide
bonds, even faster than in buffer with conformational constraints due to preformed

disulfide bonds.
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Despite being similar, the rate constants of refolding reduced HEWL with

DMPQG vesicles are different from those with SDS micelles. The fast CD step,
representing initial helical formation, is slower with DMPG than with SDS micelles.
This may be due to the micelles being smaller and easier for reduced HEWL to
access, or it may represent micellular interaction with just parts of the unfolded
HEWL based on the beads on a chain model.®® The slower step for reduced HEWL
interacting with DMPG is almost the same as with SDS micelles, suggesting the
slower steps after the initial binding and insertion are similar for DMPG vesicles and
SDS micelles. Even though the first binding and insertion step is slower, vesicles can
eventually induce more helical structure than micelles for the reduced HEWL, as
shown by comparing our equilibrium studies. This indicates that the bilayer structure
of the DMPG vesicles with their highly hydrophobic interior can support final
membrane bound states with more helical structure than do SDS micelles. It suggests
that hydrophobic effects provide a driving force to the subsequent refolding steps after
the first binding and insertion step in DMPG vesicles. As a result, only selected lipids
can refold reduced HEWL to attain even more helical structure than in native HEWL,
due to the lipid hydrophobic and packing properties, while for micelles, several
negative surfactants can refold reduced HEWL.

For the fluorescence kinetics, the fast step in DMPG vesicles is much faster
than with micelles, and the slower steps for DMPG are (combined) faster than for the
single micelles’ rate. The differences of the rate constants from fluorescence kinetics

are opposite in sense from the CD data and suggest that the secondary and tertiary
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structure changes are not fully coordinated. These differences demonstrate that the
hydrophobic interactions of DMPG vesicles are different from that of SDS micelles.
The vesicles have larger sizes and a bilayer interior, resulting in higher
hydrophobicity than micelles. We can also see that the fluorescence rate constants are
larger than the CD ones, but by contrast, the SDS fluorescence rate constants are
smaller than the CD ones. Fluorescence changes reflect local conformational changes
around the tryptophan residues and tertiary structure (interaction and quenching)
changes. The DMPG SUYV vesicles have a radius of ~30 nm, while both HEWL and
micelles have a radius of ~2 nm. Due to their larger size, the DMPG vesicles can
provide larger and more unified surface for the binding with reduced HEWL and thus
may lead to faster local conformational changes for the tryptophan residues, even
though any transport-limited binding may be slower for vesicles than for micelles, due
to their larger size. A more hydrophobic environment in vesicles is consistent with the
fluorescence peak position changes for reduced HEWL in the presence of DMPG
vesicles and micelles. In DMPG vesicles, the fluorescence peak position blue shifts to
the final value right away, while in micelles, the blue shift shows a more gradual

transition process to its final value.

4.4 Conclusion

4.4.1 Effects of charges, hydrophobicity and membrane packing

Reduced HEWL can be largely refolded to a highly helical non-native state

with bilayer vesicles composed of lipids having negative head groups. Our data



115

cannot determine which part of HEWL forms the new helices. Possibly the terminal
parts can insert into the membrane and form helices with the sheets laying on the
membrane surface. The first step of the refolding process involves both the binding
and reconfiguration of the protein on the vesicles, whereby the majority of helical
structure is formed. The binding between the protein and vesicle surface appears to be
driven by electrostatic attraction of opposite charges on protein and vesicles. This
interaction with the surface apparently stabilizes an intermediate that can facilitate the
formation of helical secondary structure and insertion in to the bilayer. The
intermediate formation is suggested by the differences in kinetic fast steps detected by
fluorescence and CD in the process.

