Chapter 12
Future Prospects

Norma M. Allewell, Igor A. Kaltashov, Linda O. Narhi, and Ivan Rayment

Abstract This chapter illustrates the dynamic, evolving nature of molecular
biophysics by providing perspectives on future prospects in three major areas: X-ray
and neutron scattering, mass spectrometry, and therapeutic drug development. In all
three areas, major advances in the biological sciences, development of powerful
new experimental and computational tools, and urgent real-world challenges are
driving rapid progress. These developments have enabled and encouraged biophysi-
cists to focus increasingly on studying systems of various sizes and the interactions
between their components, rather than simply on their isolated constituents. As the
examples demonstrate, these interactions are often transient, and may occur in mas-
sive macromolecular complexes, between macromolecules, or between macromol-
ecules and ligands. A diverse set of emerging and advancing technologies are
likely to spur future developments. These include advances in methods that enable
individual molecules to be studied at atomic resolution; high throughput methods,
increasing automation, development of massive databases that allow comparison
and analysis of data of many types gathered worldwide; and increasingly power-
ful computational methods that enable ever larger systems to be modeled at high
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resolution. Finally, the emerging field of synthetic biology will create exciting
opportunities to create, explore, and manipulate the biophysics of novel systems.

Keywords Advances in computation ¢ Database development ¢ High throughput
automation * Macromolecular interactions ® Mass spectrometry * Membrane pro-
teins ¢ Single molecule methods ¢ Structural biology * Therapeutic drug develop-
ment * X-ray and neutron scattering

Molecular biophysics is a dynamic, evolving area of science that continues to
undergo rapid change in terms of the kinds of questions that can be asked, and the
experimental and computational tools that are available to address them. This chap-
ter presents perspectives on current challenges and future prospects in three major
areas that, in combination, provide a snapshot of where the field is now and where
it is moving. The first section, on X-ray and neutron scattering, emphasizes the
importance of biological questions in driving advances in these technologies. Many
of these biological questions focus on interactions, often transient, in massive mac-
romolecular complexes, between macromolecules, or between macromolecules and
their ligands. These themes are amplified in the second section, which describes the
explosive development of mass spectrometry as a powerful tool for characterizing
the conformation and dynamics of membrane proteins, large macromolecular
assemblies, highly heterogeneous proteins, and molecular interactions in vivo.
Although the biological themes in the two sections are similar, their juxtaposition
reveals the complementarity of these two major experimental approaches and the
insights that they provide. The last section, on the use of biophysical methods in
therapeutic protein development, illustrates another important trend, the rapidly
increasing importance of molecular biophysics in solving real-world problems.
These applications have also driven development of the technology, in this case
towards small volume, high throughput methods. In all of these examples, the ques-
tions being asked have resulted in advances in the technology, which have led to
increased understanding, and consequently the ability to address even more compli-
cated questions. In this way, molecular biophysics and the fields to which it is
applied constantly interact to advance together.

12.1 X-Ray and Neutron Scattering

X-ray diffraction and neutron scattering are relatively mature methods and thus their
future prospects will be driven primarily by the biological questions that must be
envisaged or answered. Scattering methods are also well advanced; however, consid-
erable technical development can be anticipated in the foreseeable future, particularly
in improved methods and facilities for data collection and advances in sample prepa-
ration. Together, it can be anticipated that problems that appear almost insurmount-
able at present will become routine. The most compelling change will be increasing
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use of scattering methods by newcomers who have not previously used these methods,
as a result of more widespread understanding of the fundamentals and consequent
development of automated structural determination. These prospects are outlined for
crystallography, fiber diffraction, and small angle scattering, with challenges that lie
at the forefront of scattering and diffraction methods described first.

