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ABSTRACT

MONITORING PROTEIN CRYSTALLIZATION USING VIBRATIONAL
SPECTROSCOPIES

By

Albert Martin Schwartz

The key process in structure-based rational drug design relies on mapping the three-
dimer;sional structure of a specific protein. X-ray and neutron diffraction techniques can
supply the required structural information at atomic resolution. However, the success
rate in growing single crystals of proteins of suitable size and quality for structural
determination is low. Experiments to determine the necessary for protein crystal growth
rely on screening methods, which are trial and error methods. These methods are labor
intensive and unpredictable. Therefore, protein crystallization experiments must be
monitored.  Both attenuated total reflectance infrared spectroscopy and Raman
spectroscopy were examined as possible means of monitoring protein crystallization.

Due to the success of previous crystallization experiments monitored via ATR-FTIR
spectroscopy, ATR-FTIR was employed to monitor lysozyme crystallization. The use of
infrared spectroscopy will allow the detection of a change in concentration of the protein
solution and a change in structure due to the interaction between protein molecules.
Unfortunately, proteins will adhere to the inorganic surface of the internal reflection
element of the ATR probe. Therefore, the ATR-IR method was found to be invasive to
the hanging drop systems under study, and was eliminated as a possible method of

monitoring protein crystallization in the hanging drop experiment.



We have demonstrated that fiber optic Raman spectroscopy combined with a partial
least-squares regression model can be utilized to monitor lysozyme concentration. This
method allows the lysozyme concentration to be measured in real time during
crystallization in a hanging drop. Raman spectral features of the buffer and protein were
employed to build the regression model. The use of fiber optic technology coupled with
Raman spectroscopy, which is ideal for use with aqueous solutions, results in a powerful
noninvasive probe of the changing environment within the solution. Monitoring the
concentration changes of the lysozyme within the hanging drop permits a measurement of
the level of supersaturation of the system and enhances dynamic control of the
crystallization process. Extension of this model to other protein systems has also proven
to be an effective means of monitoring and controlling crystallization in a hanging drop
without a priori solubility data. Finally, results from these experiments indicate that the
current method of performing the hanging drop experiment is not reliable. An element of

control must be introduced to increase the effectiveness of the hanging drop experiment.
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Chapter 1: Introduction and Background on Protein Crystallization

Introduction

The key process in structure based rational drug design relies on mapping the three-
dimensional structure of a specific protein. X-ray and neutron diffraction techniques can
supply the required structural information at atomic resolution [1,2]. Once the structure
of a particular protein has been identified, specific compounds can be synthesized with
the correct steric or charge requirements to bind to the active site of the protein [2,3].
Once bound to the active site of a protein, these compounds can disrupt propagation of a
disease related to the particular protein. Unfortunately, the success rate in growing single
crystals of proteins of suitable size and quality for structural determination is low and
poses a barrier to the drug development process.

Determinations of the conditions for protein crystal growth are most often
adventitious and are found by trial and error screening methods [1,4]. In an attempt to
decrease the amount of time and the number of experiments needed to find the necessary
conditions for crystal growth, statistical methods have been employed [5,6]. Striving to
better understand the crystal growth process has lead various workers to monitor small
batch crystallizers containing protein solutions. These studies have included fluorescence
based anisotropy measurements [7], static light scattering [3,8,9], dynamic light
scattering (DLS) [3,10,11], and calorimetric techniques [9,12]. Though these findings
revealed a wealth of information about protein crystal growth, they were incomplete
predictors of whether a solution would nucleate to form crystals. The experiments

previously mentioned have all employed batch or microbatch crystallization techniques.



However, the most used crystallization techniques by crystallographers are the vapor-
diffusion techniques. Though there are similarities between microbatch and vapor-
diffusion techniques [13], their driving forces are vastly different. Most recently, some
workers have shifted their goal from predicting crystal growth in a batch setting to
monitoring and controlling crystal growth.

Dynamic light scattering (DLS) combined with humidity sensors [14], a gravimetric
technique [15], a thermal gradient [16], and Raman spectroscopy [17] have all been
employed in monitoring and controlling protein crystallization. The first of these
techniques combines the ability of DLS to detect trends in particle size with humidity
sensors to observe the evaporation rate of water in a hanging drop experiment. The
second technique measures the evaporation rate of water from the hanging drop directly.
The third technique, based on thermal gradients, alters the solubility of the protein in siru
in a batch experiment. The fourth technique, based on Raman spectroscopy [17], allows
simultaneous measurement of the concentration of protein and the amount of water

within the hanging drop and is the subject of this dissertation.

Protein Crystallization

Protein crystallization is a complex process depending on both thermodynamic
factors controlling solubility and kinetic factors controlling nucleation and growth [18].
For the crystallization of a protein to occur the solution must first be supersaturated.
Supersaturation is a thermodynamically metastable state, in which nucleation and crystal
growth occur [18,19]. The level of supersaturation of a solution dictates whether protein

crystals will nucleate to form crystals or will precipitate to form an amorphous solid.



Higher levels of supersaturation lead to the formation of small crystals or precipitate and
lower levels of supersaturation lead to the formation of larger crystals.

Supersaturation (S) can be described as the ratio of the activity of the solute divided
by the activity at solubility of the solution under identical conditions [19,20]. Since the
activity coefficients are difficult to measure in a changing environment, the ratio of
activity coefficients is assumed to be unity. Therefore, supersaturation is typically
approximated as the ratio of the concentration of the solute divided by the concentration
of the solution at solubility. Infrared spectroscopic measurements of the concentration of
a supersaturated solution in situ has proven to be an effective means of monitoring and
controlling the crystallization process [21,22,23,24]. Therefore, vibrational spectroscopy
was applied to monitor and control the protein crystallization process in the current work.

Supersaturation describes the degree to which a solution’s concentration is above
solubility. Figure 1.1 depicts a crystallization feedback loop [20]. The nucleation and
growth rates are dependent upon the level of supersaturation of the protein in solution.
The rate of nucleation is proportional to the level of supersaturation to the k™ power, and
the rate of growth is proportional to the level of supersaturation to the i™ power. The i
power is always less than the k™ power [19,20]. This presents a dilemma in protein
crystallization. In order to promote nucleation, higher degrees of supersaturation are
desired; however, a higher degree of supersaturation tends to favor small crystal or
amorphous precipitate formation. A lower degree of supersaturation will favor crystal

growth; however, low degrees of supersaturation will either drastically increase
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Figure 1.1 The supersaturation feedback loop modified from [20]. This loop
describes how both the nucleation and growth rates depend on the level of

supersaturation of the protein solution.




nucleation times or will not promote the nucleation of protein crystals. Therefore, it is
imperative that a method be discovered that will enable researchers to both monitor and
control protein crystallization.