Electrostatic attractions drive the attraction between protein and vesicles, but
are not a prerequisite for interaction of a flexible unfolded protein with the membrane.
When the protein chain is flexible enough, such as for reduced HEWL, the strong
hydrophobic interactions can bring the protein and vesicles together and possibly
result in a change of conformation and eventual insertion of protein segments into
vesicle membrane. Whether the helix develops prior to insertion or in some concerted
multistep process is not defined by our data. Subsequent steps after the binding and
insertion process allow the protein to rearrange structure further, continue to gain
helical content and adjust packing of tryptophan residues, for which the hydrophobic
interactions are the major driving forces. When the protein chain is rigid, or more
constrained by a stable fold, such as for native/oxidized HEWL, it can barely insert

into the membrane of DMPC vesicles in the absence of electrostatic attractions.
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Vesicles with higher hydrophobicity can induce more helical structure but the
packing of lipids in the vesicle also plays an important role in the insertion process.
When the lipids have double bonds in the tails, these create kinks and thus do not
pack well. This appears to create a barrier or destabilization condition for helix
insertion, and consequently the protein exhibits less structural change. DMPG SUV
vesicles with sizes around 50 nm and DMPG LUV vesicles with sizes around 120 nm
can induce the same amount of helical content for reduced HEWL, which suggests
that the size of vesicles or planarity of the bilayer surface does not have a significant

effect on the refolding.®4

4.4.2 Micelles and vesicles as mimics of membrane

Our equilibrium studies show that vesicles can induce more helical structure
for the reduced HEWL than do micelles, which may indicate that vesicles have more
space for helical development and higher hydrophobicity in the bilayer than do
micelles. The comparison of the kinetics of refolding with vesicles and micelles also
reveal that there are other differences between vesicles and micelles during the
binding, insertion and post-insertion steps. These could originate from the differences
of sizes, curvatures, compositions, and hydrophobicity between micelles and vesicles.
Although, lipid vesicles provide a better mimic of membrane in cells, comparison of
results with both micelles and vesicles can give useful insight into the interaction of

proteins with cellular membranes.
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4.4.3 Role of disulfide bonds on protein folding

Equilibrium studies of the interactions of reduced HEWL, 0SS mutant and
native/oxidized HEWL with vesicles with negative or zwitterionic head groups
indicate that the set of four disulfide bonds has a huge effect on the refolding process
in vesicle membrane. The reduced HEWL and 0SS mutant without disulfide bonds
undergoes larger structural changes in lipid bilayers than does the native/oxidized
HEWL with four disulfide bonds. The reason is that the disulfide bonds can reduce
the protein chain flexibility and its accessible configurational space. In this case, the
set of four disulfide bonds determines a specific folding pathway and leads to the final
folded state. For the 1SS mutant interacting with lipid vesicles, with a single disulfide
bond, a terminal state with the same secondary structure as formed for reduced
HEWL and 0SS in vesicles is formed, but it requires lower vesicle concentrations to
reach the final state. So the single disulfide bond Cys64-Cys80 in the 1SS mutant
does affect the mechanism, perhaps by favoring an on-path intermediate in the folding
process achieved by stabilizing and conformationally constraining the starting
structure, and thus facilitates folding with vesicles. In this case, the single disulfide
bond does affect an early stage of folding, but its effects are overshadowed in the final
stage when there are stronger hydrophobic stabilizing forces from the bilayer.

This example helps illustrate that disulfide bonds can be used to alter the
stability, or flexibility of a protein, which may be one reason for their evolutionary
development. Flexibility is an important aspect for protein folding and activity, and

disulfide bonds can be a manipulating tool for altering the protein flexibility, and thus
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to improve protein activity during the evolution process. In addition, altering the
number of disulfide bonds and incorporating mutations of other residues provides an
engineering method to change the stability or flexibility of the whole or some part of

the protein.



5. Spectroscopic study on Collagen-collagen interactions mediated by plant-

derived proanthocyanidins

This chapter contains work done in collaboration with the UIC college of Dentisty
which has been submitted for publication by that group (Vidal, Cristina and Bedran-
Russo, Ana submitted). The study involves multiple techniques, but only my results are
presented here unless explicitly noted.

