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Executive Summary

This report is the result of a workshop held in September 2011 that examined the utility of a compact
x-ray light source (CXLS) in addressing many scientific challenges critical to advancing energy science
and technology. The U.S. Department of Energy (DOE) and National Academy of Sciences (NAS) have
repeatedly described the need for advanced instruments that “predict, control, and design the components
of energetic processes and environmental balance,” most notably in biological, chemical, environmental,
and materials science. In numerous DOE and NAS reports, direct molecular-scale imaging and time-
dependent studies are seen as a powerful means to develop an atomistic-level understanding of scientific
issues associated with current and future energy and environmental needs, including energy production
and storage from both fossil-based and fossil-free sources and cleanup of government and industrial sites
worldwide.

One of the major enabling capabilities for meeting these needs is a high-brightness x-ray light source.
The DOE report, Next-Generation Photon Sources for Grand Challenges in Science and Energy,
identifies “spectroscopic and structural imaging of nano-objects (or nanoscale regions of inhomogeneous
materials) with nanometer spatial resolution and ultimate spectral resolution” as one of the two aspects of
energy science in which current and next-generation x-ray light sources will have the deepest and
broadest impact. The report further stresses the power of direct observation in understanding
transformational chemical processes. The report also discusses the importance of molecular “movies” of
complex reactions that show bond breaking and reforming in natural time scales, along with the
intermediate states to understand the mechanisms that govern chemical transformations. Existing
accelerator-based x-ray sources have greatly extended capabilities in the time and space domain for
scientific investigations in many disciplines. Despite these successes, a number of scientific challenges
would benefit greatly from having an x-ray resource that has much of the attractive capability of these
large machines but lends itself to operating in conjunction with other characterization tools in a
correlative fashion. Such an integrated multiscale and multimodal approach could fully address the
fundamental needs expressed by DOE’s Office of Biological and Environmental Research (BER) in
regards to understanding how genomic information is translated with confidence to redesign microbes,
plants, or ecosystems (http://science.energy.gov/).

Fortunately, recent advances in laser and super-cooled linear particle accelerator, or linac, technology
have enabled development of a long-promised CXLS that uses inverse Compton scattering for generating
x-rays. The new CXLS holds the promise of simultaneous energy tuning—from the soft to hard x-ray
regime—as well as a pulsed structure closely coupled to the laser pulse duration of pico- to femto-
seconds. With a projected brilliance equal to third-generation light sources, a cost of around $35 million,
and footprint of less than 10,000 square feet, these compact sources are exceedingly attractive for
inclusion in existing facilities (that lack advanced x-ray capabilities) to influence a much broader segment
of the scientific population. Some of the attractive methods that such a light source would enable or
enhance include phase contrast imaging for organic or low-Z material systems, high spatially resolved x-
ray microscopies and tomographies, time-resolved pump-probe dynamic observations, and other single-
crystal diffraction methods. The flexibility of these sources will enable a multimodal approach to solving
energy science and technology challenges by coupling advanced x-ray methods with in-house laboratory
capabilities in existing user facilities, such as the Environmental Molecular Sciences Laboratory (EMSL).
Combining the matter-penetrating feature of x-ray methods with exquisite high-resolution, in-house tools,
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such as in situ electron microscopy, can accelerate the discoveries needed to address energy and
environmental challenges.

The CXLS workshop, held at Pacific Northwest National Laboratory (PNNL) and EMSL on
September 21-22, 2011, attracted more than 75 scientists from across the country. These scientists
identified numerous ways that a CXLS would close current capability gaps in biology, chemistry,
environmental science, and materials sciences as outlined herein.

Biology: Experimental gaps in biological research currently prevent a complete chemical, functional,
and structural understanding of biological mechanisms across length scales, which hinder rational
biodesign. CXLS operating modes, including x-ray absorption spectroscopy, macromolecular
crystallography, and whole cell imaging/tomography, can overcome current limitations by extending the
sensitivities and dynamic range of investigations of biological processes to permit time-resolved
measurements of energy relevant to proteins, macromolecular complexes, and intact cells.

Environmental Science: The fate and transport of contaminants in the environment is controlled by
molecular-level processes, including aqueous complexation, surface complexation to mineral phases, and
electron transfer between respiring microorganisms and biogeochemical reductants that occur in the
presence of molecular diffusion in moving water. These molecular processes often are linked in complex
ways that challenge their isolation, quantification, and mechanistic understanding. Studying the structure,
chemistry, and nanoscale geometric properties of mineral/water and microbe/mineral interfaces with an
array of imaging methods enabled by a CXLS could provide needed insights.

Catalysis: With an economic influence estimated at more than $10 trillion per year worldwide,
resolving problems in catalysis can have a significant impact. Catalysis is an essential technology for
chemical and materials manufacturing, global food production, and engineered plastics inherent in
virtually all manufactured products. To understand, model, and ultimately control catalytic processes, we
need to conduct in situ experiments that isolate elementary steps on catalytic surfaces or molecular
docking locations in picosecond time increments. This approach, which would use multimodal
measurements on CXLS, offers the potential for site-specific understanding of catalytic function, leading
to rational, rather than experimental, design.

Materials Science: Materials exhibiting complex multi-property behavior and responses and
sophisticated dynamic functionalities, as well as nanomaterials with entirely new properties compared to
their bulk counterparts, have opened new frontiers of investigation. In particular, the dynamic properties
of these new materials are being exploited for applications in the energy science and technology research
areas. The ability to study materials properties and transformations with spatial and temporal resolution
over a range of space and time scales is critical to designing materials and optimizing their structure and
function. These experimental needs match the characterization capabilities of a CXLS in a multimodal
laboratory setting.
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National Academy of Sciences
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NPS Naval Postgraduate School

NSLS National Synchrotron Light Source
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PNNL Pacific Northwest National Laboratory
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RMS root mean square

SC Office of Science

SeCys selenocysteine
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XANES X-ray absorption near-edge structure
XAS X-ray absorption spectroscopy
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XRF X-ray fluorescence
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1.0 Introduction

1.1 Advancing Energy Science and Technology: Background

One of the most pressing societal challenges is meeting future global energy needs in a secure,
economically viable, and sustainable manner. In response, the nation has turned with great urgency to the
scientific community for innovation and discovery that will significantly impact this universal need
(DOE-BESAC 2008) and the U.S. Department of Energy (DOE) has embraced this challenge in
meaningful ways through new vehicles, such as Energy Frontier Research Centers (EFRCs), Hubs, and
enhancements to the Energy Technology Offices. In particular, DOE’s Office of Science (SC) has
articulated several grand challenges strongly aligned with accelerating the path of taking discoveries to
useful and impactful energy technologies. Central to DOE-SC’s strategy to address these challenges are
the tools needed by the scientific community to accelerate discovery and translation to new energy
technology and paradigms—with a special emphasis on the large tools needed for discovery.

A number of SC Basic Research Needs documents and other reports list chemical imaging and
analysis as critical needs for advancing energy research. The National Academy of Sciences (NAS)
2006 report, Visualizing Chemistry: The Progress and Promise of Advanced Chemical Imaging, noted
that “the ability to visualize molecular structures and chemical composition in time and space as actual
events unfold” could revolutionize many areas of scientific exploration. Meanwhile, DOE’s report, Next-
Generation Photon Sources for Grand Challenges in Science and Energy (2009), identifies
“spectroscopic and structural imaging of nano-objects (or nanoscale regions of inhomogeneous materials)
with nanometer spatial resolution and ultimate spectral resolution” as one of the two aspects of energy
science in which next-generation vacuum ultraviolet (VUV) and x-ray light sources will have the deepest
and broadest impact. Both reports stress that the major goal of chemical imaging should be focused on
gaining fundamental understanding of complex structural dynamics to enable the creation of structures on
demand or enhance control over chemical processes. The challenges inherent in achieving this goal can be
met by imaging a material or process using multiple techniques across all lengths and scales.

Since their discovery more than 115 years ago, x-rays have proven to be the most effective and
prolific method for structural analysis of both organic and inorganic materials as evidenced by the
investment in and commissioning of more than 60 large-scale synchrotron light source user facilities
worldwide. Interestingly, 15 of the 19 Nobel Prizes awarded for x-ray-based discoveries used in-house,
rotating-anode-based x-ray sources. While fourth-generation light sources, such as the Linac Coherent
Light Source (LCLS), are further expanding the types of samples and temporal resolutions amenable to x-
ray analysis, the large size of these dedicated x-ray facilities inhibit direct multimodal and multiscale
analysis of a sample due to the lack of other proximal instrumentation. Recent developments in laser
technology, along with advancements in radio frequency (RF) cavities for the super-cooled linear particle
accelerators, or linacs, are pushing compact x-ray light source (CXLS) technology to the forefront, and
these versatile capabilities promise to open up new scientific frontiers, particularly in ultrafast dynamics
and spectroscopy. Although these capabilities will not match the standard expected for fourth-generation
light sources, CXLSs, such as coherent inverse Compton scattering (ICS) sources, are expected to provide
x-ray parameters equivalent to or better than the current third-generation light sources for a fraction of the
cost (Figure 1.1). In addition to the economic benefits, the flexibility of these sources can provide
multimodal capabilities coupled with in-house laboratory capabilities in a user facility such as the
Environmental Molecular Sciences Laboratory (EMSL), which currently houses state-of-the-art
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instrumentation, including both conventional and in situ-based electron and scanning probe microscopies,
nuclear magnetic resonance (NMR), and mass spectrometry. Therefore, it is incumbent upon us to
continue exploring the utility of x-rays for the next generation of scientific challenges that can be
transformed by in-house x-rays.
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Figure 1.1. History of x-ray source technology plotted according to brightness. Higher brilliance permits
more versatility in sample geometry, resolution, and chemical sensitivity.

1.2 Workshop to Examine How Energy Science and Technology can
be Addressed with X-rays

Light-source imaging capabilities, including x-ray tomography and scanning transmission x-ray
microscopy at existing light sources, have defined the direction for high-impact science. However, other
high-resolution laboratory-based imaging capabilities, including aberration-corrected transmission
electron microscopy and scanning probe microscopy, have significantly improved over recent years, and
research can be performed with unprecedented lateral resolution using these techniques. In particular, the
ability to perform in sifu experiments at ambient or elevated temperatures have advanced high-impact
science toward understanding reaction kinetics of individual nanoparticles and the analysis of biological
materials in their native environment without freezing, chemical fixation, or physical sectioning.