There are a number of methods that are commonly employed to reduce the solubility,
or increase the level of supersaturation, of protein solutions. These methods include
thermal gradients, addition of a precipitant, the evaporation of solvent, and a change in
pH [2,3,4,18]. Though the use of thermal gradients and changes in pH are practiced
techniques, the methods that are most commonly applied to protein crystallization are the
addition of a precipitant and the evaporation of a solvent. The addition of a precipitant
can include the addition of soluble organic and inorganic salts, the addition of volatile
organic solvents, or the addition of polymers such as polyethyleneglycol (PEG). These
additives alter the composition of the protein solution and decrease the solubility of the
protein. As a result the level of supersaturation of the protein solution is increased. The
evaporation of a solvent results in an increase in the protein concentration. As the
concentration of the protein solution increases, the solution becomes supersaturated.

The schools of thought, concemning protein crystallization mechanisms can be divided
into two categories: electronic and entropic. The electronic interactions include
electrostatic effects, dispersion forces, hydrogen bonding, and hydrophobic interactions
[2,3,18], while the entropic view encompasses volume exclusion and hydration sphere
competition arguments [1,2,3,4]. Though this point is still very much in debate, the true
mechanism is probably a combination of these effects. For the remainder of this
discussion the electrostatic interactions will be used to describe the typical protein

crystallization experiments.



The Hanging Drop Crystallization Technique

The addition of a precipitant and the evaporation of solvent are considered batch and
vapor diffusion techniques, respectively [1,4,18]. The batch technique mixes equal
volumes of twice the desired concentration of precipitate and protein solution. The
addition of the inorganic salts decreases the solubility of the protein solution. This has
been termed “salting out” [1,4]. It has been suggested that an increase in ionic strength of
a protein solution aids in shielding the surface charges of the protein, thereby allowing
the protein monomers to approach one another. The vapor diffusion technique
concentrates the protein solution beyond solubility by evaporating the solvent. The
combination of these techniques is termed the hanging drop experiment.

Figure 1.2 depicts the hanging drop experiment. The hanging drop experiment draws
likeness to both the batch and vapor diffusion experiments. A protein drop, which
contains a small amount of precipitant, is placed above a reservoir with a higher ionic
strength. The top of the vessel is greased to insure an airtight seal. Typically the
reservoir buffer contains twice the concentration of precipitant than the hanging drop of
protein solution. The drop and reservoir attempt to reach equilibrium, which results in
water being drawn from the drop into the reservoir.

Figure 1.3 is a protein solubility diagram. The smooth curve represents the protein
solubility as a function of increasing ionic strength. The points labeled A, B, and C and
the arrows illustrate a hypothetical hanging drop experiment. Initially, the hanging drop
contains low concentrations of both protein and precipitant at point (A). The reservoir
and hanging drop begin to equilibrate, and water is drawn from the drop to the reservoir.

As the water is withdrawn the concentrations of both the protein and precipitant in the



Figure 1.2 This illustration depicts the hanging drop experiment. A protein drop is
inverted over a reservoir of higher ionic strength. [Pr]. and [Pr]q.p indicate the
precipitant ionic strength in the reservoir and the drop, respectively. Typically, the
reservoir contains twice the number of ions as the hanging drop. The net result is that
water is drawn from the drop to the reservoir.
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Figure 1.3 A diagram of the hanging drop experiment in terms of protein
concentration and solubility. The smooth curve describes the protein solubility with
respect to increasing amounts of precipitant. Initially, the hanging drop of protein is
below solubility at a low concentration of both protein and precipitant (A). As water is
drawn from the hanging drop, the drop concentrates. Eventually, the drop becomes
supersaturated and nucleation occurs (B). The protein continues to nucleate and grow
crystals, resulting in a decrease in concentration (C).



hanging drop increase. The arrow between points (A) and (B) follows this increase in
concentration. Eventually, the increase in protein and precipitant concentrations drives
the protein beyond solubility. This increase in concentrations occurs until the protein
solution can no longer sustain the level of supersaturation and the protein nucleates (B).
The protein solution continues to nucleate and grow crystals, resulting in a decrease in
concentration (C). The process will terminate when the protein solution returns to a
solubility concentration.

The hanging drop experiment, as all crystallization processes, is a path dependent
experiment. The arrows in Figure 1.3 merely serve to illustrate the possible trajectory a
protein concentration profile may follow. The difference in ionic strengths between the
hanging drop and the reservoir dictates the rate at which the hanging drop will
supersaturate. In turn this will determine the whether nucleation, growth, or precipitation
will be favored. Without a priori knowledge of a protein’s solubility, the hanging drop
method is a trial and error technique. The crystallization conditions for a protein are
found by adventitious means via the hanging drop experiment.

In spite of any shortcomings the hanging drop method is the most often implemented
experiment to acquire protein crystals [1,4,18]. Plastic trays containing approximately
thirty reservoirs are typically employed in matrix screening experiments [1,4]. In global
screening experiments protein solutions are exposed to a broad range of reservoir
conditions, and the hanging drops are allowed to equilibrate with the reservoirs. After
days, weeks, or months a crystal may form. If a protein crystal does form, another
screening experiment is performed. The conditions of the reservoir, which produced a

protein crystal, are now altered slightly. The second round of screening experiments



attempts to optimize the crystallization conditions of the protein. Though these screening
methods are simplistic and labor intensive, a recent issue of the Journal of Crystal
Growth (196), dedicated solely to the crystallization of biological macromolecules,
reported three new protein crystal structures using these screening methods [25,26,27].
Performing crystallization experiments via screening methods in a hanging drop is a
daunting task. A change of only a few percent in either ionic strength or pH can
completely alter the solubility of the protein and the outcome of the hanging drop
experiment. For this reason the number of screening experiments necessary to determine
the crystallization conditions of a protein can quickly increase. In an attempt to reduce
the number of screening experiments, some research has shifted emphasis from

prediction of crystallization conditions to control of the hanging drop experiment.

Control of Protein Crystallization Experiments

Three techniques have been successful in monitoring and controlling crystallization
experiments including DLS combined with humidity sensors [14], gravimetric analysis
[15], and a thermal gradient approach [16]. The focus of this section is to discuss the
experiments, measurements, and shortcomings of each technique related to the
crystallization of lysozyme.

The first of these techniques combines the ability of DLS to detect trends in particle
size combined with humidity sensors to observe the evaporation rate of water from the
drop. This method monitors the increase of aggregate size and presence of small crystals
via the DLS response. The humidity sensor measures the relative humidity in the

reaction vessel and determines the amount of water leaving the hanging drop as the drop
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concentrates. The relative humidity within the reaction vessel is altered by nitrogen
flowing across the protein solution. Through regulation of the flowrate of nitrogen the
evaporation of water from the protein can be controlled. Therefore, the rate at which the
protein becomes supersaturated can be varied.

The DLS measurement allows particle sizes to be monitored; however, this
measurement is not specific. Anything in the protein drop, including protein aggregates,
denatured protein, protein fragments, buffer molecules, dirt and impurities, or scratches
and imperfections on the wall of the glass container, can cause light to scatter. This may
give erroneous readings that indicate the formation of protein crystals. Assuming that the
experiment is ideal and only protein aggregates scatter, the technique is still flawed. The
time autocorrelation function (TCF), which correlates the scattering angle with particle
size, is based on spherical particles. Though this may be a good approximation for
protein monomers, large protein aggregates and nuclei are definitely not spherical.
Additionally, the TCF models usually break down once the particle sizes reach about one
micron [14].