5.1 Introduction

Type I collagen is the most abundant structural protein in human body and is
the major component of connective tissues such as skin, tendons, bone, and dentin.
Collagen molecules are assembled extracellularly to form microfibrils and fibrils. A
cascade of reactions initiated by lysyl oxidase cleavage of lysine and hydroxylysine
aminoacids at the telopeptide regions of the collagen molecules results in the formation
of inter-, and intra-molecular and inter-microfibrillar cross-linking.®5-88) Such
enzymatically mediated cross-links provide a foundation for stability, strength and
function. The types and amount of cross-links vary among tissues and change due to
physiological and pathological conditions.

Collagen cross-links have inspired novel approaches for tissue repair and
regeneration with ultimate goal to restore function. In dentistry, mimicking cross-
linking in mature dentin collagen matrix through non-enzymatic chemical reactions
enhances the native tissue’s biomechanics and can reduce enzymatic breakdown.8%-92)

Synthetic chemicals such as glutaraldehyde and carbodiimides were explored as non-

enzymatic chemical cross-linkers.®% 9 9 Carbodiimide compounds (EDC) are

119
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functional coupling reagents that induce cross-linking by activating carboxylic acid
groups of glutamic or aspartic acid residues to form stable amide bonds with amines of
lysine and hydroxylysine residues in the presence of N-hydroxysuccinimide (NHS).®
Glutaraldehyde (GA) effectively cross-links the tissue by forming covalent binding of
two amine groups of (hydroxy)-lysine residues with its aldehyde groups, which will
further react to form pyridinium compounds.®) EDC/NHS and GA induce cross-links
even in highly cross-linked tissue such as dentin;®? however clinical usage remains
problematic due to cytotoxic reactions.®%

Plant-derived agents exhibit comparable or higher activity with biological tissue
when compared to synthetic agents.®®) In specific, biocompatible proanthocyanidins
(PACs) are considered one of the most important classes of secondary metabolites in
the plant kingdom, offering a renewable source of raw material. Natural extracts
containing oligomeric PACs enhance the mechanical properties and decrease
degradation of dentin via interaction with type I collagen.®% %) The specific
mechanisms of interaction between PACs-type I collagen to convert from triple helices
to fibrils remains largely speculative. The complexity of interactions between PACs and
proline rich proteins yielded reports of their dependence on formation of a variety of
molecular bonds, including hydrogen and covalent bonds, hydrophobic interactions and
formation of hydrophobic pockets.(®7-100)

To elucidate the mechanism of interaction of PACs with collagen-rich tissues,

we have undertaken spectroscopic analyses in purified type I collagen and correlated

them to changes in the spectroscopic analysis of collagen-rich dentin matrices induced
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by chemical and natural cross-linkers. The well-described mechanisms of cross-linking
between EDC and GA with collagen-rich tissues were used as a reference to determine
the chemical interactions of PACs with dentin collagen. The hypothesis tested was that
the interactions with PACs would be of similar nature and intensity of the cross-linking

induced by synthetic agents.

5.2 Experimental

5.2.1 Materials

Cross-linking agents used in this study included: grape seed extract [(GSE), Vitis

vinifera, total proanthocyanidins (PACs) concentration >94%, Lot#31492514-01,
MegaNatural Polyphenolics, Madera, CA]; 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC, Pierce/Thermo Scientific, Rockford, IL), N-
hydroxysuccinimide (NHS, Pierce Thermo Fisher Scientific Inc.), and glutaraldehyde
(GA, 25% stock solution, Fisher Scientific, Pittsburgh, PA). Type I collagen extracted
from rat tail tendon and solubilized in acetic acid (BDTM Biosciences, San Jose, CA)
was used to evaluate the structural impact of the interaction between cross-linking

agents and collagen and to determine collagen-collagen interactions.