12.1.1 Challenges at the Frontier of Structural Biology

For the most part, these challenges are conceptually well established, many are
under active investigation and great progress is expected in the near future.
Areas where there are major opportunities to enhance understanding of cellular
function include the architecture of microtubule organizing centers, kineto-
chores, nuclear pore complexes, multiprotein membrane complexes found at the
interfaces between cells, and spliceosomes. Inherent in all of these research
areas are interactions between macromolecules and ligands. Interactions
between the components of a cell will remain the focus of structural biology for
many years to come and represent a real change in what is expected from a
structural investigation. In the early days of X-ray crystallography, it was suf-
ficient to determine the structures of the components. Initially every structure of
a protein or nucleic acid was considered a major advance with little regard to the
ligands or macromolecular interactions involved. However, every protein,
nucleic acid, oligosaccharide, and small molecule ligand interacts with some-
thing else in the cellular system. Consequently, structure determination today
goes hand in hand with biochemical and cellular studies that examine the
hypotheses that arise from the structures themselves. This is because the focus
has moved away from methodological development back towards understanding
biological phenomena. This progress has been accompanied by an increase in
the size and complexity of the biological systems that can be investigated.

The traditional approach in macromolecular structure has been to divide the
problem into the smallest pieces that yield useful information and are amenable to
study and then to construct a conceptual model of the original larger entity from the
pieces. As techniques for determining the structures of large complexes have
improved the size of the structures that can be studied has steadily increased so that
less division is required. This trend is likely to continue. The challenge with com-
plexes such as the nuclear pore complex [1] or kinetochores [2] is to isolate stable
subassemblies that will crystallize in a form that yields useful structural informa-
tion. Great progress has been made, but larger complexes that will ultimately lead to
a complete model are still required. The next frontier in many areas will be to define
the transitory interactions between molecules.

Most of the structures of complexes that have been determined thus far repre-
sent stable complexes (dissociation constants in the low micromolar or nanomolar
range), but many interactions in biology are much weaker, transitory, or modu-
lated by posttranslational modification or small molecule ligands. This is



368 N.M. Allewell et al.

particularly true when interactions involve an ensemble of weaker interactions
such as those associated with the cytoskeleton. These studies will necessarily
interface with results from electron microscopy that can provide a big picture of a
macromolecular assembly. Enhanced use of molecular modeling will eventually
become a vital tool in these studies, because, even with large complexes, interac-
tions between a comparatively small number of side chains or functional groups
can profoundly influence the behavior of a biological system. Most interactions in
biology are dominated by hydrogen bonds and hydrophobic interactions. Hence
high resolution structures of components will continue to be essential, but these
will have to be incorporated into a larger model.

12.1.2 Macromolecular Crystallography: X-Rays

Conventional structural determination will almost certainly become increasingly
routine. The major developments in this area will be dominated by robotic protein
preparation, crystal growth and handling, automated data collection, and structural
determination. This approach has been pioneered by the efforts in structural genom-
ics, but is rapidly becoming the standard mode of operation for data recorded with
synchrotron radiation. These techniques allow non-expert users to incorporate
X-ray structural studies in their research protocols.

The most challenging technical problems in X-ray crystallography lie with mas-
sive macromolecular complexes, transitory interactions between molecules, and
problems that yield vanishingly small crystals. At the frontiers of difficult struc-
tures, considerable advances are expected, driven by current developments in detec-
tor technology (pixel array detectors) coupled with the ability to record high quality
data from exceedingly small crystals (1-5 pm). As a consequence, considerably less
material is needed for a complex structural study than was once deemed necessary
(micrograms to milligrams). Increasing emphasis will be placed on determining the
structures of large macromolecular complexes, recognizing that protein:protein and
protein:nucleic acid interactions dominate much of cell biology. The crystals of
most of these complexes will not diffract to high resolution and will thus require
new approaches to determining low resolution structures. Development of suitable
metrics for assessing the reliable information content of these structures will be
critical for the outside reader or user of this structural data.