The gravimetric technique employs a modified electronic balance. A reservoir
surrounds the balance, which is enclosed to keep an airtight seal. Three to five protein
drops are placed on the balance and the weight of the drops is monitored. As the drops
and reservoir equilibrate, the weight of the drops will decrease. The gravimetric analysis
monitors the amount of water leaving the drop but neglects the protein in the drop. This
measurement cannot differentiate between the phases of the protein, nor can it detect

whether crystals or precipitate are forming. Though the rate at which the protein drop
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supersaturates is important in determining the outcome of the experiment, protein in
solution should also be monitored.

The technique based on temperature control attempts to control batch protein
crystallization experiments [15]. Small volumes of protein solution are subjected to
programmed temperature changes. Typically, temperatures varying between 5°C and
30°C are employed in altering the solubility of the protein. This method cannot monitor
the protein solution in situ, and can be considered another screening technique.
Additionally, proteins are highly temperature sensitive and could be subject to thermal
denaturation or the creation of different polymorphic crystal structures.

In order to control a protein crystallization experiment the concentration of the
protein and the amount of water must be measured simultaneously. The DLS/humidity
technique monitors both of these factors; however, two separate measurements are
required and the interpretation of the DLS data is suspect. The gravimetric technique
shows success in measuring the rate of water evaporation; however, this experimental
design neglects the protein in the solution completely. Though the authors claimed
success in controlling batch protein crystallization experiments via thermal gradients, the
success was limited. A closer investigation of the experiment revealed that the thermal

gradient method was merely another screening technique.

Vibrational Spectroscopy
Due to the success of previous crystallizations monitored via vibrational spectroscopy
[21,22,23,24], both attenuated total reflectance infrared (ATR-IR) spectroscopy and

Raman spectroscopy were examined as possible methods to monitor and control protein
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crystallization. Also, since these vibrational spectroscopies directly probe the vibrations
due to specific chemical bonds there is no danger of misinterpretation of data as there is
with DLS measurements. The hanging drop of protein can be considered a two
component mixture, comprised of water and protein. Since the water and protein have
distinct vibrational spectra, one measurement is able to differentiate between these
species.

Light is an electromagnetic wave composed of an electric vector and a magnetic
vector [28]. The vectors are perpendicular to one another. If the electric field of the
incident wave interacts with matter, light can be absorbed or scattered. Infrared
spectroscopy and Raman spectroscopy are absorbance and scattering techniques,
respectively, which probe the vibrational and rotational energy levels of a molecule
[28,29,30,31]. Molecules can exhibit either Raman or infrared activity due to different
selection rules. Absorbance occurs when the dipole moment changes during a molecular
vibration [28,29], and the Raman effect is caused by an oscillating induced dipole
moment [28,29]. Therefore, the techniques are said to be complementary.

Vibrational spectra have been used to determine the structure and function of proteins
[29,30,32]. The vibrational spectrum of a protein contains many vibrational transitions,
which give rise to broad bands due to overlap. The vibrational spectrum of a protein
contains contributions from several amino acid side chains and the backbone of the
peptide chain. The three most common vibrational bands to protein spectra are the
Amide I, II, and III vibrational modes. Miyazawa first studied these vibrational modes
using N-methylacetamide, the simplest molecule that contains an amide bond, in 1958

[33]. The frequencies associated with the vibrational modes were first calculated and
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later verified by experiment. The Amide I, II, and III vibrational modes are centered at
1653 cm™, 1567 cm™', and 1275 cm™* respectively [33]. It was discovered that the Amide
I band was primarily due to the C=O stretch, the Amide II band vibration was due to the
N-H in-plane bend and the C-N stretch, and the Amide III band contained nearly
equivalent contributions from the C-N stretch and the N-H in-plane bend [33]. Further
experiments have determined that the Amide I and III vibrational modes are both infrared
and Raman active, while the Amide II mode is Raman inactive [28,29,30,31].

Attenuated total reflection spectroscopy is based on the presence of an evanescent
wave in an optically rare medium, a lower index of refraction, in contact with an optically
denser medium in which a propagating wave is undergoing total internal reflection [29].
Figure 1.4 is an illustration of this phenomenon. The placement of an optically rarer
medium, n,, in contact with the denser medium, n;, causes the interaction between the
evanescent wave and the absorbing medium [29]. The internal reflection element contains
the propagating incident wave. The evanescent wave is a component of the propagating
wave, which decays exponentially. The field intensity in the rarer medium is nonzero,
and there is an instantaneous normal component of energy flow into the rarer medium
[29]; however, the time average of this energy is zero. Therefore, there is no loss of
energy of the propagating wave and it is internally reflected [29]. Consequently,
information specific to the absorbing medium is conveyed by the propagating wave.

Since the evanescent wave decays exponentially, it can only interact with a medium
near the surface of the internal reflection element. The penetration of the exponentially
decaying wave can be described by a parameter called the depth of penetration [29]. This

parameter is related to the angle of incidence of the radiation, the wavelength of the
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Figure 1.4 A schematic of the operation of attenuated total internal reflection infrared
spectroscopy. The optically denser medium, ny, is in contact with the optically rarer
medium, n,. The long vertical line, symbolized by dots and dashes, represents a line
normal to the internal reflection element and the rarer medium. The evanescent field is
generated by the infrared radiation and penetrates into the rarer medium (sample). The
evanescent wave decays exponentially. As a result the sample and internal reflection
element must be in intimate contact.
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radiation, and the index of refraction of the rarer medium with respect to the index of
refraction of the internal reflective element. The use of ATR-IR allows the solution
phase of crystallizing systems to be monitored in situ, without separation from the solid
phase [21,22,23,24].

Raman scattering is cause by the scattering of the incident radiation as it interacts
with the electrons in a molecule. Scattering can be elastic resulting in the same frequency
of the incident radiation, known as Rayleigh scattering, or it can be inelastic and
categorized as Stokes or anti-Stokes Raman scattering [28,30,31]. The Stokes shift is the
scattering of light at a longer wavelength (lower energy), while an anti-Stokes shift
results in the scattering of light at a shorter wavelength (higher energy) [28,30,31]. The
Raman process involves two photons of varying energy. The incident photon and the
scattered photon differ in energy due to the inelastic interaction between the incident
radiation and the molecule [28,30,31]. Figure 1.5 depicts an energy diagram of a
molecule. The incident radiation elevates the molecule to a vibrational excited state. The
net effect is an increase or decrease in vibrational energy level of the molecule.

Though protein crystallization has not previously been studied using Raman
spectroscopy, there are certain advantages of Raman spectroscopy that make it an ideal
for such measurements. Raman vibrational bands are typically sharper than
corresponding vibrational bands in infrared spectra [28]. Water absorbs strongly in the
infrared spectrum near 1600 cm’! [29,30,32]. Other than the water peak centered near
3000 cm’', water scatters poorly in Raman spectroscopy. Therefore, Raman spectroscopy

is ideal for measurements in aqueous media the solvent of choice for protein studies.
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Figure 1.5 Energy-level diagram illustrating Raman scattering: dark solid lines =
electronic states, solid lines = vibrationally excited states, dashed lines = virtual states



Finally, unlike ATR-IR that requires intimate contact between the solution and internal
reflection element, Raman spectroscopy is noninvasive and does not require contact with

the protein solution.