The deployment of fourth-generation x-ray light sources (free electron lasers, or FELs) has opened
new frontiers in ultrafast dynamics, structure, and spectroscopy. The LCLS at the SLAC National
Accelerator Laboratory was built on the principles of x-ray FELs, and it services a small number of
experiments at one time due to their linear geometry and their operation at a defined wavelength. As a
result of the limited number of experiments in facilities such as LCLS, these resources are generally
oversubscribed. Conversely, new developments in ultrafast laser technology, along with coherent high
harmonic (HHG) soft x-ray beams, have established CXLSs as viable options in the ultrafast dynamics
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and spectroscopy arena. While these sources are no substitute to x-ray FEL-based sources, they are
complementary to x-ray FELs with a much lower cost per instrument enabling broader access.

Due to their size, CXLSs can be effectively implemented in small-scale scientific user facilities, such
as EMSL, where multiple experimental capabilities can be used in parallel to advance scientific
discovery. Coupling light-source and laboratory-based capabilities is something new. In comparison to
what any single capability can offer, this multimodal approach of collecting, integrating, and analyzing
data from several sources will provide missing information needed for temporal and spatial resolution of
chemical, materials, and biological reactions in sifu and across scales (Figure 1.2). This is a difficult task,
and the planned initiative at Pacific Northwest National Laboratory (PNNL) will help generate solutions
to this grand challenge.
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Figure 1.2. Correlating structure, function, and chemistry of biological systems via multiscale and
multimodal analysis.

The PNNL/EMSL Chemical Imaging Initiative (CII) leadership team evaluated the science needs that
can be clearly addressed by either pushing the science to the forefront using the development of new
capabilities and methods or emphasizing technology so high-impact science can be done. These questions
capture the importance of focusing the initiative in the right direction. The research to address the first
question clearly identifies x-ray tomography, scanning transmission x-ray microscopy, inelastic scattering
imaging, and coherent diffractive imaging as the main light-source-imaging capabilities that can be
effectively connected to the scientific problems in which PNNL scientists have established world-class
leadership.

1.3 Science Themes Explored in This Workshop

The science needs in biology, biogeochemistry, environmental science, catalysis, and materials
science that are addressable with a CXLS in combination with other in-house capabilities at EMSL was
the basis of a workshop held at PNNL on September 21-22, 2011. Brief summaries of the needs in each
main focus area include (as follows):

Biology: Experimental gaps in biological research currently prevent an understanding of biological
mechanisms across length scales. For example, the availability of large amounts of high-resolution
structural data for a range of biomolecules, including proteins, is not generally applicable in the analysis
of cellular behavior. The lack of structural tools that resolve atomic-level structural information about the
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component parts of cells limits the ability to interrogate cellular systems at the molecular level. Newly
available light sources, such as those at the LCLS, can overcome current limitations by extending the
sensitivities and dynamic range of investigations of biological processes to permit time-resolved
measurements of structural changes for biomolecules within intact cellular structures. Understanding the
context of these dynamic structural changes requires an integration of these advanced imaging capabilities
with current state-of-the-science instrumentation available at EMSL. X-ray microscopy with a CXLS
provides unique capabilities for ultrasensitive structural measurements of the component parts of both
whole cells and cellular communities. In combination with light-source-based infrared
spectromicroscopy, these capabilities permit simultaneous measurements of macromolecular structural
changes and their relationship to functional changes involving metabolism.

While these x-ray and infrared imaging capabilities currently are available at several large
synchrotron light source facilities across the United States, bringing a CXLS to PNNL will provide an
integrated capability made possible by the suite of unique complementary tools available within EMSL.
For example, in combination with electron microscopy and super-resolution fluorescence microscopy, the
proposed compact light source is anticipated to allow high-resolution structural mapping of intact cells
with nanometer resolution and tens of micrometers field-of-view. Currently, EMSL only has laboratory-
based rotating anode x-ray sources with, at best, 10-micrometer spatial resolution for imaging and
requires 1 00-micrometer three-dimensional (3-D) protein crystals or larger for efficient diffraction
collection. Figure 1.3 illustrates the benefits of a CXLS in comparison to a rotating anode source and
relative to third- and fourth-generation light sources. Both incoherent and coherent ICS provide
significant improvement in temporal resolution for pump-probe macromolecular crystallography
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Figure 1.3. Resolution plot of various light source capabilities distinguished according to brightness and
amenable protein crystal dimensions.

In addition, the development of a coherent ICS CXLS would enable protein structure determination
from 3-D crystals 1000 times smaller than currently possible at PNNL. Although Figure 3 only highlights
the benefits to x-ray diffraction experiments, similar improvements in resolution and chemical sensitivity
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exist for X-ray microscopy, tomography, and spectroscopy. Therefore, a CXLS located at EMSL could
drastically improve the range of characterization experiments and spatial resolution for chemical imaging
at PNNL and available through DOE’s Office of Biological and Environmental Research (BER) user
facilities. Given the large number of bioscientists using EMSL (40% of total users), it is expected that
providing advanced biological x-ray and infrared imaging capabilities at PNNL will have an immediate
and significant impact on biological sciences, enabling a team approach toward elucidating a
comprehensive picture of the fundamental processes of life in a way not available in any single laboratory
today.

Environmental Science: Gas-particle heterogeneous reactions play a critical role in a variety of
environmental processes, including atmospheric aerosols and engineering chemical processes such as
catalysis. These processes are pertinent to energy production and emissions control, particle
nanotoxicology, and health effects. Fundamental understanding of these reaction processes requires
advanced analytical approaches for chemical imaging of particles down to 1 nm in reactive environments.
In particular, x-ray-based microscopy and analysis capabilities, including x-ray absorption spectroscopies
and scanning transmission x-ray microscopy, will play an important role in obtaining molecular-level
understanding of the chemical composition of organic aerosols (OA) and their reaction chemistry
pertaining to atmospheric environment. Such measurements will offer an analytical platform to study
multi-phase particle reaction and in situ chemistry with broad applications to understand the aerosol
formation and the dynamic changes in the aerosols over time. The realization of a CXLS, potential to
combine CXLS with other state-of-the-art capabilities, and time-resolved measurement structures at
EMSL will allow PNNL to take a revolutionary step forward for dynamic chemical studies of reactant
aerosol particles and will extend studies of particles well beyond the current capabilities. In addition, it
will enhance and guide complementary molecular-level spectromicroscopy investigations.

The fate and transport of contaminants in the environment is controlled by molecular-level processes
including aqueous complexation, surface complexation to mineral phases, and electron transfer between
respiring microorganisms and biogeochemical reductants that occur in the presence of molecular diffusion
in moving water. These molecular processes occur in chemically and physically heterogeneous subsurface
environments and often are linked in complex ways that challenge their isolation, quantification, and
mechanistic understanding. The structure, chemistry, and nanoscale geometric properties of mineral/water
and microbe/mineral interfaces and the surrounding physical environment markedly influence these
processes. Determining the biochemical and biophysical structures of biofilms and their interactions with
inorganic substrates, including metal ions and mineral surfaces, will provide critical new knowledge for
development of improved biogeochemical reaction and fate models. Understanding process interactions
and environmental variables that control the reaction rates and products is a critical scientific need that
must be resolved to predict subsurface reactivity.

A CXLS that can generate x-rays in the sub-micron size with variable energies and short-pulse time
structures, coupled with the existing state-of-the-art capabilities at EMSL, will enable unique
investigations of mineral-microbe-contaminant systems under realistic environmental conditions.
Structure-property relationships can be investigated along with physical and chemical heterogeneities that
exist within the micron- to nanometer-scale zones of mineral/microbe interaction. X-ray-based
measurements, including crystallography, scanning transmission microscopy, and absorption
spectroscopies, would enormously complement EMSL capabilities, providing new scientific
breakthroughs in environmental science and biogeochemistry.
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Catalysis: Catalysis is the key to both life and the lifestyle to which we are accustomed. It is an
essential technology for chemical and materials manufacturing, producing fertilizers on which the global
food production systems relies, producing gasoline and diesel fuel for transportation, and for engineering
plastics inherent in virtually all manufactured products, to name a few. Some of the specific challenges
under the umbrella of this national challenge include: 1) to establish firm relationships between catalyst
structure, rates, and selectivity of elementary reaction steps using the latest characterization methods; 2)
to build close interactions between theoretical/computational and experimental researchers to develop
advanced modeling and simulation tools; 3) to develop understanding of the thermodynamics and kinetics
of the nucleation and growth of model single-crystal oxide thin films, nanostructures, and supported metal
catalysts; 4) to create bases of theoretical and experimental data and methodologies to perform data
mining with the goal of optimizing the design of new catalytic systems; and 5) to prepare highly reactive,
coordinately unsaturated catalytic sites stably isolated on support surfaces, including single-crystal
surfaces.

The potential impact of the techniques available using synchrotron light sources on understanding
catalysts was recognized in the earliest days of the modern era of synchrotron science. One of the
overarching reasons for this was that x-rays from these sources are able to penetrate the reaction medium
and walls (or via suitable windows) of the catalytic reactor so that the structure of the catalyst can be
probed in working conditions. Over the last 30 years, the range of synchrotron x-ray techniques and
methodologies that have been applied to catalysis research essentially has only been limited by researcher
ingenuity, time available, and, of course, the funding for the research. The primary techniques have been
diffraction, scattering, and absorption spectroscopy, in both static and time-resolved modes. One of the
more recent advancements has been the development of these techniques to image the catalyst using
either full-field or microbeam techniques at spatial resolution down to the tens of nanometer range. In
addition, the capability of probing the structure of catalysts under in situ or operando conditions, such as
elevated temperatures and pressures, provided additional understanding as it has been shown that the
structure of the catalyst responds to its environment. It is envisioned that the CXLS would have similar
dramatic impact on catalysis research at EMSL and PNNL. A dedicated facility combined with a group of
world-leading scientists and staff, as well as a world-class suite of characterization and testing tools at
EMSL, will produce world-leading research and could be a game-changer in the application of x-ray-
based techniques to catalyst characterization. The CXLS will allow PNNL and its collaborators to
advance the level of catalysis science and enhance understanding of catalytic materials and phenomena
through the use of state-of-the-art synchrotron techniques under operando reaction conditions.

Material Science: Advances in materials dramatically enhance the human experience through their
diverse functionalities. Early functionalities included enhancement of existing properties, particularly
static features such as strength, durability, and thermal insulation. More recently, materials exhibiting
complex multi-property behavior and responses, sophisticated dynamic functionalities, and nanomaterials
with entirely new properties compared to their bulk counterparts have become important. Complex
materials include engineered systems, such as the layered complex oxides that display emergent
electronic and magnetic properties depending on the collective behavior of their individual layers, and
nano-foams and core-shell nanoparticles finding application in areas from targeted drug delivery to
reduction of biomass into fuel to electrical energy storage. In parallel, the dynamical properties of new
materials are being exploited for high-speed digital computation, efficient conversion of sunlight to
electricity and fuel, and catalytic capture of toxic combustion products in automobiles. The ability to
study materials properties and transformations with spatial and temporal resolution over a range of spatial
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and time scales starting from nanometers and picoseconds is critical to materials design and optimization.
For example, photovoltaics convert one photon to one electron in a sequential process. To design and
control this process, we must be able to observe each step: the excitation of an electron by a photon from
the conduction to the valence band in a semiconductor, the separation of the electron from the hole it left
behind in a p-n junction, and the transport of the electrons and holes in opposite directions without loss
due to recombination. These processes require simultaneous high spatial and temporal resolution to
explore, understand, and control.