Another area that will see rapid growth is the crystallographic study of integral
membrane proteins. These have lagged behind soluble cytosolic and extracellular
proteins because they are difficult to prepare and crystallize. Even when they do
crystallize, most crystals of membrane proteins do not diffract well. The improve-
ments in detector and crystallization technology are expected to have a profound
impact in this area. Structural studies of membrane proteins will also be strongly
influenced by developments in low resolution structural determination.

Synchrotron radiation has revolutionized X-ray structural determination, but
even though high resolution data can now be recorded in a few minutes with pixel



12 Future Prospects 369

array detectors, radiation damage is still a major problem. Recent developments in
free-electron lasers that deliver ultrashort flashes in the femtosecond range of radia-
tion have the potential to overcome this challenge [3]. With the use of ultrashort
pulses of X-rays, the data can be recorded before the crystal has a chance to disin-
tegrate or suffer radiation damage. This technology also creates an opportunity to
examine even smaller crystals (less than 1 pm) and will facilitate study of macro-
molecules that are difficult to crystallize. This is a highly challenging approach
since it requires combining scattering data from millions of diffraction experiments;
however, improvements in automated data collection and sample handling are
expected to simplify this approach for important structural problems.

12.1.3 Small Angle Scattering: X-Rays

As is the case for macromolecular crystallography, the results from small angle
scattering will increasingly be utilized by investigators who are not experts in the
field and thus will require improvements in automation and validation to ensure
high quality routine data collection and appropriate interpretation of the results [4].
A large part of the effort to increase the use of small angle scattering will be associ-
ated with continued development of algorithms needed for ab initio modeling of the
scattering data and interfacing the results with those derived from other biophysical
techniques such as NMR and crystallography. In-house facilities have shown dra-
matic improvements in recent years and have significantly increased the number of
users, however, synchrotron radiation will continue to play a major role because of
the improved signal to noise and speed of data collection. A standard set of valida-
tion tools and protocols for depositing and reporting the results from small angle
scattering studies will be needed to optimize the investment in this technique.

12.1.4 Neutron Scattering Methods

Neutrons provide an enormously powerful alternative to X-rays because of the greater
scattering power of hydrogen and deuterium relative to other elements in biological
molecules. The high scattering power of these elements makes possible contrast varia-
tion in scattering studies and the localization of hydrogen atoms in X-ray structures.
In contrast, hydrogen atoms are not observed in X-ray studies except at ultra-high
resolution. The only restriction on the routine usage of neutron scattering is limited
access to neutron sources and the length of time required for adequate data collection.
Nuclear reactors have been the mainstay of neutron sources throughout the world, but
more recently spallation sources have been coming online. These accelerator-driven
sources provide beams of pulsed neutrons that are considerably more intense than
those available from other sources. It can be expected that these sources will encour-
age greater use of neutrons in the biophysical studies of macromolecules.
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12.2 Mass Spectrometry

Although one of the “youngest” analytical techniques in the experimental arsenal of
biophysics, mass spectrometry (MS) has already established itself as an indispens-
able tool, providing answers to challenging problems that cannot be addressed using
other approaches. The list of targets suitable for MS analysis continues to expand,
with many applications that seemed ground-breaking only a few years ago now
becoming routine and commonplace. As the entire field of biophysics continues to
advance, MS is expanding its scope of inquiry to include such challenging targets as
membrane proteins, large macromolecular assemblies, and many others. For MS, as
for other areas of biophysics, the greatest challenge is to break away from the reduc-
tionist paradigm and embrace the complexity of living systems.