Partial Least Squares Regression

Protein crystallization experiments are conducted at low protein concentrations,
leading to low absorbance values in infrared spectroscopy and low intensities in Raman
spectroscopy. Water is a major interfering species in the infrared spectrum of a protein.
Furthermore, proteins are notoriously poor scattering molecules in Raman spectroscopy.
As a result monitoring changing protein concentrations in situ relies on distinguishing
small changes within the protein spectrum. Therefore, the challenge in monitoring
protein crystallization experiments is in accurately predicting the concentration of the
protein. Typically univariate calibration and prediction techniques, including peak areas,
maximum absorbances or intensities, and peak intensity ratios, are employed in
determining concentrations. These univariate approaches can lead to poor experimental
precision.

Multivariate data analysis correlates statistically observed spectral variations with
known sample properties, making qualitative and quantitative analysis of spectra much
easier [34,35,36]. Multivariate calibration and prediction offers a number of advantages
over univariate techniques. Multivariate techniques can analyze data for multiple
components simultaneously, improve precision of prediction through multiple redundant

measurements, and facilitate fault detection through multiple measurements [34].
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Therefore, partial least squares regression analysis (PLS) was chosen to correlate and
model the protein concentrations with the vibrational spectral features of lysozyme.

PLS is one of the most widely used multivariate calibration techniques in
chemometrics [34]. PLS empirically models the variation in the data set and reduces the
dimensionality of the data set [34,35]. The mathematics and algorithms governing PLS
regression have been described elsewhere [34,35,36,37]. The modeling and regression
components of PLS will be described as a “black box” [37]. Figure 1.6 depicts a flow
chart of the PLS regression procedure as a “black box” approach.

The method requires three inputs that include the data matrix (spectra), the
concentration matrix, and the unknown data matrix (spectrum). The data matrix and the
concentration matrix correspond to the protein standards, and should be determined via
two independent methods. The data matrix is comprised of vibrational spectra from
either infrared or Raman spectroscopy and the concentration matrix is determined from
measured weights of protein and volumes of buffer. The PLS algorithm determines an
empirical relationship between the protein concentrations and protein spectra [34,35,36].
The PLS algorithm then determines a number of latent variables, which describe the
variation in the data set, and builds a regression model. The third input is the spectrum or
spectra of unknown concentration. The PLS model is then applied to the unknown data
matrix and the output is generated [34,35,36,37]. The generated output is an estimate of

the concentration of the unknown data matrix.
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Figure 1.6 A flow chart of the partial least squares regression techniques as a “black

box” [37]. The method requires three inputs and produces one output. Two inputs,
comprising the calibration set, are needed to build the regression model. The third input
is the spectrum of unknown concentration. The PLS algorithm empirically models the
variation in the calibration set and builds a regression model. The output is the estimated

Computation

concentration matrix of the species responsible for the unknown spectrum.
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Chapter 2: Using ATR-FTIR Spectroscopy to Monitor Lysozyme Crystallization in
a Hanging Drop
Introduction

Infrared spectroscopy can provide information about the chemical nature and the
molecular structure of a system. Any change in a system due to reaction or composition
should be reflected in the vibrational spectrum. These changes appear in two forms, a
change in intensity or a shift in peak position. A change in intensity occurs from a
change in the absorbance in infrared spectroscopy. The change in intensity accompanies
a change in the composition of the system [1,2]. A change in structure is usually
manifested in a shift in peak position [1,2]. The use of infrared spectroscopy will allow
the detection of a change in concentration of the protein solution and a change in
structure due to the interaction between protein molecules.

Due to the success of previous crystallization experiments monitored via ATR-FTIR
spectroscopy [3,4,5,6], ATR-FTIR was employed to monitor lysozyme crystallization.
The extension of the ATR-FTIR technology for the measurement of the crystallization
process was based upon the assumption that there would be minimal contact between the
crystals in slurry and the internal reflection element of the ATR-FTIR probe. As a result
of the minimal contact between the crystals and the internal reflection element, there is a
decreased probability that the crystals will interact with the evanescent wave. Therefore,
measurement of the solution phase without interference from the solid phase is possible.
This assertion was proven to be useful in monitoring the decrease in supersaturation in

slurries of citric acid [3,4,5] and lysine monohydrochloride [6].
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The success of ATR-FTIR in monitoring the solution phase of a crystallizing system
is based on the thickness of the wetted surface of the ATR probe. It has been shown
empirically that the thickness of the wetted surface is greater than the depth of
penetration of the evanescent wave. All previous studies have involved stirred systems,
which ensures that the solution in contact with the ATR probe is continuously changing.
Therefore, the dynamic concentration of the solution phase could be monitored in real
time. Though the hanging drop experiment involves a static system, it was hoped that the
diffusion of the lysozyme within the hanging drop would happen quickly enough to allow
any changes in solution composition to be monitored. Since protein crystallization
experiments tend to take long periods of time, this assumption is justified.

In the hanging drop experiment, water from the exposed surface of the drop diffuses
from the drop to the reservoir. The radius of the drop decreases and the concentration of
the lysozyme within the drop increases. Though diffusion is expected to return the
concentration of the drop to a constant value, initially a lysozyme concentration gradient
will form. The outer curved portion of the hanging drop will concentrate more quickly
than the remainder of the drop. This will lead the edge of the drop to supersaturate and
nucleate. Crystals are expected to form on this boundary away from the glass cover slip.
If the hanging drop of protein were placed on the ATR-FTIR probe in a similar fashion, it
is expected that the solution phase of the drop and not the solid phase could be

monitored.
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Materials and Methods

The applicability of ATR-FTIR spectroscopy for the determination of the lysozyme
concentration in a hanging drop was investigated using an ASI Applied Systems, LLC
ReactIR series 1000® which employs a DiComp® probe internal reflection element. The
ReactIR series 1000® is comprised of an optics module, an electronics module, the K6
conduit, a liquid nitrogen cooled MCT detector, and a DiComp® probe [7]. The optics
module contains the infrared source and interferometer. The electronics module allows
the optics module, the detector, and the computer to interface. The K6 conduit is an
articulated arm that provides a purged path for the infrared source to travel to a remote
sampling device and back to the detector [7]. The K6 conduit is comprised of six 45°
knuckles (elbows) and two tubes, which allow the probe to be positioned a number of
various sampling configurations. The sixth knuckle attaches the probe to the conduit
system. The DiComp® probe contains a diamond tip. The diamond tip both rugged and
highly sensitive. The tip can be used in solutions ranging in pH from 1 to 14 and
temperatures between —80° C and 250° C; it has an optical range of 650 cm™ to
4400 cm™ [7].

