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Table E3. Instruments for Biological Membranes

Instrument Availability Instrument Data Applications
Bandwidth: 3.5 A The Liouids Refl g
. R e Liquids Reflectometer is optimized to measure
Liquids Wavelength: 2.5 <A <17.0 A neutron reflectivity from solid and free-liquid surfaces
Reqﬂectometer Available AQ/Q: 2% and from buried solid-liquid interfaces. It can address a
(SNS) Qrange: 0.002<Q<15A™ broad range of questions in interfacial biological science,
Detector: 0.2 by 0.2 m? *He including structure, orientation, and placement of mem-
020y 0. , brane proteins in lipid bilayers and raft formations.
Detector resolution: 1.3 by 1.3 mm
VENUS will be optimized for energy-selective neutron
Wavelength: 0 <A <40 A in:ja)ging radiograpr}y an? computed tqmofgraph)i for
. A ® a diverse number of applications, ranging from plants
VENUS (SNS) lalelaung RR=EY resolutlon.2< o /1°0 to geothermal systems to biological and biomedical
Neutron flux: (n/cm?/s): 10 samples. Access to epithermal and thermal neutrons will
enable the investigation of samples of varying thickness.
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Fig. E7. Liquids Reflectometer
instrument.

expressing and purifying deuterium-labeled proteins and
macromolecules. In typical applications, microbial protein
expression systems (such as Escherichia coli) have been
adapted to grow in heavy water (D,0) and deuterated
carbon sources, allowing functional, isotopically deuterium-
labeled proteins to be expressed reliably and in large quanti-
ties. More advanced techniques are being developed that will
enable the design and production of specific, random, and
uniformly hydrogen- or deuterium-labeled macromolecules
for specific applications.

Computational Modeling and Simulation

In addition to being home to two world-class neutron scat-
tering facilities, ORNL hosts the National Center for Com-
putational Sciences. Its “Jaguar” Cray XTS supercomputer is
one of the world’s most powerful machines for unclassified
research and is the cornerstone of ORNL’s Leadership Com-
puting Facility (LCF). The combination of neutron scattering
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Fig. E8. Schematic of the VENUS instrument.

instruments at SNS and HFIR and the computing power
offered by LCF enables ORNL to perform multiscale analysis
of the structure and dynamics of biological systems. Jaguar
and the NSF—funded Kraken supercomputer are petaflop-class
computing systems capable of modeling biological systems
over length and time scales not previously accessible. ORNL’s
Neutron Sciences Directorate is establishing the Simulation
and Modeling Division that will lead an effort to bridge
ORNL'’s supercomputing facilities with the neutron scattering
research at SNS and HFIR. The members of this division will
work with researchers studying biological systems using the
various neutron scattering techniques. Also, ORNL’s Center
for Molecular Biophysics uses computational techniques

to investigate biological systems—including enzymatic
processes and the structural dynamics of biomass—via simu-
lations of up to one million atoms. The center actively col-
laborates with researchers using neutron scattering to probe
the dynamics of biological systems.
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Table E4. Instruments for Probing Dynamics in Biological Materials

Solid angle coverage: 1.7 sr

Instrument Availability Instrument Data Applications
Elastic energy: 2.08 millielectron volts
(meV) BASIS is a high energy resolution backscattering neutron
Bandwidth: (optimized standard con- spectrometer for studies of dynamic processes from the
figuration) £100 peV; (special configura- | nanosecond to picosecond time scales. Applications in
tion) £250 peV biology and biomedical sciences include the (1) dynamics
BASIS (SNS) Available Qrange (elastic): 0.2 < Q<2 A” of proteins and other biomolecules both in solution and
I B the partially hydrated state, (2) dynamics of various small-
Q resolutlgn. 005t01.0A molecule solvents in contact with biomolecules, (3) diffu-
Detector: "He sion of molecules in systems designed for drug delivery,
Resolution (elastic): 3.5 ueV and (4) dynamic processes in lipid membranes.
Solid angle coverage: 1.2 sr
Wavelength: 2 <A< 21A
« 10
(2 k0 . NSE is capable of measuring the dynamics of biologically
Neutron Spin ) Qrange: 0.03<Q<25A relevant materials, including proteins, over a broad range
Available 29 . ;
Echo (SNS) Detector: 300 by 300 mm? *He of time scales up to 400 ns, or an equivalent energy resolu-
Detector resolution: 20 by 20 mm? tioniof 1.8 nel.
Solid angle coverage: 1.2 sr
Incident energy: 1 to 50 meV CNCS is a direct-geometry, multichopper, inelastic, time-
Cold Neutron Energy resolution: 10 to 500 peV of-flight spectrometer that provides good energy and
Chopper . N -1 momentum transfer resolution at low-incident neutron
Spectrometer Available Qrange: 03'05 01004 energies (1 to 50 meV). It is suitable for studying biological
(SNS) Detector: "He samples with collective excitations and diffusive processes