12.2.1 Characterization of Conformation and Dynamics
of Membrane Proteins by MS

Although membrane proteins constitute about one-third of the entire proteome, the
three-dimensional structures of only 357 unique membrane proteins were available
as of September, 2012. The architecture and dynamics of membrane proteins are
defined by a wide range of intermolecular forces, including interactions with the
hydrophobic interior of the membrane, its polar solvent interface region, as well as
internal and external water molecules. As a result, membrane proteins generally
have very poor solubility characteristics, making any experimental study of the
architecture, dynamics, and interactions of these macromolecules extremely diffi-
cult. Traditionally, solubilization and isolation of membrane proteins relied on
detergents, but many earlier attempts to characterize detergent-solubilized mem-
brane proteins by MS had very little success because of the suppressive effect of
detergents [5]. While various techniques that remove detergents prior to MS analy-
sis remain the most popular strategy for dealing with this problem, such a dramatic
change in the environment of the protein inevitably leads to the loss of higher order
structure. Fortunately, small amounts of detergents can be tolerated by MS at least
in some cases, allowing direct ESI MS analyses of non-covalently bound membrane
protein assemblies to be carried out after reconstituting them in a minimum amount
of detergent [6]. A similar approach was used recently to study very large non-
covalent assemblies of transmembrane proteins [7].

Despite initial successes in using detergents for direct MS characterization of
membrane proteins, one must be aware of some potential pitfalls, the most serious
of which is the denaturing action of many (if not all) detergents. An ideal membrane
mimetic would not only form a bilayer-based structure, but also reflect the physical
properties of the specific biological membrane. Several MS-based experimental
approaches are currently under investigation as potential probes of the structure and
behavior of membrane proteins with bilayer-based membrane mimics. These
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include limited proteolysis to identify membrane-bound protein segments, chemical
probes to obtain topological information on various protein segments, and hydro-
gen—deuterium exchange to provide information on interfacial positioning and sta-
bility of transmembrane polypeptides in lipid bilayers. Another recently introduced
bilayer-based membrane-mimicking system is a nanodisc where the bilayer struc-
tures are maintained by membrane scaffold proteins modeled after apolipoprotein
Al. However, the best environment to study the behavior of membrane proteins is
indisputably the specific biological membrane itself. Although characterization of
various properties of membrane-bound proteins within the context of their native
environment using MS was a technical impossibility until very recently, several
examples of such studies have been published in the past few years [8, 9].

12.2.2 Mass Spectrometry Above 1 MDa

12.2.2.1 Characterization of Large Macromolecular Assemblies

Large protein assemblies play crucial roles in a variety of cellular functions. For
example, each cellular protein emerges from a large assembly upon its birth (ribo-
some), enters another large assembly at the end of its life (proteasome), and inter-
acts with a number of other macromolecular assemblies throughout its lifetime.
While the ability of electrospray ionization mass spectrometry (ESI MS) to detect
and characterize relatively modest non-covalent assemblies of proteins and other
biopolymers (e.g., protein/DNA complexes) was recognized over 20 years ago and
has been used actively since, large macromolecular assemblies representing com-
plete self-contained units of biological machinery (such as ribosomes and protea-
somes) remained out of reach of MS analysis for a much longer period of time.

The situation began to change in the past decade as a result of pioneering work
of Robinson [10] and Heck [11], who demonstrated that careful control of ioniza-
tion conditions and use of mass analyzers with extended m/z range may allow very
large non-covalent complexes to be preserved in the gas phase, and meaningful
structural information to be extracted for protein assemblies whose masses exceed
several MDa. Although still far from being a routine method of analysis of large
macromolecular complexes, the so-called native mass spectrometry is now capable
of dealing with complex objects ranging from proteasomes and ribosomes to intact
viral capsids.

12.2.2.2 MS of Highly Heterogeneous Proteins

Despite the dramatic expansion of the mass limit of macromolecules for which
meaningful information can be provided by MS, the bar remained disappointingly
low until recently for MS analysis of several classes of proteins. These include
extensively glycosylated proteins and protein—polymer conjugates, which
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frequently exhibit remarkable degrees of structural heterogeneity. Heterogeneity
poses a formidable challenge to MS-based studies of higher order structure, dynam-
ics, and interactions of such proteins, frequently making the mundane task of mass
measurement an extremely challenging undertaking. Among several recent devel-
opments in this field, a particularly promising approach combines reduction of com-
plexity of the protein ion ensemble (by mass selecting a narrow fraction of the entire
ionic population) and gas phase chemistry (charge reduction via electron capture or
electron transfer) [12].