Three times crystallized, dialyzed, and lyophilized chicken egg white lysozyme was
purchased from Sigma Chemical Co. and used without further purification. All
experiments were performed in a buffer containing 0.1 M sodium acetate at pH 4.2 and
ambient temperature. Salt and protein amounts for standards were determined with a
Mettler AES0 balance. For all experiments lysozyme was dissolved into the NaCl/buffer
system and then filtered through a 45 um Millipore filter before use. A 5 ul protein drop

was deposited on the ATR-FTIR probe. Figure 2.1 contains an illustration
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Figure 2.1 A schematic of the ATR-IR experimental set-up for monitoring protein

crystallization in the hanging drop.
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of the probe tip. The ATR-FTIR probe was then inverted and placed in a test tube
containing 2 ml of a NaCl/buffer reservoir. The gap between the test tube and the probe
was wrapped with parafilm® to ensure an airtight seal.

Spectra were acquired for 45 lysozyme standards ranging in concentration from 0
(g/ml) to 0.40 (g/ml). Each spectrum consisted of 250 scans collected over 150 seconds
at 8 cm’ resolution. The infrared spectra of the standards were used to construct a partial
least squares (PLS) regression model using QuantIR®, a PLS regression analysis
software package by ASI Applied Systems. The PLS model correlates the spectral region
from 1570 cm™ to 1720 cm™ with the concentration (g/mL) of lysozyme. This spectral
region encompasses a broad vibrational band due to the Amide I combination stretch
centered at 1650 cm™ [1,2]. A leave one out cross validation performed on the standards
determined that the model had a root mean square error of calibration (RMSEC) of

+0.002 g/ml.

Results and Discussion

The initial ATR-IR experiments were divided into two portions. The first was an
investigation of the organization of the lysozyme in solution and the second monitored
the lysozyme crystallization experiment in the hanging drop experiment. The study of
the organization of the lysozyme molecules in solution investigated the possibility of
aggregation prior to nucleation. If the assumption that crystals formed only in the
hanging drop were incorrect, ATR-IR experiments could measure the extent of
organization as a means of monitoring the hanging drop. If crystals or precipitate were to

form at the internal reflection element and hanging drop interface, the recorded ATR-IR
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absorbances would be larger than the absorbances produced by the lysozyme standards.
Therefore, prediction of a concentration would lead to a nonphysical result. However, if
the position of the Amide I band were monitored as a function of concentration, the
degree of organization of the lysozyme system could be obtained in real time.

The monomeric unit of lysozyme within the crystal lattice contains 185 molecules of
water per molecule [8]. The lysozyme crystal can therefore be thought of as an extremely
concentrated protein solution. Solutions ranging in concentration from 0.0 g/ml to 0.5
g/ml of lysozyme, lysozyme precipitate, and crystals of lysozyme were analyzed via
ATR-IR. The derivative of each spectrum was taken to determine the position of the
Amide I stretch. Figure 2.2 illustrates the results of these experiments. Each point is the
average of at least 6 different measurements.

The concentration of the crystal was determined using 185 water molecules per
monomer of lysozyme. The concentration of the precipitate was determined by taking
the ratio of the spectra of the lysozyme precipitate and the lysozyme crystal. A shift in
peak position from a higher to a lower wavenumber (cm™') is indicative of a change in
conformation, typically associated with a change in the degree of organization of the
system [2,9]. Figure 2.2 clearly demonstrates this behavior. Though the error in peak
position (cm™) for the crystal and precipitate of lysozyme indicates that there may not be
a difference between the solid phases of lysozyme, the graph suggests that there is a
conformational change associated with an increase in lysozyme concentration. Whether
the conformational change is due to a tightening of the lysozyme structure or the

formation of prenucleate aggregates is unknown. However, the curve in Figure 2.2 can
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toward lower wavenumbers as the concentration of lysozyme approaches that of a crystal.
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be employed to monitor hanging drop experiments in the event that crystals form on the
internal reflection element.

Two sets of lysozyme hanging drop experiments were attempted. The first consisted
of control experiments. The reservoir and hanging drop ionic strength conditions were
equal in these experiments. Lysozyme crystals should not form under the control
experimental conditions. The second set of experiments employed varying reservoir and
hanging drop ionic strengths. The difference between the ionic strengths of the reservoir
and the hanging drop will cause water from the hanging drop to evaporate. The level of
supersaturation of the hanging drop will increase and should promote the nucleation of
lysozyme crystals. Figure 2.3 contains representative concentration profiles from both
sets of experiments.

The starting lysozyme concentration for both experiments was approximately 0.26
g/ml and the initial ionic strength of the hanging drop was 0.34 M. The control
experiment, represented by the circles, had a reservoir ionic strength of 0.34 M, and the
crystallization experiment, represented by the triangles, had a reservoir ionic strength of
2.67 M. Lysozyme, under the conditions of the control experiment, should not form
crystals or precipitate. However, lysozyme subjected to the harsh conditions of a 2.67 M
ionic strength reservoir should produce crystals within two hours. The experiments were
monitored for 4.5 hours. Spectra were taken in intervals of 5 minutes and processed by
the PLS model. The graph in Figure 2.3 compares the concentration profiles of these two
experiments.

It was expected that for the control experiment the concentration profile would

remain constant. However, the concentration profile increases from 0.26 g/ml to a steady
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Figure 2.3 A comparison of the concentration profiles of a control experiment

(circles) and a crystallization experiment (triangles).

Both profiles increase in

concentration eventually reaching a steady state value. The process that these profiles
describe is the adsorption of lysozyme onto the diamond tip of the ATR-IR probe.
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value of 0.34 g/ml. An explanation of this would be that crystals formed at the interface
between the hanging drop and the internal reflection element. The Amide I peak position
of the lysozyme at the beginning of the control experiment was approximately 1547 cm.
The Amide I peak position after 4.5 hours had only changed slightly to 1545 cm™.
According to the relationship between the Amide I peak position and the concentration of
lysozyme depicted in Figure 2.2, the final Amide I peak position of 1545 cm™ is well out
of range of a peak position indicating the presence of crystals. Finally, the hanging drop
was removed from the ATR-IR probe and investigated by a microscope. No crystals
were present in the hanging drop. However, a film was visible that formed at the
interface between the hanging drop and the internal reflection element.

Examination of the hanging drop experiment subjected to the 2.67 M reservoir ionic
strength revealed that lysozyme crystals were present in the drop. However, earlier
experiments had revealed that lysozyme under these conditions would form crystals
within two hours. The concentration profile in Figure 2.3 does not indicate anything
'unusual near two hours. The profile increases linearly to a steady value of 0.38 g/ml.
The Amide I peak position was compared between the initial spectrum and the final
spectrum. The Amide I peak position varied from approximately 1547 cm™ to 1544 cm™.
Again this did not indicate the formation of crystals at the interface between the drop and
the internal reflection element. The drop was removed from the ATR-IR probe revealing
the formation of a film at the internal reflection element hanging drop interface.