The proposed CXLS, in combination with existing state-of-the-art materials preparation and analysis
capabilities at PNNL and the ultrafast electron microscopy capabilities currently being installed at EMSL,
would provide a world-class center for advanced materials science. The combination of these capabilities
along with other capabilities within EMSL is well suited to studies of materials control at an electronic
level. The spectroscopic capabilities envisioned interrogate both the occupied and unoccupied electron
levels of materials, and the unique temporal resolution will allow a more detailed investigation of
electronic processes. Without this time resolution, alternative techniques provide information averaged
over multiple energetic states, restricting opportunities to fully understand and control their properties. In
this regard, the CXLS will impact many materials development programs, especially those focused on
electrode processes, energy storage, and photon/electron interactions in which greater control over
electronic structure is expected to drive breakthroughs.

Technology: Figure 1.4 shows a conceptual design of a single accelerator driving multiple
independently tunable beamlines—each dedicated to a different energy range. The accelerator structure is
the same as the single beamline devices, but it has additional equipment controlling the cathode and the
electron beam path after acceleration. Instead of a single cathode laser, there are as many cathode lasers
as there are beamlines (three in the illustrated case). Each cathode laser is individually controlled by the
beamline to set the repetition rate, charge per pulse, and photon energy of its own beamline. They may
switch the beam off by turning off the cathode laser. In addition to separate cathode lasers, the multi-
beamline source has a fast electron beam switch at the linac exit, consisting of a deflecting RF cavity and
septum magnets. The deflector sends individual pulses to each beamline separately. The maximum
repetition rate for any one beamline is set by the deflection frequency that will be 1/N, where N is the
number of beamlines. Practical designs allow switching at frequency up to ~100 MHz.
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Figure 1.4. Concept for multiple independently tunable beamlines driven by a single accelerator. Each
beamline controls its own cathode drive laser, setting photon energy and repetition rate
independently. A fast RF deflector at the linac exit sends individual pulses to each beamline.

The photon characteristics at different energies are suitable for many soft and hard x-ray experiments.
For example, the full beam at 12 keV is anticipated to be at 10'* photons/sec with a low heat load along
the beam path. After monochromatization, the flux level is expected to be ~10'*/sec. The output radiation
from the CXLS has cylindrical symmetry divergence, typically a few mrads. The CXLS produces a small
source size beam (~2 microns), which is ideally suited for imaging applications, and it also supports the
performance of the optics for pre-monochromator conditioning of the beam. The CXLS itself can be
quickly tuned over a wide photon energy range by varying the electron energy, either by reducing the RF
amplitude or shifting the electron bunch timing with respect to the RF. There are no higher harmonics to
consider because the laser radiation intensity is equivalent to a weak undulator field. In principal, the
repetition rate can be as high as the 100 MHz linac repetition rate, but it is determined by the rate of the
photocathode laser and, therefore, is adjustable to very low rates. Typical pulse lengths are ~0.5 ps, which
is 100 times shorter than a typical third-generation synchrotron radiation. Thus, the CXLS is ideal for
time-resolved x-ray scattering with sophisticated timing systems that can provide accurate signals for
synchronizing x-ray beams to pump laser pulses used to excite sample dynamics.

1.4 How Coupling the CXLS with EMSL Can Transform Our Scientific
Discoveries

EMSL, a national scientific user facility sponsored by DOE-BER, provides integrated experimental
and computational resources for discovery and technological innovation in the environmental molecular
sciences to support the needs of DOE and the nation. It consists of various state-of-the-art crosscutting
capabilities and expertise under one roof that enable users to access multiple experimental and
computational capabilities to address complex energy and environmental issues. These capabilities can be
used by scientists and scientific teams to accelerate new discoveries through a no-cost collaboration with
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EMSL. Incorporation of a CXLS in EMSL would advance EMSL users’ research in the following three
aspects:

1. Multimodality characterization through the coupling of various experimental capabilities at EMSL
with the CXLS

2. Controlling radiation damage in light-sensitive materials, particularly biological and biogeochemistry
materials

3. Fill the capability gaps for EMSL users by providing soft and hard x-rays with high temporal
resolution through short pulses in, at least, the picosecond time scale—far beyond the current rotating
anode capabilities available on site.

Coupling in-house capabilities at EMSL with CXLS-enabled capabilities can significantly contribute
to advancing discovery science. For example, 3-D information of a biological cell can be imaged using x-
ray tomography with spatial resolution better than 40 nm to achieve contextual information of the intact
cell and its local environment with simultaneous unambiguous identification of organelles. The fine
details within the cell’s components also can be imaged using super-resolution optical microscopy and
near-atomic resolution electron microscopy. The results from such multimodal-correlated microscopy
could enable a complete atoms-to-microns picture of the biological cell.

Currently EMSL is working on planning activities to establish an ultrafast transmission electron
microscopy capability to further advance high temporal resolution measurements of biological systems.
The complementary CXLS capability with multiple beamlines of variable energy will be valuable for
EMSL users. In particular, the combination of ultrafast transmission electron microscopy and CXLS
capabilities could reveal ultrafast dynamics involved with chemical, biological, and materials
transformations.

1.5 Organization and Conclusions of the Workshop and Report

The workshop was a two-day event organized by PNNL and EMSL. The event brought together
experts from across the country to discuss key scientific challenges and the application of CXLS to those
challenges. Panel sessions brought together scientists from different fields to discuss current and future
scientific needs from an interdisciplinary view. With input from these scientists, thrust leads and PNNL’s
CII management team developed this report. For a list of the workshop’s attendees, see Appendix A.

This report describes outstanding scientific challenges in biology, environmental science, catalysis,
and materials science. The sections then discuss the application of CXLS to these challenges with a focus
on the relevant spatial and temporal resolution requirements. The workshop organizing committee
selected these areas because of their relevance to the DOE mission in ensuring the nation’s energy and
environmental security. Each area has a significant impact on questions vital to the nation by addressing
its energy and environmental challenges through transformative science and technology solutions.

The presence of a CXLS at PNNL would enhance onsite capabilities and establish multimodal
imaging as a gateway to the science of scalability. The CXLS also would:

¢ Enable exciting new science via the unique opportunity for multimodal imaging

e Complement state-of-the-art tools at EMSL and state-of-the-art methods at other light sources
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¢ Fill a potentially important niche in x-ray capabilities that can enable scientific discovery

¢ Drive new energy technology development.
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2.0 Biology: Scientific Challenges

2.1 Overview

Biological organisms have evolved mechanisms that provide for a sensitive response to changes in
their environment through the capture and utilization of both photochemical energy and organic
molecules. The processes of life are rich and complex, involving not only the interactions of thousands of
macromolecules organized into the structure of a cell, but the interactions of cells with each other.
Cellular communities can take a variety of forms, as represented by tissues of higher organisms or
microbial communities present in, for example, soils and the intestines of mammals. A central goal of
biology is to obtain a mechanistic understanding of cellular processes. Development of a predictive
understanding of underlying processes across length and time scales so community systems can be
understood in terms of their individual cellular components and associated intracellular processes is
critical to this goal.

New methods are enabling interrogation of changes in protein function caused by post-translational
modification (PTM) or genetic mutation. These measurements, coupled with a structural understanding of
macromolecular protein complexes, provide a basis for synthetic biology applications, such that binding
interactions (between protein complexes, ligands, and cofactors) can be adjusted to enhance energy fluxes
within individual cells and communities. To obtain this predictive understanding, complementary
measurements, such as those made possible using a CXLS, are required to extend currently available
omics-based information to understand and predict how cells respond to stressors. Such a strategy
requires a model-dependent approach to data analysis that incorporates the current understanding of the
system, and which allows data integration from different sources. This understanding is a fundamental
need expressed by DOE-BER: to understand how genomic information is translated with confidence to
redesign microbes, plants, or ecosystems (http://science.energy.gov/). Building a team of scientists with
complementary skills that, together, will provide a basis to understand complex biological, climatic, and
environmental systems across vast spatial and temporal scales requires building intense x-ray light
sources proximal to state-of-the-science experimentalists and computational scientists to allow an
integrated understanding of the system.

Three main CXLS operating modes—spectroscopy, macromolecular crystallography, and whole cell
imaging—promise significant benefits to research at PNNL and DOE-BER. X-ray absorption
spectroscopy is a powerful tool for identifying and characterizing redox products generated both in vivo
and in vitro by using the spectral region near an absorption edge to infer information about distances from
one atom to electron orbitals in its neighbors or to identify the symmetry at a metal site or the metal
valence. For example, with higher oxidation states, the absorption edge shifts to higher energy by a few
electron volts. For many transition elements with unfilled d orbitals, the shape of the x-ray absorption
near edge structure profile reflects the geometry of the first coordination sphere. Such detailed redox
information afforded by liberal access to CXLS would not only benefit bioremediation studies from the
cellular to molecular level but would also be valuable for the study of metalloproteins, including in the
growing field of peptide-enhanced metal catalysis. When coupled with macromolecular crystallography,
CXLS-derived molecular structure information could be used to help design the next-generation, novel
uranyl reductase, whether as a metalloprotein or a bioinspired electrocatalyst. Moreover, using fast pump-
probe imaging on 3-D microcrystals would allow dynamic observations of conformational changes of
proteins to better correlate structure with function.
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Achieving this goal is now possible, as recent technology developments offer unprecedented
opportunities to measure how biomolecular structures (and their time-dependent changes) modify
interactions between biomolecules to affect cellular pathways within individual cells (Figure 2.1) and how
these interactions affect cellular interactions within community structures. An ability to effectively
integrate multimodal measurements across scales will provide an understanding of the molecular
mechanisms underlying biological processes. However, to rationally design a more efficient biosystem for
any synthetic application, it would be useful to have whole cell contextual information correlated with the
chemical, functional, and structural information described. The ability to perform soft x-ray tomography
on hydrated or frozen-hydrated specimens would permit a detailed understanding of cellular architecture
within microbial biofilms, while hard x-ray tomography can be used to understand the ultrastructural
health effects of cellular exposure to nanomaterial or the distribution of inorganic minerals within native
soil samples. Thus, coupling CXLS with existing EMSL capabilities and expertise can provide unique
solutions for a range of energy- and environmental-related biosystems, including bioremediation,
contaminant transport, and molecular details of metal-reducing cells and enzymes.
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Figure 2.1. Schematic overview of coordinated metabolic pathways linked to light energy transduction
(photosynthesis and reductant generation), carbon metabolism (carbon fixation and
biosynthesis), and alternative reductant sinks linked to formation of energy-rich compounds
important for bioenergy applications.