Another MS technique that holds great promise vis-a-vis dealing with macromo-
lecular complexity is ion mobility (IM) MS [13]. While the majority of current
applications of this technique exploit its ability to provide information on the physi-
cal size of macromolecular ions in the gas phase, the potential utility of IM MS to
provide an additional separation stage prior to MS detection, thereby reducing com-
plexity of heterogeneous systems, is frequently overlooked. Nevertheless, the abil-
ity of IM MS to separate various isoforms of biopolymers has been acknowledged
and has already been used to facilitate MS characterization of covalent structure of
large glycoproteins [14] and protein—polymer conjugates [15].

12.2.2.3 Mass Spectrometry In Vivo

A very important aspect of macromolecular interactions in vivo is their extreme
complexity due to the large number of participating players. While most biophysi-
cal studies have traditionally used the so-called reductionist approach by focusing
attention only on the minimal number of players deemed absolutely essential for a
particular process or interaction, the limitations of this approach are now becoming
commonly acknowledged. Emergence of the new paradigm that embraces, rather
than downplays, the complexity of biological processes has been catalyzed by the
completion of genome sequencing for several organisms, which highlighted the
enormous repertoire of biomolecules making up living cells.

One approach to dealing with the complexity of real-living systems that enjoyed
great popularity in the past decade, is functional proteomics [16-22]. Above and
beyond proteomic approaches that provide a global picture of biomolecular interac-
tions in living systems, a number of groups are beginning to invest significant effort in
expanding the existing experimental strategies to study biomolecules in their native
environment. These include the possibilities for investigation of protein structure and
interactions in living cells provided by chemical cross-linking with MS detection [23],
or chemical labeling and footprinting methods [24]. Efficient delivery of cross-linking
and/or labeling reagents to the cell without disrupting its normal functioning or indeed
killing it remains a formidable challenge. This obstacle places a significant limitation
on the number of reagents that can be used in such in vivo measurements. One particu-
larly attractive approach to overcoming this problem would tap into the arsenal of the
emerging field of synthetic biology by reprogramming the genetic code of the cell,
forcing it to produce and incorporate into proteins amino acids with reactive side
chains that can be used as in situ chemical probes [25].
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The past two decades witnessed many triumphs of MS in various subfields of
biophysics and structural biology, and it is certain that this technique will remain a
valuable contributor in these fields, catalyzing their progress in the years to come
and bringing about new exciting discoveries. Despite reaching a respectable age,
biological MS remains very dynamic and constantly adapts to the ever changing
landscape in the life sciences, always remaining at the forefront and ready to deal
with the most challenging problems.

12.3 The Future of Biophysical Analysis in Therapeutic
Protein Development

The development of therapeutic proteins is an endeavor that includes extensive use
of biophysical techniques, as has been described in numerous publications (see, for
example [26]). As is the case for all proteins, proteins being developed and used for
therapeutics are complex macromolecules that require appropriate primary, second-
ary, and tertiary structure to maintain their function and stability, as discussed in
Chap. 2. The ultimate goal of therapeutic development is the creation of a molecule
that is safe and efficacious, and that will maintain its structural integrity during
manufacturing, storage (usually two years, often in solution, and under variable
conditions), and administration. Different biophysical tools are employed during
the different stages of development of this important class of drugs, depending on
the amount of material and time available, and the goal of the analysis.