It has been documented that proteins will adhere to ATR surfaces [1]. The charged
surface of the protein binds easily to the inorganic surfaces of the internal reflection

elements. The process that the concentration profiles are monitoring in Figure 2.3 is the
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adsorption of lysozyme onto the diamond surface of the ATR-IR probe. The ATR-IR
method also requires intimate contact between the substance being monitored and the
internal reflection element. The ATR-IR probe could therefore serve as a nucleation site
for crystals or precipitate. The ATR-IR method is invasive to the hanging drop systems
under study. Therefore, ATR-IR was eliminated as a possible method of monitoring

protein crystallization in the hanging drop experiment.
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Chapter 3: The Use of Raman Spectroscopy for In Situ Monitoring of Lysozyme
Concentration during Crystallization in a Hanging Drop*

*Journal of Crystal Growth 203 (1999) 599.

Summary

Fiber optic Raman spectroscopy combined with a partial least-squares regression
model was investigated as a means to monitor lysozyme concentration during
crystallization in a hanging drop experiment in real time. Raman spectral features of the
buffer and protein were employed to build the regression model. This model was used to
calculate the compositional changes within the hanging drop. The use of fiber optic
technology coupled with Raman spectroscopy, which is ideal for use with aqueous media,
results in a powerful noninvasive probe of the changing environment within the solution.
These preliminary findings indicate that solubility as well as supersaturation

measurements can be made.

Introduction

Many studies on the crystallization process of proteins have focused on prediction of
whether a particular solution will form crystals. These studies have included
fluorescence based anisotropy measurements [1], static light scattering [2,3,4], dynamic
light scattering [2,5,6], and microcalorimetric techniques [4]. Each of these studies have
cited the bottleneck in determining the three dimensional structure of proteins as the
growth of crystals of suitable size and quality. These studies have tried to reduce the
number of assays necessary to determine advantageous conditions for protein

crystallization.  However, each of the preceding experiments employed batch
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crystallization techniques, rather than the hanging drop method [7,8], which is preferred
by crystallographers. Alternatively, we have chosen an approach for monitoring the
hanging drop experiment rather than focusing on the predictive nature of a particular
technique. We propose a method of measuring the level of supersaturation of the
hanging drop in situ.

The ability to measure the real-time concentration of a protein within the hanging
drop will allow for eventual control of the experiment. The technique chosen, which
allows us to monitor the drop, is Raman spectroscopy. Raman spectroscopy has
previously been applied to biological macromolecules in terms of deducing structure and
function [9,10]. The normal Raman spectrum of a protein under nonresonance conditions
contains contributions from several amino acid side chains and the backbone of the
peptide chain [9,11]. Another important consideration is that aside from the OH
stretching region between 3000 and 3500 cm™, the Raman spectrum of water is weak and
only slightly interferes with the solute [9]. Therefore, Raman spectroscopy is ideal for

biochemical experiments in aqueous media.

Materials and Methods

The applicability of Raman spectroscopy toward the determination of solubility and
supersaturation was investigated using a Kaiser Optical Systems, Inc. HoloLab Series
1000® which employs a 30 mW Helium Neon Laser at 632.8 nm with a Standard Fiber
Injector. A CCD camera, spectrograph, and fiber optic probe comprise the HoloLab
Series 1000®. The spectrograph section of the HoloLab Series 1000® utilizes

holographic optical elements (HOEs) and provides spectral coverage from 400 to 3650
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cm’! [12). The HoloLab system makes use of a notch filter to attenuate the laser line
while allowing the Raman spectra to be collected [12]. The fiber optic probe consists of
six collection fibers bundled around one excitation fiber [12]. Attached to the tip of the
probehead is a 10X microscope objective, which focuses the incident beam. It is this
configuration of the HoloLab assembly, which makes these measurements possible.

The fiber optic Raman system provides the freedom to position the probehead directly
above the hanging drop of protein. Using a translational stage the hanging drop of protein
is then brought into the focal point of the laser. The incident laser light is impinged
through the cover glass directly into the hanging drop of protein. Since the cover glass
does not scatter well at 632.8 nm, the cover glass is optically transparent to the
measurement. This permits the measurement of the concentration of the protein drop
without contact of the solution. Due to the attenuation of the incident radiation at 632.8
nm on the order of 10® [12], a protein spectrum with a signal to noise ratio ranging
between 250 and 450 is readily attainable.

Three times crystallized, dialyzed, and lyophilized chicken egg white lysozyme was
purchased from Sigma Chemical Co. and used without further purification. All
experiments were performed in a buffer containing 0.1 M sodium acetate at pH 4.2 and
ambient temperature. Salt and protein amounts for standards were determined with a
Mettler AES50 balance. For all experiments lysozyme was dissolved into the NaCl/buffer
system and then filtered through a 45 pum Millipore filter before use. A 5 ul protein drop
was deposited on a microscope cover glass. The cover glass was then inverted and
placed over a 6 ml vessel containing 2 ml of a NaCl/buffer reservoir. The top of each

vessel was greased to ensure an airtight seal.
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The laser power incident on the cover glass and protein drop ranged from 19 to 22
mW. Each spectrum consisted of 20 scans collected over 129 seconds at 8 cm'’
resolution. The Raman spectra of the standards were used to construct a partial least-
squares (PLS) regression model using QuantIR®, a PLS regression analysis software
package by Applied Systems. The PLS model correlates the spectral region from 2700 to
3600 cm™ with the concentration (g/mL) of lysozyme. This spectral region encompasses
broad vibrational bands due to the protein CH stretches centered at 2950 cm [9, 11] and
the water OH stretches centered at 3230 cm’! [9, 11].

The PLS model consists of 31 standards, ranging from 0.0 to 0.29 g/ml, and has a
standard error of + 0.01 g/ml determined by a leave one out cross validation. The
standard at 0.0 g/ml was necessary because the acetate buffer contributes to the
vibrational band near 2950 cm™. The NaCl was not included in the standards used to
develop the PLS model, since the dissociated Na* and CI" ions do not exhibit a vibrational
mode. It is therefore possible to accurately monitor the change in composition of the

lysozyme drop in terms of both water and protein content.

Results and Discussion

The goal of this chapter is to demonstrate that this measurement can be made. The
first set of experiments determined a solubility curve for lysozyme. Protein drops (5 pl)
containing enough NaCl to give an initial ionic strength of 0.2 M were suspended above
reservoirs ranging in ionic strength from 0.3 to 1.5 M. These values of ionic strength

reflect the number of ions in solution due to the acetate buffer, NaCl, and pH. The
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vessels were then allowed to come to equilibrium at room temperature. After two weeks
Raman spectra of the protein drops were taken.

Collected Raman spectra were subjected to the QuantIR® PLS method previously
described. Figure 3.1 shows the solubility curve determined via this procedure for
lysozyme. Each point on the curve is the average of at least 6 measurements. The error
bars represent the reproducibility of the experiment and do not reflect that of the PLS
method. Precautions were taken to ensure that the liquid phase and not the crystal phase
of the hanging drop were measured. The solubility curve in Figure 3.1 is in good
agreement with prior reported values of lysozyme solubility made using an absorbance
technique [13]. These authors report solubility values of 0.250, 0.150, and 0.020 g/ml at
ionic strength values of 0.2, 0.3, and 0.6 M respectively [13].