2.2 Fundamental Insights Require Knowledge of Dynamic Structures
Across Scales

A central goal of the biological sciences is to understand fundamental regulatory mechanisms
involving cellular responses to environmental change, with a focus on both microbial communities and
multicellular eukaryotic organisms. In all cases, cellular responses are understood to involve a range of
mechanisms that typically correlate with the time scale of the response. For example, cellular metabolism
efficiently modulates energy partitioning between different metabolic pathways using feedback
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mechanisms involving allosteric control mechanisms, where the product of a pathway binds to oligomeric
regulatory proteins to adjust enzymatic function. Rapid responses to environmental change typically
involve PTMs to proteins that result in shifts to metabolism involving the modulation of protein
associations. PTMs involve both enzyme-mediated processes (e.g., phosphorylation; acetylation), as well
as the chemical modification of sites by metabolites (e.g., oxygen) that typically are grouped as involving
oxidative stress. These latter rapid responses involving PTMs at protein sites are in contrast to long-term
adjustments to metabolic pathways, which commonly involve transcriptional control mechanisms that
adjust the concentrations of protein catalysts to allow efficient control of energy use. Significant advances
in the genomic sciences require coupling high-throughput measurements of individual proteins and
associated structural changes to their cellular context to identify the important control mechanisms
underlying cellular and community behavior.

Current approaches that build upon successes in genomic biology commonly focus on an analysis of
transcriptional control mechanisms and their relationship to changes in protein abundance, such that a
correspondence between these measurements (i.e., correlated abundance changes of transcript and
protein) suggests a simple, long-term regulatory strategy involving linear responses to environmental
change (i.e., signal = transcriptional control = altered rates of protein synthesis). In comparison, it has
proven problematic to understand nonlinear metabolic control mechanisms that mediate rapid responses
to an ever-changing environment. An understanding of these latter control mechanisms have been aided
by the considerable strengths that permit cataloging of proteins and their PTMs using top-down and
bottom-up proteomic capabilities, which represent major tools that are revolutionizing biological
sciences. As configured, these omic methods typically are coupled with a data-driven computational
analysis pipeline that acts to reliably analyze a range of different samples, providing an opportunity to
obtain unprecedented identification of possible changes involving metabolic networks within cells.
Coupled with emerging metabolic capabilities, it is becoming possible to interrogate changes in protein
function in response to identified post-translational changes to provide predictive understanding essential
to the redesign of biological systems that are critical to the implementation of synthetic biology
approaches. Using this information, targeted imaging measurements can validate the mechanistic
underpinning of observed correlations to provide a means for real-time measurements of cellular
reprogramming in response to environmental change. These latter measurements, coupled with a
structural understanding of the protein complexes, provide a basis for synthetic biology applications
wherein binding interactions between protein complexes can be adjusted to modify energy fluxes within
individual cells and communities. To obtain such a predictive understanding, complementary
measurements, including those possible using a CXLS, are required to extend currently available omics-
based information to determine how cells respond to stressors. This strategy requires a model-dependent
approach to data analysis that incorporates the current understanding of the system and allows data
integration from different sources. This latter goal requires a team of scientists with complementary skills,
which, when combined, will provide a basis to understand complex biological, climatic, and
environmental systems across vast spatial and temporal scales.

Combining omics approaches with advanced imaging, spectroscopy, and structural biology is
necessary to probe the organizational principles of biology involving environmental sensing, energy
transduction, and chemical storage systems to develop fundamental design principles that control
molecular interactions regulating living systems. Understanding how cells balance dynamic needs for
synthesis, assembly, and turnover of cellular machinery in response to changing environmental signals
will be possible through integrated approaches that include proteomics, structural biology, and high-
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resolution imaging. Parallel measurements of these integrated processes are necessary to obtain the
predictive ability necessary for synthetic redesign that enhances the ability to introduce multi-component
biological functional modules and manipulate genetic control systems. High-throughput measurements,
such as those generated using compact light sources, are critical toward achieving these goals. These
measurements validate biological function and facilitate the interoperability of biological modules and
processes in both laboratory- and environmental-based systems.

2.3 Advantages of X-ray Sources

Experimental gaps in biological research currently prevent an understanding of biological
mechanisms across length scales. For example, the availability of large amounts of high-resolution
structural data for a range of biomolecules, including proteins, is not generally applicable in cellular
behavior analysis. The lack of structural tools that resolve atomic-level structural information about the
component parts of cells limits the ability to interrogate cellular systems at the molecular level. Newly
available light sources, such as those at LCLS, can overcome current limitations by extending the
sensitivities and dynamic range of investigations of biological processes to permit time-resolved
measurements of biological assemblies such as microcrystals, nanocrystals, and large viruses (Chapman
et al. 2011; Seibert et al. 2011). Understanding the context of these dynamic structural changes requires
an integration of advanced imaging capabilities with current state-of-the-science instrumentation available
at EMSL.

X-ray and infrared spectroscopy and microscopy provide unique information that complement the
capabilities of other established imaging techniques at EMSL, such as electron and light microscopy. Life
exists in the presence of water, which requires hydrated specimens to preserve native structure. Electron
microscopes provide remarkable detail from such specimens but only for sample thicknesses less than
about a micrometer—limited by the fundamental interaction length of electrons with matter (Sayre et al.
1977a, 1977b; Grimm et al. 1998; Jacobsen et al. 1998). However, compact sub-keV (i.e., soft) x-ray
microscopes can accommodate greater specimen thicknesses up to about 5 micrometers (resolution up to
2.5 nm) (Hertz et al. 2012), and even thicker specimens can be viewed with multi-keV (i.e., hard) x-ray
microscopes at resolutions up to 1 angstrom. This ability to view thicker specimens is important for
imaging biomolecular interactions within soils, microbes, and extracellular exudates or biofilms or for
examining how nanoparticles move from aeration surfaces to become incorporated into lung tissues.
Moreover, x-rays are much less likely to undergo multiple scattering events in materials compared to
electrons, which leads to more straightforward interpretations of signals and dramatically increases
sensitivity (Winick and Doniach 1980; Sparks Jr. 1980) as observed in studies of the location of trace
elements and their chemical environment. While advanced light microscopy methods have been
demonstrated to deliver exquisitely high-resolution images from pre-selected fluorescent molecules, x-ray
and infrared spectroscopy and microscopy provide important complementary information on the entirety
of the specimen and its overall biochemical organization—independent of the need to fluorescently tag
specific selected molecules. This advantage is particularly important in studies of difficult-to-label
samples, such as bacteria within biofilms. Infrared imaging also provides a way to measure the
distribution of specific biomolecules through characteristic vibrational modes associated with the
signatures of distinct organic bonds in metabolites without complications of damage from ionizing
radiation. Furthermore, recent advances in infrared imaging have improved spatial resolution to the sub-
micrometer regime, which is critical to the analysis of intracellular structures in biology.
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2.4 Metals and Biology

A primary advantage of x-ray-based methods is identifying metals and their oxidation states, both in
solution and following their incorporation into proteins, within relevant samples (i.e., thicknesses in
excess of 10 microns, depending on photon energy). Given the importance of metalloproteins in biology,
which represent more than one-third of all proteins (Thomson et al. 1998; Waldron and Robinson 2009),
understanding relationships between metal oxidation states and cell function is of particular interest.
Metalloproteins play central roles in mediating energy metabolism and a range of challenging chemical
reactions (e.g., decomposition of complex organic contaminants) important toward understanding
community ecosystems. In addition, extracellular metals commonly represent electron acceptors/donors
important in understanding a range of microbial community interactions, with considerable importance in
subsurface biogeochemistry (Fredrickson and Zachara 2008). The fate and transport of environmental
contaminants is of considerable importance to human health. Additional importance associated with
understanding metals and their oxidation states relates to their widespread use in the formulation of a
range of nanoparticles used to control, for example, bacterial growth and environmental exposures (e.g.,
sunscreens). These nanoparticles present possible dangers to biological communities due to their ability to
rapidly enter cells, albeit current effects on biological system remain largely unknown (NIOSH 2009).
Using a compact light source to identify relationships between biological function and the oxidation states
of metals extends current capabilities to allow direct measurements of the mechanistic underpinning of
changes in cellular metabolism under environmental conditions within natural communities. Here, the use
of spectroscopy and imaging modalities would provide both structural and chemical information of
individual cells as a function of time.

2.5 Natural Community Systems

Microorganisms and plants function as members of natural communities to play fundamental roles in
controlling carbon and nutrient cycles in terrestrial ecosystems and represent a source of genetic diversity
that encodes a range of functions capable of contributing to pressing societal needs, including CO,
sequestration, bioenergy production, and contaminant bioremediation. Currently, harnessing the
capacities of organisms and communities is limited by fundamental gaps in knowledge regarding the
diversity of biochemical pathways and functions that exist in natural systems. For example, many new
biochemical functionalities almost certainly remain to be discovered. A specific and major limitation in
the understanding of biological systems is the fact that we do not know the function of at least one-third
of all proteins (Hanson et al. 2010).

In addition to general biochemical roles, natural microbial populations host an even wider diversity of
proteins that are fine-tuned through sequence variation. At a fundamental level, effective experimental
strategies are needed that address how site-specific amino acid variations impact the dynamic structure,
associations, and function of proteins. For example, site-specific variations in a sequence may modify
protein domain interactions through the formation of salt-bridges or alter post-translational control
mechanisms by varying binding affinities of regulatory proteins (e.g., kinases). Likewise, sequence
variations affect the sensitivities of proteins to direct chemical modification, thereby acting to modulate
sensitivities to environmental conditions involving, for example, light intensity and the formation of
singlet oxygen. Such sequence-specific sensitivities can be envisaged to allow organisms to optimally
inhabit a defined niche within a community structure, resulting in enhanced community stability.
Integrating these measurements with an understanding of the control mechanisms that regulate cellular
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targeting and maintenance of proteins and other biomolecules to maintain cell function ultimately is
needed to obtain a predictive understanding from genomic information. In the future, such knowledge
may be harnessed for functional enhancements via genetic engineering. Similarly, the function of many
proteins requires either transient or stable interactions with other proteins to form supramolecular
complexes. The function of these larger complexes is further modified by changes in cellular localization,
whose control is affected by associations with other cellular components (e.g., lipid membranes).