in the picosecond time range.

Fig. E9. BASIS instrument.

Fig. E10. NSE instrument.

Fig. E11. Detector array for the CNCS
instrument.

For further information on the SNS and HFIR user program, please contact neutronusers@ornl.gov.

For further information on the Center for Structural Molecular Biology and Bio-Deuteration Laboratory, please contact
csmb@ornl.gov.
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Spallation Neutron Source

SNS: Addressing the Next Challenges in Biology

eutron scattering is one of the most powerful

research techniques available to scientists studying

the structure and dynamics of materials. Crystallog-
raphy, small-angle scattering, diffraction, and reflectometry
are ideal methods for studying atomic and subatomic struc-
tures, and several types of neutron spectroscopy are used
for characterizing material dynamics. Neutron scattering is
applicable to the length and time scales intrinsic to biological
systems. Unlike other structural techniques, it is uniquely
sensitive to hydrogen (and its isotopes), an atom abundantly
present in biological materials and a key effector in many
biological processes.

ORNL'’s two neutron scattering research facilities, the
Spallation Neutron Source (SNS) and the High Flux Isotope
Reactor (HFIR) attract scientists worldwide. The accelerator-
based, 1 MW SNS produces the most intense pulsed neutron
beams in the world. It is designed to be upgraded to 3 MW
and accommodate a second target station. The 85 MW

HFIR has one of the highest continuous neutron fluxes

of any research reactor, and its cold neutron source is the
most intense in the world. These two leading-edge facilities
position ORNL for leadership in addressing a diverse set of
scientific problems in structural biology whose solutions are
essential to future progress in health, medicine, and energy.

Introduction

Structural biology has a prolific and proven track record of
providing key molecular-level insights into life’s essential
processes. Through the application of several complemen-
tary physical techniques—particularly x-ray crystallography
and nuclear magnetic resonance (NMR) spectroscopy—the
structures of many molecular components of biological sys-
tems are being solved at near-atomic resolution. The increasing
availability of genomic sequences along with advances in
technologies that manipulate and translate genes into molecu-
lar structures are presenting a clearer picture of the structural
complexity of molecules, such as proteins and nucleic acids,
within living organisms. These new capabilities in structural
and molecular biology have enabled researchers to better
understand the relationship between molecular structure and
function, knowledge that in turn has provided insights into the
role of that relationship in evolution and disease. These new
insights have enabled the development of rational approaches
to genetic engineering and therapeutics. The next great chal-
lenge in structural biology is to understand how these mol-
ecules dynamically interact, change shape, and assemble with
each other and how they carry out their detailed biochemical
or physical functions at an atomic level. Structural biology
must continue to evolve if it is to address the increasingly

challenging problems that arise as scientists strive to under-
stand the interplay of systems that drive living cells. These cel-
lular systems need to be understood over length scales ranging
from the atomic to the cellular and over time scales spanning
atomic vibrations to macromolecular processes such as protein
folding. Such knowledge is important for tackling disease and
for industrial manipulation of cellular systems to introduce
new pathways and functionalities through biology.