The hanging drop was then monitored as it changed composition. Figures 3.2 and 3.3
are representative of the concentration profiles generated using this particular method.
These figures show the concentration of lysozyme within the drop changing with time.
Both drops were monitored for approximately 18 hours. Figures 3.2 and 3.3 begin with
lysozyme concentrations near 0.23 and 0.14 g/ml, respectively, and have ionic strengths
of 0.2 M. The ionic strengths of the reservoirs for Figures 3.2 and 3.3 are 0.33 and 0.84
M, respectively. It is expected that the protein drop will first concentrate as water is
drawn from the drop to the reservoir. Since the ionic strength of the reservoir in Figure
3.3 is more than double that of Figure 3.2, one would expect the protein concentration in
the hanging drop to increase more rapidly in Figure 3.3. By linearly fitting the initial data
in these two plots, the slope of the line marked A in Figure 3.3 is about two times as steep

as line A in Figure 3.2.
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Figure 3.1 Solubilities of lysozyme in buffer solutions of varying ionic strength were

determined using Raman spectroscopy. All measurements used 5 pl hanging drops of
lysozyme solutions.
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Figure 3.2 Real time concentration change of a hanging drop of lysozyme at 0.2 M
ionic strength suspended above a reservoir of 0.33 M ionic strength. The lines represent
the following: line A [slope = 0.008 g/(ml‘hr)] shows the change in concentration as the
hanging drop becomes more concentrated, line B follows the decrease in supersaturation
of the drop after nucleation has occurred, and line C follows the growth of lysozyme
crystals.
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Figure 3.3 Real time concentration change of a hanging drop of lysozyme at 0.2 M
ionic strength suspended above a reservoir of 0.84 M ionic strength. The lines represent
the following: line A [slope = 0.015 g/(ml-hr)] shows the change in concentration as the
hanging drop becomes more concentrated, line B follows the decrease in supersaturation
of the drop after nucleation has occurred, and line C follows the growth of lysozyme
crystals.
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At some later time we expect the drop will reach supersaturation and nucleation will
occur. The protein drop should then decrease in concentration as lysozyme nuclei begin
to form. In Figures 3.2 and 3.3 the lines marked B reflect the decrease in supersaturation
of the lysozyme within the drop. The nucleation event is marked in Figures 3.2 and 3.3
with an arrow. As expected the nucleation of the hanging drop over the higher ionic
strength reservoir occurs first. The nucleation event occurs at approximately 7 hours in
Figure 3.2 and at approximately 5 hours in Figure 3.3. Finally, the concentration of
lysozyme is expected to level off to that of solubility. However in both instances crystals
grew directly in the path of the laser. The sudden increase in signal occurs because the
concentration of the crystal is much greater than in the bulk solution. The lines marked C

in Figures 3.2 and 3.3 indicate these increases.

Conclusions

This method introduces energy in the form of light into the system, and there may be
concern about this effect on the temperature of the system. However, the protein system
is a 5 ul drop in a room with a volume on the order of 10° greater than the protein drop.
The laser is small and only produces radiation on the order of 30 mW at the source of the
laser and 19 mW at the end of the fiber optic probe. A simple calculation using the heat
transfer equation yielded a theoretical temperature increase of * 0.2°C. Therefore, it is
contended that a change in room temperature will have a greater affect on the protein
drop than the incident laser radiation. Secondly, agreement in solubility data between the
current measurement and previous absorbance measurements made at 25°C has been

shown. Though the solubility data show a large standard error, we would like to
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emphasize the fact that this measurement is being made on a 5 ul drop of protein in situ.
Finally, the lysozyme crystals grow indiscriminately within the hanging drop. Crystals
form both directly in the path of the laser and in areas of the hanging drop where there is
no laser light. This further suggests that the incident laser radiation has a minor effect on
the hanging drop. Therefore, the assertion that the method is noninvasive to the
lysozyme within the hanging drop appears defensible.

In large part due to the latest technology in the field of Raman spectroscopy, it is
possible to measure in situ the concentration of a small volume drop of protein. To the
authors’ knowledge, this work is the first report of a noninvasive real time concentration
measurement of the hanging drop experiment based on Raman spectroscopy. The ability
to make this type of measurement is the first step in controlling [14] and modeling the
hanging drop experiment. This technique will hopefully eliminate the need for
guesswork in determining the necessary criteria for protein crystal growth. Additionally,

the dynamic control of conditions within the hanging drop is now a possibility.
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Chapter 4: In Situ Monitoring and Control of Lysozyme Concentration during
Crystallization in a Hanging Drop’

*Journal of Crystal Growth accepted July 1999.

Summary

Fiber optic Raman spectroscopy combined with a partial least-squares regression
model was demonstrated as a monitor of lysozyme concentration during crystallization in
a hanging drop experiment in real time. Raman spectral features of the buffer and protein
were employed to build the regression model. The use of fiber optic technology coupled
with Raman spectroscopy, which is ideal for use with aqueous solutions, results in a
powerful noninvasive probe of the changing environment within the solution. Lysozyme
concentrations were monitored in experiments at a constant reservoir ionic strength. Data
from these uncontrolled experiments were used to determine rates of supersaturation,
induction times, and the number and size of the resultant lysozyme crystals. Control
experiments were performed by introducing step changes in the ionic strength of the
reservoir buffer.  The step changes were initiated by comparing in situ rates of
supersaturation with the rates of supersaturation calculated from the uncontrolled data.
Monitoring the concentration changes of the lysozyme within the hanging drop permits a
measurement of the level of supersaturation of the system and enhances the possibility of

dynamic control of the crystallization process.
Introduction

Determination of the conditions for protein crystal growth is most often adventitious.

These conditions are found by trial and error screening methods [1,2]. In an attempt to
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decrease the amount of time and the number of experiments needed to find the necessary
conditions for crystal growth, statistical methods have been employed [3,4]. Striving to
better understand the crystal growth process, lead various workers to monitor small batch
crystallizers containing protein solutions. These studies have included fluorescence
based anisotropy measurements [5], static light scattering [6,7,8], dynamic light
scattering (DLS) [6,9,10], and microcalorimetric techniques [8]. Though these findings
revealed a wealth of information about protein crystal growth, they were incomplete
predictors of whether a solution would nucleate to form crystals.

It is well recognized that the impetus for research in this area is determination of
three-dimensional structures of proteins by X-ray crystallography. The experiments
previously mentioned have all employed batch or microbatch crystallization techniques.
However, the most used crystallization techniques by crystallographers are the vapor-
diffusion techniques. Though there are similarities between microbatch and vapor-
diffusion techniques [11], their underlying mechanisms are vastly different. = Most
recently, some workers have shifted their goal from predicting crystal growth in a batch
setting to monitoring and controlling crystal growth in a vapor diffusion experiment.

DLS combined with humidity sensors [12], gravimetric techniques [13], and Raman
spectroscopy [14] have all been employed in monitoring the hanging drop. The first of
these techniques combines the ability of DLS to detect trends in particle size combined
with humidity sensors to observe the evaporation rate of water from the drop. The
second technique measures the evaporation rate of water from the drop directly. The
third technique based on Raman spectroscopy [14], allows simultaneous measurement of

the concentration of lysozyme and the amount of water within the drop.