5.2.2 Fluorescence analysis

Fluorescence experiments were carried out at room temperature with excitation

at 276 nm using a FluoroMax 3 fluorescence spectrophotometer (Horiba Scientific,
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Edison, New Jersey, NJ) and a 1 cm path length quartz cuvette. Spectra were measured
in triplicate by incubating 0.5 g/L of type I collagen with a range of different
concentrations of GSE, EDC/NHS and GA: from 0.0065% to 0.065% (w/v) GSE, from
0.0575% t0 0.575% (w/v) for EDC with 0.014% to 0.14% (w/v) NHS, and from 0.005%
to 0.5% (w/v) GA. Cross-linking solutions were prepared in distilled water (DW) and
pH was adjusted to 7.2. Reference spectra of solubilized collagen and of the cross-
linking solutions were also recorded. CD measurements of collagen with cross-linkers
could only be carried out for low concentrations due to interference from light scattering

of particles. Consequently, no CD data is presented.

5.2.3 ATR-FTIR analysis

Interactions of type I collagen and dentin collagen (in demineralized dentin) with
cross-linkers were analyzed using an ATR accessory (single reflection diamond, PIKE
MIRacle ATR, Madison, WI) mounted in an FTIR spectrometer (Bruker Vertex 80,
Billerica, MA). Solubilized type I collagen (1 mg/ml) was incubated at room
temperature for 1 hour with either 0.065% (w/v) GSE, 5.75% (w/v) EDC/1.4% (w/v)
NHS or 5% (v/v) GA freshly prepared in DW as described above. Because relatively
high concentrations of GSE, EDC or GA were used, resulting in strong cross-linking,
after mixing the collagen with the cross-linkers the solution became more viscous, and
eventually a gel phase formed separate from a supernatant liquid phase, especially for
the GSE. Since the liquid phase transmission IR spectrum showed mostly peaks from

the cross-linkers, ATR-IR spectra were measured for the gel phase to assess changes in



123

the collagen. For that, the gel was pressed onto the ATR plate using a pressure clamp to
obtain better contact with the diamond surface. Spectra over the range 4500 cm™' to 600
cm™ were collected as an average of 512 scans (10 kHz scan speed with a DTGS
detector) and processed with a 3-term Blackman-Harris apodization and zero filling of
2. Background transmission spectra with no sample on the ATR crystal surface were
collected with same measurement parameters and used to compute absorbance spectra.
Repeated spectra were collected until the collagen gels were completely dried and the
results were consistent. The ATR absorbance spectra of GSE, EDC/NHS and GA
solutions were measured by applying 10 pl of each solution on the crystal surface and

drying with a mild flow of nitrogen gas to form a homogenous thin film.

The evaluation of collagen cross-linking in the dentin organic matrix was
performed as described for purified type I collagen. Dental samples were all prepared
in the UIC college of Dentistry by our colleague Cristina Vidal. Five freshly extracted
human molar teeth were collected and stored at -20 °C (IRB, University of Illinois at
Chicago, protocol # 2006-0229). Crowns were cut off using a low speed diamond saw
(Buehler, Lake Bluff, IL) to obtain dentin specimens with 0.5 mm thickness x 1.5 mm
width x 1.5 mm length. Dentin specimens were completely demineralized with 10%
phosphoric acid (Ricca Chemical Company, Arlington, TX) for 5 h under agitation.®®
Water-rinsed specimens were pressed onto the diamond crystal surface to better cover
the active area and ATR spectra of dentin only were obtained. After that, dentin
specimens (n = 3) were re-hydrated and treated with: 6.5 % GSE, 5.75% EDC/1.4%

NHS or 5% GA, prepared in DW (pH 7.0). Each dentin specimen was treated with 200
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pl of fresh cross-linking solution for 1 h at room temperature and washed before re-
measurement with ATR-FTIR to obtain a spectrum of cross-linked dentin from the same
dentin surface. Reference ATR spectra of the GSE, EDC/NHS, and GA solutions were

measured as described above.