The protein therapeutic development lifecycle includes several steps, beginning
with the identification of a biological target. After the target has been chosen, the
molecule with the greatest chance of succeeding as a drug and with the desired
biological activity must be selected from multiple candidates with different primary
sequences. Following the choice of candidate, process and formulation develop-
ment, and characterization are the next steps, with selection of delivery device and
route of administration coming next. During all of these steps, the integrity of the
protein, in terms of its secondary, tertiary, and quaternary structure needs to be
maintained. The last step in this process is clinical trials and then, if successful,
commercialization. During these later stages of development, the focus is on prod-
uct consistency and lot release assays, exploration of different delivery devices and
therapeutic indications, comparability assessments, and support for product and
process failure investigations.

Biophysical tools are used at all of these stages in the therapeutic protein lifecycle.
Currently characterization is done by removing an aliquot of the sample and analyz-
ing specific properties with different techniques, and then using heuristics to com-
bine the results. This can be time-consuming and involves multiple aliquots and a
fair amount of material. The desired future state for biophysical assessment of pro-
tein therapeutics would include the ability to do multiple analyses on the same sam-
ple at all stages of development. This would increase the reliability of the results
because different attributes could be directly compared, and also enable the testing
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Table 12.1 The goals and challenges of the “biophysics of the future of therapeutic protein
development”

Goal/challenge Current Desirable
Analysis at high/low  Many biophysical techniques At actual formulation concentration
concentration require dilution to 0.5-1 mg/

mL range, others require
concentration to >10 mg/mL

High throughput Many techniques are labor- Automation, high throughput data
intensive and low throughput collection and analysis
Noninvasive Requires removing sample from  In situ analysis

device (vial or syringe)
Online biophysics for Discrete sampling, off-line and Online sampling and analysis during
process control often time-consuming fermentation and purification, the
analysis ability to make changes based on
result obtained on the fly

of more samples to better understand the variability of the methods. The vision of
the future for the application of biophysics during protein development also includes
being able to perform these tests on actual process samples and to obtain results in
real-time so that decisions can be made based on the identity, conformation of the
protein, and the state of aggregation. Automation and/or use of easy-to-operate
instrumentation for these techniques in a manufacturing environment is another
important goal for which to strive. Different phases of drug product development
have different specific needs as well that could result in the evolution of different
instrumentation and applications in the future. This issue is discussed below and
briefly summarized in Table 12.1.

During the selection of the unique protein that will become the product candidate,
in addition to biological activity, the stability of the candidates under consideration to
the conditions used for manufacturing and storage is assessed. Characteristics to be
considered include stability to low pH, agitation, mixing of the air-liquid interface,
and temperature. The protein therapeutic also needs to withstand storage in solution at
4-8 °C for two years, often at protein concentrations above 100 mg/mL [27]. Screening
for this type of stability usually involves predictive assays that rely on subjecting the
protein to harsher conditions than it would encounter normally, in order to predict
what may happen with time under milder conditions. This requires an understanding
of potential pathways of degradation, in order to ensure that the response of the pro-
tein to the conditions used are truly predictive of long-term stability during the actual
process. After stressing the material, the impact of the conditions on the integrity of
the protein, with particular emphasis on protein aggregation and irreversible unfold-
ing of the native three dimensional structures, is assessed. Assays with minimal mate-
rial requirements and high throughput are especially valuable at these early stages.
Qualitative results that allow comparison of the relative degree of change so that can-
didates can be categorized as passing or failing are an acceptable output.