47



Raman spectroscopy probes the vibrational energy levels of the bonds within the
protein and the water. A partial least squares regression model correlates the Raman
spectral features with the concentration of lysozyme present in the drop [14]. This data
analysis enables us to measure the apparent level of supersaturation of the hanging drop
in situ. The goal of this study is to demonstrate that quick, real-time measurements of the
apparent level of supersaturation can be used to control the rate of supersaturation of the
a protein within a hanging drop to affect both the size and quality of the protein crystal

produced.

Experimental Procedure
Protein Sample Preparation

As discussed previously [14], three times crystallized, dialyzed, and lyophilized
chicken egg white lysozyme was purchased from Sigma Chemical Co. and used without
further purification. All experiments were performed in a buffer containing 0.1 M
sodium acetate at pH 4.2. Salt and protein amounts for standards were determined with a
Mettler AES0 balance. For all experiments lysozyme was dissolved into the NaCl/buffer
system, with an initial ionic strength of about 0.34 M, and then filtered through a 45 pm
Millipore filter before use. A 5 pl protein drop was deposited on a microscope cover
glass. The cover glass was then inverted and placed over a 6 ml vessel containing 2 ml of
a NaCl/buffer reservoir ranging in ionic strength from 0.34 to 2.73 M. The top of each
vessel was greased to ensure an airtight seal.

The reaction vessel, shown in Figure 4.1, consists of a 6 ml vial with inlet and outlet

channels. Attached to these channels are syringes. The outlet syringe allows the
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Figure 4.1 A schematic of the experimental set-up used throughout the lysozyme
vapor diffusion experiments, consisting of a 6 ml vial with input and output channels.
These channels were attached to a set of syringes, which allow the composition of the
reservoir to be altered. The fiber optic probe assembly is positioned directly above the
hanging drop of lysozyme solution and focused into the drop utilizing a 10X microscope
objective.
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reservoir to be fully or partially emptied. The inlet syringe allows us to add a new
NaCl/buffer solution or to add NaCl/buffer solution to the already existing reservoir.
This system permits the ionic strength of the reservoir to be changed completely or
incrementally, which in turn will affect the rate of supersaturation of the protein. The
reaction vessel sits atop a translational stage that can be adjusted to position the hanging

drop of protein within the focal point of the incident laser line.

Supersaturation Measurements

The ideal nature of Raman spectroscopy for biochemical experiments in aqueous
media has been recognized [15,16]. The use of Raman spectroscopy to measure the
solubility and protein concentration within a hanging drop has been previously
demonstrated [14]. The feasibility of Raman spectroscopy toward in situ control of the
level of supersaturation was investigated using a Kaiser Optical, Inc. Hololab Series
1000®. A CCD camera, spectrograph, and fiber optic probe comprise the HoloLab
Series 1000®. This Raman system employs a 30 mW Helium Neon Laser at 632.8 nm
with a Standard Fiber Injector. The spectrograph section of the HoloLab Series 1000®
utilizes holographic optical elements and provides spectral coverage from 400 to 3650
cm’ [17).

The HoloLab system makes use of a notch filter to attenuate the laser line while
allowing the Raman spectra to be collected [17]. The fiber optic probe consists of six
collection fibers bundled around one excitation fiber [17]. Attached to the tip of the
probehead is a 10X microscope objective, which focuses the incident beam. It is this

configuration of the HoloLab assembly, which makes these measurements possible. The
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incident, laser light travels through the cover glass directly into the hanging drop of
protein. Since the cover glass does not scatter well at 632.8 nm, the cover glass is
optically transparent to the measurement permitting the measurement of lysozyme

concentration without contact with the solution.

Data Analysis

The laser power incident on the cover glass and protein drop ranged from 19 to 22
mW. Each spectrum consisted of 20 scans collected over 129 seconds at 8 cm’
resolution. Raman spectra have previously been subjected to quantitative infrared partial
least squares (PLS) models with remarkable success [18]. The Raman spectra of 31
lysozyme standards were used to construct a PLS regression model utilizing QuantIR®, a
PLS regression analysis software package by Applied Systems. The PLS model generated
correlates the spectral region from 2700 to 3600 cm™ with the concentration (g/ml) of
lysozyme. This spectral region encompasses vibrations due to the protein CH stretches
centered at 2950 cm’’ [15,16] and the water OH stretches centered at 3230 cm'1[15 ,16].

A leave one out cross validation performed on the standards determined that the
model had a root mean square error of calibration (RMSEC) of + 0.01 g/ml. In addition
to the leave one out cross validation process, the regression model was also used to
determine the concentration of a test set of standards. The test set consisted of eleven
standard solutions of known lysozyme concentration, which were not a part of the
calibration standards of the PLS regression model. Evaluation of the PLS regression
model using the test set yielded a root mean square error of prediction (RMSEP) of +

0.01 g/ml. This method has been shown to be effective in measuring both the solubility
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of lysozyme at varying ionic strengths and monitoring the change in composition of the
hanging drop in situ [14]. The Raman method has been employed to measure lysozyme
concentrations ranging from 0.32 g/ml to 0.02 g/ml [14]. Lysozyme concentrations of
0.16 g/ml and 0.23 g/ml and reservoir ionic strengths ranging from 0.67 M to 2.73 M
were selected for this study by virtue of the relatively short nucleation times produced
under these conditions. Therefore, it is the goal of the present work to utilize this method

for the dynamic control of the crystallization of lysozyme within a hanging drop.

Results and Discussion

Initially, the goal was to obtain the relative kinetics of the lysozyme crystallization
process with respect to varying reservoir ionic strength. Figure 4.2 shows a concentration
profile with respect to time and is representative of the data which is attainable from the
method we have developed. The change in lysozyme concentration is due to three
factors: the mass transfer between the water in the drop and reservoir, the nucleation
process of the lysozyme in solution, and the growth of lysozyme crystals. The initial rise
in concentration is due to the loss of water from the hanging drop of lysozyme solution.
The loss of water is driven by the difference in ionic strength between the hanging drop
and the NaCl/buffer reservoir.

This initial amount of water exiting the drop has been pursued as a possible avenue of
control in vapor diffusion experiments [12,13]. It is expected that the rate at which the
water evaporates or the rate at which the hanging drop supersaturates affects the number
and quality of protein crystals produced. Previous attempts at measuring the evaporation

rate have resulted in mass profiles of water, which eventually come to a steady state

52



0.30 o

:;.. ko Reservoir p=1.02M
0.25 - o ; Hangind Drop p=0.34 M

Wl 5 A
: Y

0 .. "‘:s‘:... oog’ o« %
| INPheeg

Lysozyme Concentration (g/ml)

0.10

1 M ! v L M | v 1
0 20 40 60 80

Time (hours)

Figure 4.2 A real time concentration change of a hanging drop of lysozyme obtained
with the fiber optic Raman method. The ionic strengths of the reservoir and the drop are
1.02 M and 0.34 M, respectively. The rate of supersaturation, the time of nucleation, and
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