Difference spectra were obtained by subtracting the spectra of untreated from
treated collagen or dentin samples with cross-linking agents. Subtraction factors were
adjusted to minimize the amide I and amide II bands from collagen (in practice the
collagen peaks could not be fully eliminated without introducing baseline artifacts into
the difference spectra). Spectra from cross-linked collagen or dentin and/or cross-
linking solutions were scaled and plotted along with difference spectra for evaluation
and comparison. Data were plotted using Origin software (OriginLab, Northampton,

MA).

5.3 Results
5.3.1 Fluorescence results

Collagen fluorescence spectra obtained from three repetitions were similar, so
results from only one representative sample are presented. When excited at 276 nm,
collagen exhibited emission with a maximum at ~303 nm, characteristic for tyrosine
fluorescence.®) Fluorescence intensity with 276 nm excitation of GSE, EDC and GA
solutions alone were much lower than for collagen (not shown), so we could monitor

the changes in collagen fluorescence after interaction with such cross-linkers without
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interference from the fluorescence of those cross-linkers. The absorbance of tyrosine
from collagen did not shift upon adding cross-linking agent so the same excitation
wavelength of 276 nm was used for all samples. When treated with cross-linking agents,
collagen fluorescence intensity decreased, with the most prominent reduction observed
for addition of GSE (Figure 5-1b). A large red shift from 303 nm to 352 nm can be seen
as GSE concentration increases (Figure 5-1a). With addition of low concentrations of
GSE, the fluorescence intensity shows an initial increase before falling off. With higher
concentrations of GSE, a gel was formed, which impaired the measurements due to
higher light scatter. By contrast, collagen fluorescence after cross-linking with EDC
and GA showed only very small red shifts, ~1-2 nm (not shown). Somewhat varying
from GSE, fluorescence intensity steadily decreased with added EDC and GA, although
the latter evidenced a stable intensity for GA additions up to ~0.05 % (Figures 5-1c and

5-1d).

5.3.2 ATR-FTIR analysis

Representative ATR-FTIR spectra for cross-linked type I collagen and dentinal
collagen are presented in Figures 5-2 and 5-3. Both collagen and dentin spectra for all
specimens showed typical peaks for collagen, such as C=0 stretching at ~1632 cm’!
(amide I), out-of-phase combination of N-H bending and C-N stretching at ~1544 cm!
(amide II), CH2 scissoring at ~1450 cm™! and some contribution from the mix of Ca-H
deformation and N-H bending and C-N stretching between 1350 and 1200 cm™ (Co-H

and amide III) (Figures 5-2 and 5-3).
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Figure 5-1. Collagen fluorescence changes in peak position and fluorescence intensity
when treated with different concentrations of GSE, EDC/NHS and GA. (a) Collagen
fluorescence peak positions and (b) fluorescence intensities when incubated with
0.0065 - 0.065% GSE. (c¢) Collagen fluorescence intensities after incubation with
0.0575 - 0.575% EDC containing 0.014 — 0.14% NHS. (d) Fluorescence intensities
when collagen was incubated with 0.005 - 0.5% GA.
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Figure 5-2. (a) ATR-FTIR spectra of type I collagen treated with 0.065% GSE. Black
solid line: GSE; red short dash line: collagen; green dash dot line: collagen + GSE; blue
short dot line: difference spectrum. (b) ATR-FTIR spectra type I collagen treated with
5.75% EDC/1.4% NHS. Black solid line: EDC/NHS; red short dash line: collagen;
green dash dot line: collagen + EDC/NHS. (¢) ATR-FTIR spectra type I collagen treated
with 5% GA. Black solid line: 5% GA; red short dash line: collagen; green dash dot
line: collagen + GA; blue short dot line: difference spectrum.
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Figure 5-3. (a) ATR-FTIR spectra of dentin treated with GSE. Black solid line: 6.5%
GSE; red short dash line: dentin; green dash dot line: dentin + GSE; blue short dot line:
difference spectrum. (b) ATR-FTIR spectra of dentin treated with 5.75% EDC/1.4%
NHS. Red short dash line: dentin; green dash dot line: dentin + EDC/NHS; blue short
dot line: difference spectrum. (¢) Dentin treated with 5% GA. Red short dash line:
dentin; green dash dot line: dentin + GA; blue short dot line: difference spectrum