The ability to assess multiple different protein characteristics on a single sample
after each stress, rather than having to remove aliquots followed by sample manipu-
lation in order to be compatible with the different analyses, would be hugely
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valuable at this stage. Primary attributes that should be assessed are conformational
and colloidal stability, the propensity of the protein to aggregate, and chemical mod-
ification of the amino acid residues in the primary structure. The ability to measure,
either directly or indirectly, the primary, secondary, tertiary, and quaternary struc-
ture of a protein, and the size of any aggregated species generated, all in a high
throughput format, is the ultimate goal. The more candidates that can be assessed,
the greater the chance of identifying one that has the desired properties, and so the
availability of automated methods is also important. In the future one can envision
arobotic system that subjects samples to different stresses such as elevated tempera-
ture, extremes of pH and ionic strength, mechanical shaking or stirring, exposure to
light, etc., and then runs the multi-well plates through sequential biophysical analy-
ses, ultimately providing a relative ranking of the candidates based on a multivariate
analysis of the matrix of data generated. It is worth noting that in some cases in
addition to the traditional biophysical techniques (such as MS, different types of
spectroscopy) other methods, such as chromatography, can often be used as part of
this assessment. For example, ion exchange chromatography can detect changes in
chemical modification, hydrophobic interaction chromatography can be used to
detect changes in conformation, and size exclusion chromatography can follow loss
of monomer, or formation of smaller oligomers such as dimers and tetramers [28].

An important aspect of this early stage of development is the feedback between
protein engineering, modeling, and the results of the predictive assays. There is an
iterative process as the correlation between the predicted behavior, the actual behavior
as the protein moves through process development, and the structure of the modeled
protein becomes available. Collecting these data into usable databases allows constant
improvement in the sequence-based predictive algorithms, such that more and more
of the potential “hot spots” for modification or self-association can be eliminated
before the protein is ever included in the panel of potential candidates to be screened.

The focus changes to developing the production process and formulation to be
used for the commercial product once the specific molecule that will be developed as
a therapeutic has been chosen. At this stage, material availability is no longer rate
limiting, and more rigorous techniques that compare the higher order structure of the
actual material obtained during the different processing steps can be used to ensure
that the final product was not irreversibly damaged by the conditions being used for
its manufacture. The ability to get real-time, high resolution information on the pri-
mary, secondary, and tertiary structure, and especially of the aggregation state, of
samples as they are generated by the cells, and passed through the purification pro-
cess, would allow decisions about sample collection to be made based on the quality
of the material as it was being processed. This requires online instruments that are
robust enough to withstand the conditions of a protein manufacturing plant, and are
also rapid enough to provide results in time to be used to make process conditions.
Online light scattering analysis to assess aggregation; Raman spectroscopy to assess
the secondary and tertiary structure of the protein; mass spectrometry to determine
primary structure including amino acid sequence, carbohydrate content, and chemical
modification; and morphological analysis to assess types of aggregate are some of the
potential process analytical technologies that are currently being explored.
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During formulation development, the stability of the target protein is assessed in
different buffer compositions, pH, storage conditions, and delivery devices. These
studies typically involve the generation of many samples that must be analyzed in
order to arrive at the optimal formulation conditions, and thus many of the princi-
ples that apply during candidate selection apply here as well and some of the same
assays can be used. The primary difference is that at this point in the development
lifecycle the amount of material is no longer rate limiting and so formats other than
the 96 (or more) well plates can be considered. However, an instrument that uses
robotics to stress and test multiple samples for several attributes simultaneously is
still the goal. Special attention should be paid to the aggregation state and the integ-
rity of the primary sequence of the protein. Ideally the analyses would occur under
the actual solution and storage conditions that would be used, including protein
concentration. The majority of the protein therapeutics under development will be
administered at high concentration, and so the ability to determine these properties
without dilution is an important consideration.