Understanding the cellular regulation that controls protein complex formation requires extending
current high-throughput cellular measurements to catalog proteins and their PTMs. These measurements
must include data-driven computational models enabled by improved structural measurements to use
available high-resolution structural data of individual proteins (and other biomolecules) to interrogate
their cellular functions within natural community structures. Methods are needed that address how the
cellular context of individuals within a community structure affects specific proteins’ functions using
structural data of individual proteins (or complexes) in different functional states. These in situ
measurements of cellular processes will enable scientists to monitor emerging behaviors that vary from an
understanding of which protein complexes form in response to environmental change to an appreciation
of the underlying mechanisms responsible for more complex phenotypes that include functional
relationships between microbes in natural communities and their responses to, for example, diel cycles.
These measurements will provide the necessary data to enable modeling of the metabolic capabilities of
microbial communities, allowing a predictive understanding and development of synthetic biology
capabilities that afford manipulation of complex biological systems.

2.6 Observations of Living Tissue

Measurements of cellular responses to environmental exposures (e.g., low-dose radiation) typically
require destructive methods that fix tissues at time-points following exposures to arrest activity,
preventing longitudinal measurements of cellular responses. Such limitations hinder using existing high-
resolution imaging methods to measure metabolite fate and transport, which involves using analogs of
common metabolites with incorporated radioisotopic tracers, providing a sensitive means to interrogate
organ function through real-time measurements of uptake and turnover kinetics. Extending these
measurements to understand intracellular mechanisms and their relationship to intercellular interactions
(akin to community function) requires simultaneously imaging changes in overall cellular properties with
specific changes in subcellular structures, including changes in protein complex formation.

2.7 Importance of X-ray Sources to Imaging Biological Interactions

As already indicated, high-energy x-ray sources have the potential to provide critical insights into the
fundamental design principles that control molecular interactions to regulate living systems. Of particular
importance, x-ray diffraction methods remain the most effective approach to resolve protein structural
changes at atomic resolution (about 1 A). Furthermore, advances in synchrotron-based light source
intensities have permitted the development of diffract-and-destroy approaches prior to the onset of
radiation damage. Such approaches have been shown to permit imaging of large intact viruses (including
supramolecular protein assemblies) and nanocrystals.

High-throughput approaches that screen large numbers of constructs to assess function and possible
relationships to overall structural composition are expected to permit synthetic biology applications
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involving, for example, reconstitution of large multi-enzyme collections (such as metal reductase
complexes and cellulosomes) that may aide in biofuel applications. Following cryo-freezing, more
detailed structural measurements that are applicable in situ for cells are possible. Extension of these
methods to consider entire organisms is proposed using cryo-methods to image samples tens of microns
in size and thickness, which may help measure polymeric structures in living cells, such as
lignocelluloses, to aid in identifying mechanisms that overcome its recalcitrance to degradation for
biofuel applications. At the community structure level, the proposed x-ray approaches provide the unique
ability to quantify the 3-D structures of biofilms (with overall dimensions of tens of microns) with
nanometer-scale spatial resolution, whereas conventional x-ray micro-computed tomography (CT) has a
resolution of 5-10 microns and, therefore, is insufficient to image structures within individual cells.

2.8 Examples of Structural Measurements Made Possible by a
Compact X-ray Light Source

Experimental approaches aimed at understanding life science research involve a diverse range of
methodologies. These approaches reflect the inherent complexities of living systems and the associated
challenges of making measurements across length and time scales, ranging from molecular interactions
involving electron transfer and coupled reactions involving bond making and breaking to complex
ecosystems involving diverse organisms that functionally interact to enhance environmental stability. A
fundamental challenge is developing approaches that operate across these length scales to connect
molecular structural information to obtain a predictive understanding of complex ecosystems, allowing
development of interventions to restore ecological balance. Examples of experimental systems of
increasing complexity are described later herein. The examples focus on new insights made possible with
increases in the availability of CXLSs. In particular, the experiments focus on three capabilities that have
recently been demonstrated with a compact light source, including solving structures from large 3-D
crystals using x-ray diffraction (Abendroth et al. 2010), determining the chemical composition of samples
with x-ray absorption spectroscopy (Iwasaki et al. 1998), and directly imaging whole cells in 3-D without
sectioning or chemical fixation (Hertz et al. 2012).

2.9 Biocatalysis and Time-resolved Measurements of Enzyme
Reaction Mechanisms

Synthetic biology approaches aimed at mediating climate change are of considerable interest and
require an understanding of individual components (e.g., proteins) within natural microbial systems
capable of catalyzing carbon fixation, such as the formate hydrogen lyase complex. This complex is a
supramolecular complex containing [Ni-Fe]-hydrogenase and formate dehydrogenase (FDHy) enzyme
components that normally consume formate to generate hydrogen (Figure 2.2).
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Figure 2.2. Depiction of formate hydrogen lyase complex, highlighting structural coupling between
formate dehydrogenase (FDHy) and [Ni-Fe]-hydrogenase enzymes through integral
membrane protein complex HycB/C/F/D/G.

While structures are available for each of the enzymes following their isolation and, in isolation, the
catalyzed reactions are readily reversible, it remains unclear how they are structurally coupled to permit
efficient catalysis. This information is critical to their redesign to promote synthetic biology applications
associated with enhanced carbon capture and formation of biofuels. Likewise, a molecular understanding
of these natural mechanisms will guide the synthesis of effective molecular catalysts, which currently are
unable to catalyze CO, reduction (carbon fixation) that is catalyzed readily by FDHy (Reda et al. 2008;
Galan et al. 2011). Under biological conditions, FDHy exists as part of a formate hydrogen lyase complex
that decomposes formate to hydrogen and CO,under anaerobic conditions in the absence of exogenous
electron acceptors. This reaction is readily reversible. Therefore, FDHy promotes CO, reduction, a
difficult reaction, and permits electrochemical reduction of CO, in a manner that avoids excessive
overpotentials (which are energetically wasteful) with chemical specificity not possible using non-protein
catalysts, resulting in a mixture of products (Reda et al. 2008). As a result, understanding the reaction
mechanism of FDHy is important for the design of effective catalysts for CO, fixation. In this respect,
FDHy from E. coli represents the best-understood formate dehydrogenase, whose mechanism is
consistent with the goal of understanding the design of biomimetics for CO, fixation. The structure of
FDHy was first solved in 1997 and subsequently corrected in 2006 (Boyington et al. 1997; Raaijmakers
and Romao 2006). The presence of a selenocysteine (SeCys) ligand to the Mo metal, where the Se-Mo
binding is thought to be critical to efficient catalysis, is central to the reaction mechanism. The
substitution of SeCys with a Cys at this position results in a 99% reduction in catalytic rate, which may be
related to the complete ionization of SeCys (pK, = 5.3) and increased nucleophilicity of selenium
compared with sulfur that promotes nucleophilic attack following formate binding (Jacob et al. 2003;
Jacob et al. 2006; Arner 2010). The active site of FDHy comprises a SeCys, Mo, two molybdopterin
guanidine dinucleotides (MGD), and a single [4Fe-4S] cluster, which catalyzes the two-electron oxidation
of formate to CO, (Boyington et al. 1997). An inorganic sulfur (S;) ligand is bound to Mo (at least in
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some states) and may participate in modifying the reactivity of the active site. The reduction mechanism
involves SeCys'*” and His'"' in the rate-limiting step of proton abstraction and the Mo, molybdopterin,
Lys*, and the [4Fe-4S] cluster in promoting electron transfer, where the [4Fe-4S] cluster is thought to
permit a sequential ping-pong one-electron transfer mechanism (Boyington et al. 1997). However, while
the function of the Mo-molybdopterin cofactor is clear, the precise role of the active site Se remains
uncertain (Boyington et al. 1997; Raaijmakers and Romao 2006; Mota et al. 2011). The high-resolution
structures of FDHy; in the reduced (Mo'") and oxidized (Mo"") states illustrate that Mo coordinates four
cis-dithiolene sulfurs of the MGD cofactors and the Se of SeCys'*’ in a square planar geometry (reduced
state), which upon oxidation assumes a trigonal prismatic coordination geometry (Boyington et al. 1997).
The loop **RV-SeCys-HGPSVA'* is weakly diffracting using conventional x-ray sources for FDHy
following formate oxidation and reduction of the Mo-active center and has been reported to have been
misassigned in the original structure (1aa6.pdb). Reinterpretation of the diffraction data has led to an
alternative, and controversial, mechanism involving a large-scale movement of this loop, resulting in a 12
A separation between Se in SeCys'* and the Mo(IV) metal center (2iv2.pdb) in reduced FDHy relative to
the oxidized Mo(VI) form (Raaijmakers and Romao 2006). What remains uncertain is:

e The possible role of the loop mobility and SeCys bond formation with Mo in promoting formate
oxidation, proton abstraction, and electron transfer from the metal center to the [Fe-S] cluster
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e The precise role of SeCys'*’ (or alternatively, the proximal His'*") in mediating proton transfer from

bound formate

e The role of Arg’™” in either stabilizing the free seleno following formate binding to FDHy; (Option 1),
acting as a proton acceptor (Option 2), or in the alignment of the formate to facilitate catalysis at the
metal center (Option 3) (Heider and Bock1993; Boyington et al. 1997; Raaijmakers and Romao
20006).

Understanding these steps in the reaction mechanism of FDHy will be facilitated by time-dependent
structural measurements of individual reaction steps that are possible using the intense x-ray sources
made possible via compact light sources. For example, upon laser stimulation, formate could be released
(uncaged) on the microsecond time scale, allowing collection of diffraction patterns at various times
following photoactivation. Analyses of diffraction patterns from both types of experiments will provide
information about protein structure and how it changes during the reaction cycle, permitting both
experimental validation of the proposed structure and an understanding of how the loop structure (and
SeCys) modulates catalysis (Figure 2.3).
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Figure 2.3. Proposed structural change in the proximity between SeCys'* and active site Mo in FDHy
upon proton transfer, acting to prevent substrate recombination to enhance reaction
efficiency.