(multiplied by three).
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In GSE-treated collagen, GSE peaks are aromatic ring C-C stretching at ~1600
cm! and ~ 1517 cm™ and at 1450 cm™! (red dash, Figure 5-2a). A possibly new feature
is observed in the difference spectrum, a peak at 1662 cm™ (blue dots, Figure 5-2a). For
the spectra of EDC-treated collagen (Figure 5-2b), the gel phase formed after mixing
collagen and EDC solution (Figure 5-2b, green dash-dot) still evidences most of the
peaks from EDC/NHS and shows only minor intensity and frequency variations. There
are small relative variations in intensities for the mixture as compared to the spectrum
of EDC/NHS, however, due to the higher concentrations of EDC/NHS used, our ability
to detect its impact on collagen is poor for this ATR-IR test. Similar to EDC-treated
collagen, for the interaction of GA and collagen the difference spectrum is again
dominated by the peaks from GA. By using a double difference, subtracting both
collagen and GA from the mix, a new peak is clearly evident at 1667 cm™! in this case
(Figure 5-2c, blue dot). In all these cross-linked collagen solution spectra, elimination
of the protein spectral bands by simple subtraction should leave behind residual cross-
linker plus any new products. Since the added cross-linker is in excess and difficult to
separate after reaction, sensitivity to new features in the difference spectra so dominated
by cross linker bands is limited.

In GSE-treated dentin, GSE peaks are similar to the ones described for collagen.
Besides the new feature at 1662 cm™!, changes at ~1350 and 1250 cm™ are observed
due to GSE-collagen interaction, which are most evident in the difference spectrum as
compared to the spectrum of GSE (Figure 5-3a). EDC/NHS-treated dentin IR spectrum

is almost identical in shape to that of dentin, with the exception of two weak peaks at
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1734 cm™ and 1776 cm! (Figure 5-3b). In addition, there are small absorption increases
at 1200 cm™ and 1079 cm™ and decrease at 1395 cm™ when compared to the spectrum
of untreated dentin and in the difference spectrum. When dentin was treated with GA,
none of the peaks from GA are evident and a very small shoulder at 1658 cm™ was
observed (Figure 5-3c¢), which is most obvious in the difference spectrum. The spectra
also show a weak feature at ~1715 cm!, which could be from GA. Other than that, GA
peaks are not evident in the difference spectrum and no comparison between difference

spectrum and spectrum of GA is made.

5.4 Discussion

The present study showed significant changes in the collagen spectroscopic
patterns after interaction with the cross-linkers. Pronounced modifications in collagen
fluorescence upon interaction with natural and synthetic cross-linking agents were
observed, indicating collagen conformational modifications promoted by the cross-
linkers. Moreover, the mechanism of interaction with the collagen molecule seems to
be different for each cross-linker as shown by ATR-FTIR experiments, although some
similarities can be seen for GSE and GA.

Collagen was solubilized at pH 7.2, since a precipitate was formed at pH higher
than 7.4, probably due to fibril or other aggregate formation. After mixing with cross-
linking solutions, the pH was dropped to 6.0, so the fluorescence assay could be
performed without any distortions from aggregation. With excitation at 276 nm, there