As the product moves into production, the emphasis switches from developing
and optimizing conditions to maintaining process/product control; biophysical tech-
niques to follow the protein higher order structure are important elements of com-
parability studies, and are required for obtaining licensure of the drug. In this case
the methods must be shown to be fit for the purpose and the sensitivity of the assays
to detect changes in the product must be determined. Another important aspect of
preclinical and clinical development is the monitoring of stability samples, stored
both under accelerated and recommended conditions, for comparability. Biophysical
techniques are also used as tools to help ensure that changes in device, concentra-
tion, and formulation made as different indications or patient populations are added
do not affect the conformation of the biotherapeutic. Techniques that can give repro-
ducible and accurate results, and where the readout is understood, are most com-
monly used at this stage of development, rather than the high throughput tests that
were employed in the beginning of the product development lifecycle. These analy-
ses must be sensitive to changes in the protein conformation that can occur if the
protein is exposed to slightly different process or storage conditions, as demon-
strated by samples exposed to conditions outside the normal parameters. At this
stage future directions lie in the ability to carry out multiple biophysical tests on the
same sample in the commercial formulation, removed directly from the commercial
delivery device. This capability would allow for testing of a statistically relevant
number of samples, and direct comparison of the results. One difficulty with the
current tools available for biophysical characterization of proteins is that most of
these lack the sensitivity necessary to detect changes of less than 5 %. They also
provide information on the average of the molecular population. Thus even when a
difference is detected, it is not possible to determine whether 6 % of the population
has lost all signals in that assay, or 100 % of the population has lost 6 % of the sig-
nal. Evolution of single molecule methods to the point where they are applicable for
quick and reproducible analyses with very little variability would be a huge step
forward in our ability to interrogate samples and truly understand if they are com-
parable or not. The ability to apply high resolution methods such as NMR and MS
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to gain better understanding of protein higher order structure down to a single
residue is being explored as one avenue to obtain this type of information. The abil-
ity to track and characterize minor species in the structural ensemble that is present
at any given time in a protein solution would also contribute to this. Finally, proteins
are not static species, but are truly dynamic and can sample multiple folding struc-
tures as part of the natural thermodynamic equilibrium of the states possible in
solution. Techniques to provide quick assessments of the dynamics of any given
protein solution would also be helpful for this stage of development.

Finally, during commercial production batches occasionally fail the various lot
release assays; biophysical techniques can be used to help identify the root cause
and contribute to the safety assessment of the different lots of protein produced
under supposedly equivalent conditions. In this case very often a single sample is
being tested, with a single visible aggregate being studied, and so the methods must
have the sensitivity to detect and analyze a very small amount of protein and provide
a positive identification of the material if possible. For this application ideal future
biophysical tools would include analysis by mass spectrometry for molecule identi-
fication and determination of any chemical modification, as well as analysis of the
conformation of the protein, and the aggregation state. This analysis should occur
in situ in the glass vial, syringe, or other device used to administer the drug to the
patient, and all the analyses must be performed on the same particle or other species
that resulted in the lot release failure. While throughput is important, the ability to
obtain very reliable results from such a small sample set is far more important than
throughput at this stage.

As illustrated in Table 12.1, and from the discussion above, there are many gaps
between the current state of protein biophysical characterization during biothera-
peutic development and the desired future state. While challenging, much progress
has been made in recent years. The evolution of computational and material sci-
ences is resulting in miniaturization of instrumentation to the point where the “lab
on a microchip” will become feasible. The development of high throughput, auto-
mated, instruments that assess more than one attribute on these chips, coupled with
sophisticated statistical calculations and multivariate analysis of the information
does not seem outside the realm of possibility in the relatively near future.

12.4 Conclusions

This chapter has provided perspectives on future directions in three major areas of
molecular biophysics, as examples of what the future holds. While many advances
will be specific to a particular field, there are a several overarching themes that are
common to the three topics discussed here as well as many other areas of biology.
Throughout biophysics, the focus is moving from isolated components to entire
systems. At the same time single molecule analyses will increasingly enable us to
visualize and characterize minority species against the background of the entire
molecular population, including transitory states. The evolution of high throughput
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methods will result in an increase in throughput and a decrease in the amount of
material required. Increasing use of automation will make biophysical approaches
accessible to a wider group of users, and application to a larger variety of systems.
Massive databases will allow comparison of results across different samples, sys-
tems, and even laboratories, while increasingly powerful computational approaches
will enable large systems to be modeled at high resolution. Finally, the emerging
field of synthetic biology will enable biophysics to extend beyond natural systems
to novel synthetic systems.
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