291 Protein Control of Reactivity and Catalytic Bias

Biological enzymes reversibly catalyze a range of reactions important to energy metabolism, whose
efficiencies serve as the basis for small molecule biomimetic catalysts that have commercial potentials to
both fix carbon and efficiently generate energy (e.g., hydrogen). Model catalysts developed at PNNL have
demonstrated that catalytic rates of biomimetic catalysts can be enhanced by minimizing the distortions
from the square planar coordination of the metal center (bite angle) and proper placement of pendant
bases to facilitate proton transfer and stabilization of the transition state (Raebiger et al. 2004; Henry et al.
2006; Wilson et al. 2006; Redin et al. 2007; Wilson et al. 2008). This empirical correlation between
changes in metal coordination and reactivity are consistent with an analysis of different [Ni-Fe]-
hydrogenase active site structures, which demonstrate threefold changes in hydrogen production rates
correlated with differences in coordination geometry (bite angles) (Figure 2.4). However, unlike enzymes,
biomimetic catalysts require substantial overpotentials for efficient catalysis. To understand the design
principles required to synthesize catalytically efficient biomimetic catalysts, structural measurements that
identify how active site structures control the reaction bias are needed to identify how changes in the
geometry around the metallic active centers control the overall reaction mechanism involving the control
of proton and hydride transfer reactions. A compact light source will provide a means to measure
structural linkages within hydrogenase protein matrices that control the reactivity of their metal centers.
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Figure 2.4. Coordination geometry around active site metal control reactivity for molecular catalysts
developed at PNNL (left) (Raebiger et al. 2004) or from a consideration of available
structures of [Ni-Fe]-hydrogenase enzymes (right).

2.10 Structural Regulation Through Redox Control Mechanisms and
Covalent Post-translational Protein Modifications

Understanding molecular mechanisms that underlie community interactions and their stability in
response to environmental change (e.g., light intensity, oxygen concentrations, and nitrogen availability)
requires an appreciation of regulatory controls that act to coordinate intracellular metabolic shifts to
maintain requisite species diversity. Such shifts include relatively straightforward mechanisms with well-
understood transitions between aerobic and fermentative metabolisms involving transcriptional regulation
through oxygen or nitric oxide binding to heme or 4Fe-4S clusters in protein sensors (Erbil et al. 2009;
Smith et al. 2010). These sensors act over relatively long time scales and include histidine kinases or
electron transport regulator A, which acts to coordinately regulate gene expression that reprograms
cellular metabolism (Price et al. 2007). Such changes in transcriptional activation involve formation of
supramolecular protein complexes that include the reprogramming of RNA polymerase binding affinities
to favor transcription of different operons (Ptashne and Gann 1997; Ptashne 2003; Verma et al. 2007).
Identification of the signatures of key regulatory control elements available from the proposed
complementary systems-level measurements will enable the construction of predictive models of
microbial metabolism. What remains largely unclear is the mechanism of the rapid response regulators to
environmental change that allow proximal organisms in microbial communities to maintain optimal
growth rates and function under highly variable and changing environmental conditions involving, for
example, high light levels (1700 microeinsteins/m” sec) and oxygen concentrations (600% air saturation).
In this respect, there is a well-understood adaptive value in maintaining long-lived proteins, such as the
outer membrane metal reductase MtrC in Shewanella oneidensis, that retain fundamental metabolic
capabilities under changing environmental conditions (Plotkin 2011; Xiong et al. 2011). For this reason,
metabolic shifts in response to environmental change are hypothesized to involve reversible PTMs and a
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limited subset of sensor proteins that include both traditional kinase/phosphatase signal transduction
cascades, as well as redox-dependent mechanisms involving reversible oxidative modifications. Redox-
dependent mechanisms include disulfide bond formation, methionine oxidation, and nitrotyrosine
formation, which are all known to be reversible through enzymatic control mechanisms (Smallwood et al.
2007; Poole and Nelson 2008; Bae et al. 2011; Bigelow and Squier 2011). To permit an appreciation of
key cellular sensors, extension of conserved mechanisms documented in model systems under controlled
cultivation to natural communities is anticipated. The sensors coordinate observed differences in
metabolic sensitivities between different organisms to environmental conditions. These different
metabolic sensitivities allow proximal organisms in mat communities to exhibit varied optimal metabolic
efficiencies during the diel cycle (Liu et al. 2011a; Garcia Costas et al. 2012; Liu et al. 2012).

As indicated, reversible changes in the oxidation state of redox sensors result in structural changes
and alterations in protein function, representing key regulatory points in cell metabolism to enhance
energy efficiencies and cell survival under rapidly changing environmental conditions (e.g., O, content,
light intensity, and nitrate levels result in metabolic shifts in phototrophs). Likewise, post-translational
protein modifications involving, for example, phosphorylation commonly induce changes in protein
associations that reflect changes in cellular metabolism.

A compact light source will permit high-throughput measurements that monitor structural changes
involving protein conformation and macromolecular associations following affinity isolation of trapped
complexes from lysates. This approach will provide a rapid means to assess changes in metabolic
capability and relationships to metabolic function. Of note, current mass spectroscopy measurements that
identify protein modifications are unable to provide functional correlations to direct imaging because
samples are typically analyzed following proteolytic digestion and result in the loss of structural
information. In contrast, coupling a high-throughput structural tool in concert with standard sample
identification strategies offers a means to use orthogonal structural information to identify the important
regulatory elements that can be used to construct better predictive models. These measurements have
considerable importance to ongoing efforts aimed at understanding molecular mechanisms used by
natural communities to control metabolic flux through dominant pathways that function to mediate
energetic efficiencies and stability. This includes an understanding of metabolic exchange mechanisms
involving the following:

o Secretion of glycolate upon increased rates of photorespiration by RuBisCO under conditions of high
light intensity

e Secretion of acetate and formate derived from fermentative metabolic breakdown of glycogen at night
when the mat becomes anoxic.

These latter measurements are directly relevant to mechanistic measurements of the formate
dehydrogenase. Based on preliminary data, it is hypothesized that there are critical switch points that act
to redirect redox equivalents between different pathways associated with, for example, carbon fixation
and reductive biosynthesis or the formation of proton motive force and adenosine triphosphate (ATP)
synthesis. New approaches are needed to understand mechanistic relationships between changes in the
specific activities of individual proteins within central metabolic pathways that link photosynthetic
electron capture, reductant partitioning, and respiratory proteins associated with formation of the proton
motive force and ATP synthesis to the release (secretion) of extracellular metabolites that collectively
contribute to the formation of efficient and stable community organizations. For these experiments,
pump-probe diffraction on microcrystals (initiated by the photo release of caged-ATP) will be performed
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in the hydrated state using the compact light source. The resulting 3-D structures determined before,
during, and after reaction initiation for both wild type and mutated proteins will identify critical amino
acid positions related to normal cellular function.

2.11 High-throughput Structural Measurements of Heterogeneous
Supramolecular Complexes

Compact light sources will open a path forward for dynamic protein structural analysis, providing a
high-throughput approach to obtain structural insights and clues to function for the plethora of identified
proteins, which commonly exist in multiple functional states not currently experimentally accessible.
Many macromolecular associations happen as a series of transient intermediates with short lifetimes. For
example, a large number of sigma-factor regulators have been identified that direct RNA polymerase to
form stable complexes with different promoter sequences, controlling transcription to reprogram cellular
metabolism. Such a regulator has been identified in Rhodobacter, involving a key regulator of RNA
polymerase (i.e., sigma") that selectively detects singlet oxygen to modulate transcription (Anthony et al.
2005; Campbell et al. 2007). Likewise, there are large changes in the supramolecular composition of the
RNA polymerase complex in response to environmental conditions that act to modify optimal growth
efficiencies (Uljana Mayer et al. 2005; Verma et al. 2007). We expect that important insights can be
obtained regarding cellular adaptive strategies through parallel bottom-up efforts involving the isolation
of key response regulators (such as RNA polymerase complexes) with top-down global measurements of
transcripts and associated pulse-chase measurements of protein turnover. By comparing the presence and
associations of large protein complexes and organelles within individual microbes in isolation and
following mutualistic community associations, key principles regarding how diverse metabolisms are
coupled to enhance the stability of the system can be identified.

In addition to conserved biochemical mechanisms for specific enzymes linked to the catalysis of
specific chemical transformations, genomic information from natural populations indicates a diversity of
protein structures whose function and cellular regulation are fine-tuned through sequence variation.
Understanding cellular regulation and community stability requires an understanding of how observed
amino acid variations and specific PTMs within protein families (typically measured using mass
spectrometry) impact the structure, binding interactions, and catalytically important motions linked with
key steps involving enzyme function (e.g., catalysis, sensing, or transport). In the future, such knowledge
may be harnessed for enhancement of function via genetic engineering. Similarly, the function of many
proteins requires interactions with other proteins, complexes, or cellular components (e.g., lipid
membranes). High-throughput x-ray diffraction approaches available in conjunction with existing EMSL
capabilities will identify how protein complexes form, the slow steps in their association, and the
components required for specific functions.

Extending measurements to high-throughput structural determination and correlations between
protein sequence, structural dynamics, and binding affinities involving subunits of supramolecular
complexes is uniquely possible using high-resolution x-ray diffraction methods. These approaches will
complement existing spectroscopic and/or activity-based chemical probes, ion mobility mass
spectrometry, and computational infrastructure, allowing meaningful data integration from high-
throughput data collection and predictive simulations of protein structure using both classical and
quantum mechanical methods to quantitatively include contributions from metal active sites (>45% of all
proteins contain bound metals or complex centers). These latter measurements build on current structural
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genomics measurements involving high-resolution structure determinations using both NMR methods and
x-ray diffraction. We envision rapidly acquiring information from a variety of difficult-to-characterize
proteins. For example, hundreds of multiheme c-type cytochromes are encoded in the genomes of metal-
reducing bacteria and play critical roles in subsurface geochemistry. However, the structure and kinetics
of this diverse protein family are largely unknown. X-ray diffraction technologies provide a
straightforward means to image arrays of proteins under defined redox conditions. Time-resolved changes
in native protein structure in response to reaction initiation will provide a direct readout of structural
changes linked to protein complex formation and cellular functions. These structural biology insights are
critical to understanding the assembly and functional maintenance of molecular complexes prior to their
export as modules in toolkits for synthetic biology applications that seek to extend initial efforts that
primarily focus on low-efficiency, proof-of-principle methods that introduce new pathway components
into model organisms, such as the creation of electrically conductive E. coli using introduced metal
reductases originally identified in Shewanella (Shi et al. 2007; Jensen et al. 2010; Ross et al. 2011).