was no interference from any of the cross-linking agents. Also, we can clearly observe
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the tyrosine (Tyr) fluorescence change, since tryptophan is not present in type I
collagen.(101.192) Qur results showed a decrease in collagen fluorescence intensity when
any of the cross-linkers were added at relatively high concentrations, with GSE
inducing the greatest intensity loss. There were also red shifts of the peak frequencies,
but these latter changes were significant only for GSE. Red shifts in protein/Tyr
fluorescence generally indicate an increase in solvation or a less hydrophobic
environment. The red-shifted tyrosine emission observed for all cross-linkers is not
fully understood. One possibility might be that ionization of the phenolic hydroxyl
group of Tyr leads to tyrosinate formation and red shift in the emission spectrum, but
this seems unlikely at the pH values we used. Another possibility is that the Tyr residue
may get trapped in a local conformation and participate in events like excited state
proton transfer, leading to a red-shifted fluorescence emission.(®® Since the frequency
shift is only significant with GSE, one might assume that the Tyr side chains interact
with the aromatic rings of the polyphenolic components of GSE% which could result
in a red shift, or that the extended linkage exposed the fluorescent Tyr on the collagen
telopeptide segments to more solvation.

The fact that the shift is much smaller with EDC/NHS or GA implies that those
cross-linked structures are different, and possibly more tightly packed, at least in the
regions of the sequence with a significant Tyr fraction. That would also seem to argue
against an aromatic interaction of the PAC with the protein to drive collagen cross-
linking with GSE. Some difference in mechanism is indicated here. Loss of intensity is

more dependent on quencher availability close by in the sequence. For GSE, there is a
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gain in intensity at low concentration added, followed by a much larger loss. Charged
amino acids such as lysine, aspartic acid, glutamic acid and histidine can quench the
fluorescence of tyrosine when they are close. In the sequence of collagen, about 50%
of the intensity of the fluorescence is found within the mapped cross-link domain
(containing cross-linking sites such as lysine).1%) After addition of low concentrations
of cross-linker, many of the lysines become cross-linked (thus no longer charged),
which could allow the tyrosine fluorescence intensity to increase, as seen with GSE,
and possibly, but less so, with GA. This again might argue for a chemical linkage, and
not just H-bonding, but could alternatively suggest some aromatic interaction altering
quantum yield, although one would expect the PAC to quench Tyr, acting as an acceptor.
With higher concentrations of any of the cross-linkers, gel formation causes loss of
tyrosine fluorescence intensity due to scatter. The GSE shows a stronger cross-linking
effect on the tyrosine fluorescence than GA, as demonstrated from the larger amplitude
of tyrosine fluorescence increase at low cross-linker concentrations and decrease at high
cross-linker concentrations. On the other hand, the mechanism of cross-linking for EDC
is described as “zero-length” since the carbodiimide does not become part of the cross-
linked protein.®) Possibly, the resulting minimal modifications in collagen structure
with EDC were reflected in relatively small changes in collagen fluorescence. Exposure
of type I collagen and its microfibrils to cross-linking agents induced stronger chemical
bonding interactions than physiologic ones.

To better understand the specific mechanisms of interactions between dentin

collagen and cross-linking agents, we performed ATR-FTIR analysis using both type I
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collagen and demineralized dentin. The IR spectra of collagen shows its specific feature,
the amide bands, which are characteristic of its triple helix conformation. The GSE-
treated collagen spectrum shows a combination of IR peaks from the collagen and the
GSE spectra, but the difference spectra show evidence for new bands at 1662 cm™ and
possibly 1350 and 1280 cm™!, for example (Figure 5-2a), which provide evidence of
GSE incorporation and interaction with collagen. Similar results were observed for
dentin cross-linked with GSE (Figure 5-3a). A peak at 1450 cm™ and a loss of intensity
at 1400 cm™! can be noted in the difference spectrum and confirms previous results. (%)

Recent studies have suggested that hydrogen bonding is the main mechanism of
interaction between hydroxyl groups present in PACs and amino and amide groups of
collagen.(® 1%) However, hydrophobic interactions were also proposed to explain the
binding of polyphenols to proteins, which might occur through the association of their
aromatic rings with proline residues.%”:1%) In the present study, the comparison of the
difference spectrum both for dentin and type I collagen to the GSE ATR spectrum shows
the changes after treatment more clearly: the new feature at 1662 cm™ seen in the
difference spectrum (top traces, blue dots, Figure 5-2a and 5-3a). This peak may be
assigned to a possible C=N stretching, plus an enhancement of the CHz bending at 1442
cm’!, the above noted 1400 cm™! band, as well as an ester C-O stretching at 1283 cm’!
and a phenol and ether C-C, C-O stretching at 1198 cm™ and 1038 cm™'. Moreover, this
new feature can be an indication of covalent or covalent-like bond formation, i.e. Schiff
base, between GSE and collagen.

EDC couples carboxyl groups to primary amines forming amide bonds, %)
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whose spectral contributions would be obscured by overlap with the collagen amide
bands. Moreover, our ATR-FTIR data corroborate with absence of significant changes
in collagen fluorescence since EDC induces the formation of inter- and intra-molecular
amide bonds in collagen with no additional chemical features. However, it has been
speculated that EDC does not cross-link collagen only by creating amide bonds, but
also by additional ester bonds formed between carboxyl and hydroxyl groups.®?)
Interestingly, both the EDC treated collagen and dentin spectra show peaks at ~1740
and 1780 cm, which could correspond to the ester C=0O group stretch. The
asymmetrical and symmetrical stretching frequencies of the C-O ester groups between
large molecules are expected in the region of 1185-1277 cm™! and 1050-1116 cm™'.(*)
While we see intensity changes in this region, overlap with dentin modes makes
determination difficult. These ester bonds can be also created with the hydroxyl groups
of carbohydrate in glycosaminoglycans,*? which are also present in dentin organic
matrix, although in a much smaller amount when compared to collagen. Two weak
peaks that differ between EDC/NHS-treated dentin IR spectrum and dentin, are the
peaks at 1734 cm™ and 1776 cm™!. The relative intensities of these features do not
correspond to the peak distribution in the EDC/NHS spectrum, so their origin is unclear.
They might correspond to impurities, excess of EDC (as seen in EDC/NHS solution
Figure 5-2b, black trace) or ester formation.

The treatment of dentin with GA showed a new peak at 1667 cm™, which can

be seen as a small shoulder in the difference spectrum. The absence of GA peaks in the

difference spectrum is probably because GA was completely washed away from the
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dentin specimen and only the induced changes to dentin could be observed. The
mechanism of GA cross-linking is by a reaction of its aldehyde groups with free amino
groups of lysine or hydrolysine residues, forming Schiff base intermediates. While we
see evidence for a new band at 1664 cm™ in the collagen plus GA spectrum, this is less
evident in the dentin plus GA spectrum. This may be due to the complex structure of
collagen in dentin that may inhibit more extensive incorporation of the GA linkage as
compared to the solubilized collagen. A large variety of further reactions can occur
forming secondary or tertiary amine groups or pyridinium compounds.®> However, the
mechanism of interaction limits the formation of large polymeric networks, since it is
dependent on the availability of amino groups.

The AFM analysis conducted by our collaborator demonstrates that interaction
forces between collagen fibrils after treatment with GSE, EDC and GA increase, which
is more evident for GSE and is an indication of formation of strong covalent-bond-like
interactions (mean force ~ 700 pN), and that biostability and biomechanical properties
in dentin are increased by PACs through strong cross-linking, supporting the ATR-FTIR

data for GSE-treated collagen and dentin.
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5.5 Conclusion

Using spectroscopic analyses, together with the AFM analysis from our
collaborator, interactions of PACs with collagen were characterized. Our study provides
evidence for covalent-like bond formation between collagen and PACs. The specific
mechanism of interaction exposed in the present study will drive further research of
bioactive compounds of natural PAC-rich extracts based on the mechanism of their

interaction with collagen-rich tissues.
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