2.12 Assembly and Functional Dynamics of Molecular Machines

High-impact applications of x-ray diffraction will provide important insights regarding the efficient
energy transduction mechanisms relating to different classes of energy transformation, including the
assembly and molecular actions of supramolecular protein machines, as well as interfacial electron
transfer mechanisms to mineral surfaces. These activities are broadly relevant to a predictive
understanding of microbial communities and synthetic biology applications. Time-resolved x-ray
measurements that resolve catalytically important protein motions linked to function are essential to
achieve molecular understanding. Such measurements provide the necessary linkage between atomic-
level protein movements and steps in the catalytic mechanism. Likewise, experiments that target an
understanding of the mechanisms responsible for assembling and maintaining extracellular
supramolecular complexes, such as MtrABC metal reductase systems that mediate electron transfer to
extracellular minerals, are important for a range of processes that include bioremediation and synthetic
biology applications, as the molecular machinery is likely to be highly conserved and applicable to
exporting various molecular cassettes (modules) for creating desired functionalities that both test
community interactions and are relevant for bioenergy applications.

The metal reductase system originally identified in Shewanella, now found to be more widespread,
has the potential to reveal fundamental regulatory processes important to both biogeochemical processes
and microbial community interactions, which commonly require trafficking specific proteins to the outer
membrane. These proteins mediate a host of activities associated with metabolism (e.g., terminal electron
acceptors), defense, and possible mutualistic associations underlying environmental stability. In addition,
metal reductase and other enzyme systems, such as the hydrogenase system, mediate bioremediation
through the biogeochemical reduction of actinides. For example, Cr(VI), U(VI) and Tc(VII) are reduced
into less soluble oxide forms Cr(III), U(IV)O,, and Tc(IV)O,, respectively. Newly released structures are
available for the terminal subunit of the metal reductase, MtrF, and time-resolved spectroscopic
measurements indicate an important role for subunit dynamics in promoting electron transfer following
association with the metal oxide surface (Xiong et al. 2006). Building on these insights, time-resolved x-
ray diffraction measurements will interrogate the molecular steps involved in interconversion of aqueous
U species to initial precipitates by c-type cytochromes and how these steps vary among different
cytochrome variants. Typically, first-formed biogenic mineral products are nanoparticles ~1.5-2.5 nm in
diameter (Banfield et al. 2000; Baker et al. 2010). Using compact light sources, we anticipate resolving
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aspects of the mechanism and products of reduction reactions through pump-probe x-ray diffraction
studies of 3-D microcrystals. The experiments take advantage of the diversity of cytochrome variants
recovered both from single organisms and strain variants. Specifically, we foresee measurements for
proteins in the presence of aqueous actinide ions in a fluid cell after photolysis of caged reagents allows
reduction to proceed.

Coupled with quantum mechanics/molecular mechanics (QM/MM) calculations, we anticipate
identifying the molecular switches that control electron transfer rates as electron transfer efficiencies are
dramatically enhanced upon small changes in cytochrome orientation. An understanding of the
hydrogenase enzyme system, which functions to catalytically mediate proton-coupled electron transfer
mechanisms to form hydrogen and has been shown to reduce Tc(VII) (Shi et al. 2011), also is relevant to
bioremediation. The availability of high-resolution crystal structures of hydrogenase enzymes stabilized
in specific intermediate states will enable analysis of how function is characterized by conformational
changes. For example, time-resolved measurements of dynamic structural intermediates with high spatial
resolution (1 A) can track reactions initiated by rapid changes in electrochemical potentials or
photoactivation, following engineering of enzymes to contain site specifically bound photosensitizers.
These measurements offer a means to interrogate how changes in the geometry around active site metals
are coupled to the protein matrix, permitting direct measurements of catalytic mechanisms that control the
activity of the metal center, e.g., the hydricity of the active site in hydrogenase enzymes, which are
predicted to arise through first and second coordination sphere influences of the protein that alter bite
angles. Likewise, changes in protonation states of sites proximal to hemes or Fe-S clusters are expected to
influence their relative geometries and electron transfer efficiencies, providing a means to understand how
electron flux is regulated. Such measurements will reveal mechanistic insights critical for efficient
hydrogen production at low potentials with minimal side reactions commonly associated with catalytic
inactivation and will be critical to the eventual synthesis of inorganic catalysts.

2.13 Imaging Cellular Systems

The highly organized and finely structured interior of a cell is an important factor in determining how
the cell functions. For example, aberrations in the structure of the nucleus can cause the cell to function
abnormally, potentially leading to diseases such as cancer (Zink et al. 2004). Understanding cellular
function, therefore, requires detailed knowledge of the subcellular architecture. This is best achieved by
imaging the cell using a high-resolution, 3-D imaging technique capable of quantitative, high-throughput
analyses. In addition, the technique used should preserve delicate internal structures in their in vivo state.
In this regard, soft x-ray tomography has been a recent success story because this new modality meets all
of these requirements (Leis et al. 2009; Larabell and Nugent 2010). Moreover, this technique also allows
“thick” specimens, such as eukaryotic cells, to be imaged intact, which is not the case in more established
techniques, such as microscopy, where eukaryotic cells have to be sectioned into slices that are 500 nm
thin or less (Leis et al. 2009).

The structures inside a cell create a range of microenvironments that support specific chemical
reactions and processes. Therefore, understanding how cells function requires detailed knowledge of both
the subcellular architecture and location of molecules within this framework. In an ideal world, molecular
localization also could be obtained directly by using soft x-ray tomographic imaging. In some instances,
this is perfectly feasible by labeling the molecules of interest with heavy metal tags, which are easily
identifiable in the x-ray image. However, a better method is to use a correlated imaging approach and
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employ fluorescence imaging to determine the location of molecules inside the cell that have been tagged
with, for example, green fluorescent protein. This became possible with the development of high
numerical aperture cryogenic light microscopy (Le Gros et al. 2009). This type of microscope can be
readily integrated into a soft x-ray microscope. Consequently, it is now possible to localize tagged
molecules directly into a high-resolution, 3-D reconstruction of a cell (Figure 2.5) (Le Gros et al. 2009;
McDermott et al. 2009).

| McDermott G, et al, 2012,
Annu. Rev. Phys. Chem. 63:225-39

Figure 2.5. Correlated soft x-ray tomography and cryo-light imaging (wide-field fluorescence). a) The
vacuoles fluorescently labeled and imaged by cryo-light microscopy. b,c) Slices through the
volumetric reconstruction calculated from soft x-ray tomography data, with the vacuoles
shown as segmented volumes in panel ¢. The segmented vacuoles correlate closely with the
locations determined from cryo-light microscopy. d) The same cell after the major organelles
have been segmented. The nucleus is shown in blue, the nucleoli in orange, mitochondria in
gray, vacuoles in light gray, and lipid droplets in green. Scale bar = 1 um. Taken from
review by Larabell and coworkers (McDermott et al. 2012b).

Identifying the precise location of individual proteins and organelles within the cellular context has
been a long held ambition of both structural and molecular biologists. In recent years, cryogenic soft x-ray
CT of whole cells using synchrotron radiation light sources has proven capable of visualizing subcellular
structures at up to 36 nm spatial resolution (Larabell et al. 2004; Le Gros et al. 2005; Parkinson et al.
2008; Le Gros et al. 2009; McDermott et al. 2009; Uchida et al. 2009; Larabell and Nugent 2010;
Hanssen et al. 2011; Uchida et al. 2011; Hanssen et al. 2012; McDermott et al. 2012a; McDermott et al.
2012b; Parkinson et al. 2012; Schneider et al. 2012).

The lack of availability of high-intensity light sources limits these approaches, but could be remedied
using a compact light source. Existing bench-top ambient temperature x-ray microscopes have increased
global accessibility to whole cell tomography of chemically fixed, resin-embedded, and freeze-dried
samples (Maser et al. 2000; Bech et al. 2009; Bertilson et al. 2009, 2011). However, the required sample
preparation can result in substantial structural artifacts, including cell shrinkage and deformation of
proteins and organelles. Fortunately, rapid plunge freezing into a liquid ethane slurry bypasses many of
these deleterious artifacts. The cryogenic samples are preserved in a hydrated state surrounded by
amorphous non-crystalline ice (Adrian et al. 1984).Thus, there is a need for a laboratory-based compact
soft x-ray microscope that can be operated under cryogenic conditions to image unstained cellular
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material in a hydrated state while avoiding physical sectioning or chemical fixation of samples. It is
conceivable that cryo-fluorescence and x-ray imaging could be integrated into a single instrument,
allowing simultaneous acquisition of directly correlated fluorescence and x-ray data.

Clearly, a compact cryogenic soft x-ray microscope has the potential to bridge the resolution gap
between light and electron microscopy and reveal new ultrastructural information in a
completely laboratory-based setting. James Evans (now at PNNL) and coworkers recently demonstrated
the ability to use a completely laboratory-based instrument to resolve structures as small as 90 nm in the
reconstructed tomogram of an intact yeast cell following a low cumulative radiation dose of 7.2 MGy that
did not cause significant structural damage. Coupled with the capability to image whole cells up to 5 pm
thick without staining or sectioning, the ability to get whole cell contextual information under non-
destructive conditions and at spatial resolutions between 50 and 70 nm makes this novel laboratory-based
cryogenic soft x-ray microscope ideal for multimodal imaging. These measurements demonstrate the
value of a compact light source in allowing immediate access to multimodal approaches that allow high-
resolution correlative measurements on biological samples. For example, molecular details of processes
ranging from mitochondrial division/fusion to flagellar genesis could be investigated using either
organisms (i.e., bacteria, yeast, Giardia) or large isolated/purified organelles (i.e., mitochondria,
centrosomes). Cultured neurons and cell monolayers, such as serum-starved PtK1 cells, could be used to
study axonal secretion, viral infection pathways, and oncogenesis. Additionally, Shewanella biofilms
could be imaged with depth profiling to study the formation of microbial communities. Finally, thin cryo-
sections of tissues could visualize cellular ultrastructure and help localize and identify the tissue-specific
health effects associated with inhaled or instilled nanomaterials. Combined with super-resolution
fluorescence microscopy, it should be possible to identify interactions between individual fluorescently
labeled proteins with surrounding structures. In future experiments, fluorescent polystyrene beads could
act as 3-D fiducial markers for improved alignment and tomogram matching between cryo-fluorescence,
cryo-soft x-ray, and cryo-electron microscopy.

In summary, the availability of a compact light source to complement existing methods is of
substantial importance, as nanoimaging of cells is critical across the entire spectrum of cell biology—
from fundamental biological studies to biomedical research to practical applications, such as the
optimization of biofuel production. Soft x-rays are an illumination source for cellular imaging because
their characteristics allow specimens to be imaged in a near-native state. This criterion is enormously
important to the biological community—even relatively minor damage to the structure of a cell can lead
to erroneous interpretation of images. Conducting correlated imaging studies on the same cell followed by
some type of genetic or proteomic analysis is likely to be the future standard in the quest to understand
form, function, and mechanisms at work in biological systems. At present, studies of this type are carried
out using chemical fixation and plastic embedding in an anaerobic environment prior to transport to a
remote synchrotron light source. However, this approach introduces significant artifacts in structure and,
possibly, chemistry, and it effectively precludes the use of soft x-ray carbon near-edge spectroscopy to
look at the association of different organic functional groups with metals and radionuclides. By having a
CXLS at PNNL, researchers instead could use PNNL’s existing expertise in preparing frozen hydrated
specimens for electron microscopy and apply it to x-ray microscopy, so these subsurface processes could
be studied without changing hydration state or introducing changes otherwise caused by chemical fixation
and plastic embedding and with considerably lowered sensitivity to radiation damage. Additional
chemical resolution of cellular components will involve taking advantage of infrared capabilities, which
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provide a straightforward means to obtain detailed chemical imaging analysis with a submicron spatial
resolution using x-ray imaging and tomography methods (Holman et al. 2010).

2.14 Cultivating Microorganisms

Using soft x-ray capabilities to image cellular structures highlights the importance of a compact light
source in characterizing natural communities. This follows from the observation that many
microorganisms have defied attempts at cultivation. Community metagenomic studies have opened
pathways to the organismal diversity, and metabolic potential of natural systems can be defined.
However, topological information, including details of the ultrastructure of uncultivated cells and their
interactions with other community members, is lacking. When natural microbial communities have been
surveyed by transmission electron microscopy, distinct structures and organelles often are recognized
(Sharp et al. 2009). Information about membership, cellular features, and community organization
information is vital because nutrient, biochemical, and other transformations almost certainly depend on
consortium-level phenomena that are not well captured through studies of isolated cells.

Single-particle cryo-transmission electron microscopy and cryo-electron tomography have
increasingly provided 3-D structural information, bridging the information gap between knowledge of the
existence of a genomically encoded protein and structure-function relationships. Using a compact light
source, whole cell imaging without physical sectioning or chemical fixation will permit better
characterization of enigmatic organelles, such as tubular structures, localized macromolecular complexes,
viral infection stages and features, polysaccharide, and other cell-associated polymers. The approach can
be applied to as yet unidentified cells and be used to characterize organism-organism interaction
structures (Molina et al. 2011).

2.15 Microbial Communities

Direct examination of natural and engineered environments has revealed the majority of
microorganisms in these systems live in structured communities termed “biofilms,” which have been
extensively reviewed (Costerton et al. 1987, 1995; Decho 1990, 2000; Stoodley et al. 2002; Flemming
and Wingender 2010). Biofilms are composed of microbial cells and a poorly characterized organic
matrix commonly referred to as “extracellular polymeric substances” (EPS), which can consist of high-
molecular-weight organic macromolecules, including polysaccharides, proteins, nucleic acids, and
phospholipids (Wingender et al. 1999; Starkey et al. 2004). Biofilm EPS is highly hydrated, often
containing >95% water (Decho 1990; Wingender et al. 1999; Starkey et al. 2004). Therefore, accurate
characterization of EPS in its native state has been elusive because it is easily distorted or damaged.
Along with controlling mass-transfer reactions, biofilm-associated EPS is hypothesized to play a role in
facilitating microbial interactions such as cell-to-cell recognition and signaling, mediating
biogeochemical reactions (including extracellular electron transfer), and biomineralization.

Structural components of the biofilm EPS matrix contain ionizable functional groups that can bind an
array of ions and, in some cases, also may contain catalytic proteins that alter the redox state and/or
solubility of multivalent ions. As a result, biofilm EPS can facilitate biogeochemical redox reactions that
influence the fate and transport of heavy metals and radionuclides, i.e., extracellular electron transfer
reactions (Marshall et al. 2006), and precipitation reactions that influence the sequestration of carbon, i.e.,
the formation of CaCQO; precipitates (Braissant et al. 2007). However, biofilm EPS structure and function
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are inadequately characterized to the point that mechanisms of metal (ion) binding/biotransformation are
poorly understood. Limited by the availability of imaging techniques that facilitate visualization of
biofilm EPS without dehydration or chemical modifications, attempts to understand the chemical
signatures within biofilm EPS remain unsuccessful.

Researchers at PNNL employ state-of-the-art technologies for imaging the native-state
structure/architecture of biofilms and hydrated EPS using high-resolution cryogenic electron microscopy
and analysis techniques developed at EMSL (Figure 2.6).

Linear absorption coefficient (nm-')

Figure 2.6. High-resolution morphologies of extracellular polymeric substance (EPS) in Shewanella
biofilms (originally 200 um thickness). A) Conventional electron micrograph of biofilm
ultrathin section after chemical fixation (glutaraldehyde and osmium tetroxide), alcohol
dehydration, and resin embedding. B;C) Electron micrographs prepared by cryo-sectioning
and imaged at room temperature. Note the dense packaging of cells (black arrows) in EPS
(white arrow), whose presence is visualized in a depth profile near the outside surface of the
biofilm (C). D) EPS (pink line) is clearly distinguishable from cells (blue line), which
become less tightly packed near the outside face of the biofilm.

Although electron microscopy provides excellent high-resolution structural analysis, its capabilities
for elemental detection and oxidation state determination, as well as its measurements of
microcrystallinity, are at their best with submicrometer-thick materials. Investigations of thicker samples,
as in soils, are possible via the correlated use of synchrotron-based analysis methods such as x-ray
fluorescence micro-imaging (WXRF), which can investigate the local chemical composition of elements
and produce high-sensitivity, element-specific distributions for correlation with electron microscopy data
(Marshall et al. 2006; Daly et al. 2007). Soft x-ray microscopy techniques now are being applied with a
synchrotron light source to fully hydrated biological samples for imaging in their close-to-native state
(McDermott et al. 2009; Ogura 2010). In addition, soft x-ray scanning transmission X-ray microscopy
combines the chemical speciation sensitivity of x-ray absorption near-edge structure (XANES)
spectroscopy with high spatial resolution (<25 nm) and maps the biochemical composition of bacteria and
biofilms at a subcellular scale (Obst et al. 2009). Clearly, the integration of cryo-electron microscopy with
x-ray analysis will facilitate the acquisition of high-sensitivity chemical information at spatial resolutions
required to enhance the overall understanding of biofilms as a complex, biological system that catalyzes
important biogeochemical reactions. By 1) determining the chemical composition and spatial coordination
of biofilm-associated EPS with inorganic substrates, including metal ions, and 2) investigating the
reactivity of catalytic proteins that alter the redox state and/or solubility of multivalent ions in biofilms,
we can significantly advance the understanding of how molecular-scale biogeochemical reactions can
influence subsurface contaminant fate and transport on larger scales.
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To generate highly reproducible biofilms for imaging studies and chemical analysis, Shewanella
cultures were grown using anaerobic minimal medium containing lactate and fumarate in a constant-depth
(bio)film fermenter to a thickness of ~200 um on 5-mm-diameter plastic (GelBond" ) substrates. This
substrate is amiable to thin sectioning and facilitates high-resolution, depth-resolved biofilm morphology
studies using electron microscopy. Unfortunately, the amount of chemical information that can be
collected during electron microscopy analysis is relatively limited and is complicated by the addition of
chemicals for electron microscopy fixation, dehydration, staining, and embedding.

Correlative soft x-ray-based imaging techniques present an excellent opportunity to gain chemical
and/or elemental information from ultrathin biofilm sections at relevant spatial resolution(s). The addition
of traditional sample processing chemicals, such as aldehydes, that can interfere with carbon edge spectra
during scanning transmission x-ray microscopy or produce interfering infrared signatures does limit
obtaining high-quality data. However, Matt Marshall and colleagues at PNNL recently developed a new
cryo-sample preparation technique that omits the adverse traditional sample processing chemicals and
electron microscopy analysis has confirmed that this protocol preserves excellent depth-resolved biofilm
morphology and cellular ultrastructure. These samples were then imaged by scanning transmission x-ray
microscopy to obtain nanometer-scale resolution of the differences in the chemical composition of
structures resolved in high-resolution electron microscopy images. Such measurements revealed
compositional differences with EPS matrix structures encompassing biofilm cells in response to
environmental conditions.

2.16 Functional and Non-functional Metals in Organisms

Metals are used for the most industrially relevant, difficult, and (arguably) interesting chemistry in
biology. Detailed knowledge of the active sites of these enzymes is key to a physical and chemical
understanding of their function. X-ray absorption spectroscopy can be used as part of a holistic approach
to studying metalloprotein structure. Crystallography can provide an overall structural map at atomic
resolution, extended X-ray absorption fine structure (EXAFS) can describe the environment around metal
sites in detail, and density functional theory (DFT) and XANES can provide vital geometrical details that
neither EXAFS nor crystallography can provide alone. EXAFS was previously demonstrated over 10
years ago on a CXLS (Iwasaki et al. 1998). However, new increases in the available brightness of current
x-ray sources will provide improved chemical sensitivity.

If given in sufficient quantity, almost all elements are toxic but only a handful pose problems in
substantial human populations. These include arsenic, selenium, lead, and mercury. In some cases, the
level of human exposure is significant. Worldwide, close to 100 million individuals consume drinking
water from aquifers geologically contaminated with inorganic arsenic (Lan et al. 2011). In Bangladesh,
between 35 and 77 million people are at risk of drinking water contaminated with arsenic (Smith et al.
2000). In excess of 2 billion people, mostly in the developing world, rely on marine fish as a sole protein
source, and the safety levels for consuming methylmercury in marine fish have yet to be fully defined. In
many cases, the biochemical mechanisms underlying the toxicity of these metals are unknown. In
addition, many diseases involve dysregulation of otherwise functional metals. For example, copper is
essential for health, but when not properly regulated, it causes severe problems, including metabolic
disorders such as Wilson’s and Menkes diseases. Metals have long been known to accumulate in brains of
sufferers from neurodegenerative diseases, such as Alzheimer’s and Parkinson’s diseases, and multiple
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sclerosis, although the exact nature of the accumulation and whether this is a cause or an effect of the
pathology is still unknown.

New metal-based drugs are showing increasing promise for treating a number of diseases. For
example, ruthenium compounds show promise for treating tumors resistant to conventional
chemotherapy, and arsenic compounds are effective in treating some leukemias and show particular
promise for childhood leukemias. At the same time, unexpected adverse effects recently have been
reported for metal-based magnetic resonance imaging (MRI) contrast agents. In almost all cases, the
biotransformation and chemical mechanism underlying the biological activity of these compounds is
unknown, and knowledge of chemical mechanism is key for optimizing biological activity. X-ray
methods provide an essential in sifu probe that can provide essential information relating to mechanism.

2.17 Toxicity of Nanoparticles

Ultrafine particles sized from 1 to 100 nm, i.e., nanoparticles, with their enhanced surface-to-volume
ratios, exhibit unexpected prop