The importance of neutron scattering for addressing chal-
lenging problems in biology is that it provides unique
structural and dynamic information on complex systems. The
structural information provided is directly complementary to
that provided by other experimental methods such as NMR
spectroscopy; electron microscopy; and x-ray scattering tech-
niques like diffraction, small-angle scattering, and reflectom-
etry. The dynamic information provided is complementary
to that provided by spectroscopic techniques. Neutrons can
be used to probe length scales ranging from angstroms to
microns and can elucidate dynamic processes occurring over
time scales from picoseconds to milliseconds. They also are
capable of investigating the kinetic behavior of systems over
time scales from milliseconds to hours. This combination

of both structural and dynamic data over enormous length
and time scales cannot be achieved with any other single
experimental technique. Neutrons thus allow researchers to
probe cellular processes that range from fast reactions at the
atomic level (e.g., enzyme catalysis) to slower processes that
involve complex molecular assemblies and machines (e.g,,
light harvesting, signaling, membrane translocation, and cell-
wall synthesis).

Several of their properties enable the use of neutrons to
acquire information unobtainable by other structural biology
methods. X-rays are scattered primarily by electrons; neu-
trons are fundamental particles scattered by their interaction
with atomic nuclei. While the scattering “ability” of x-rays
increases simply with atomic number, the scattering “ability”
of neutrons varies in a complex manner that depends on the
mass, spin, and energy level of the target nucleus. However,
this scattering ability remains comparable for all atoms, mak-
ing light atoms visible. Because neutrons interact uniquely
with different nuclei, including various isotopes of elements,
neutron scattering enables the powerful and commonly used
method of contrast variation. Particularly important for
biological samples, which are inherently rich in hydrogen,
neutrons are very sensitive to the strong but different scatter-
ing from hydrogen and its isotope deuterium. This difference
allows for the classical example of contrast variation by the
substitution of hydrogen with deuterium. The variation in
scattering power between hydrogen and deuterium is one

of the largest differences existing among the isotopes of any
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element and affords structural biology with opportunities for
novel experimental design. Deuteration will be a key to fully
exploiting the power of neutron techniques in addressing
future challenges in structural biology.

The sensitivity of neutrons to hydrogen and deuterium
enables studies of biological structure, dynamics, and
function that span a wide range of length and time scales
involved in cellular processes. Neutron crystallography

can be applied to locate functionally important individual
hydrogen atoms with near-atomic precision in biological
molecules such as enzymes, DNA, and cell-wall carbohy-
drates. Locating such atoms provides information on the
protonation states of amino-acid residues and ligands,
identity of solvent molecules, and nature of bonds involving
hydrogen. At the longer length scales probed by small-angle
scattering, membrane and fiber diffraction, and reflectom-
etry, the sensitivity of neutrons to the bulk hydrogen
content of materials enables researchers to determine the
structures of lipids, proteins, and larger nucleic acids within
intact assemblies. Such assemblies range from membrane
proteins in detergent micelles to protein-DNA complexes
(e.g., viruses and complexes involved in DNA damage
repair). Through deuterium-labeling methods, this ability
can be extended to protein-protein complexes. Importantly,
because neutrons are highly penetrating yet nondestructive,
large biological complexes can be examined in extreme envi-
ronments and as they function or undergo changes. Most
neutron spectroscopic methods rely on hydrogen to provide
the inelastic neutron scattering processes that arise from
structural dynamics. Such studies are further enhanced by
the application of selective deuterium labeling at the levels
of molecules and specific amino acids. The combination of
neutron scattering and deuterium labeling opens a vast array
of possibilities for experimental design.

Exemplifying DOE’s investment in the future of neutron
scattering in the United States, SNS represents the next
generation of neutron facilities by combining a powerful
pulsed neutron source with state-of-the-art time-of-flight
scattering instrumentation. The DOE Office of Biological
and Environmental Research (BER) and ORNL also have
invested in infrastructure to foster structural biology at SNS
and HFIR by establishing the Center for Structural Molecular
Biology (CSMB). The center operates the Bio-SANS instru-
ment at HFIR and the Bio-Deuteration Laboratory (BDL) for
producing isotopically enriched biological macromolecules
for neutron scattering studies. These investments provide
new opportunities for structural biologists interested in using
neutron scattering to support their scientific programs. The
staff at SNS, CSMB, and BDL are active researchers who serve
and collaborate with the facilities’ user communities, includ-
ing scientists who are new to neutron scattering methods.

New instruments at SNS, enhanced support facilities at
CSMB and BDL, and the established and new capabilities at
HFIR will add experimental capacity and allow for the study

of smaller samples of more complex materials. The cur-

rent and future suite of instruments available for studying
biological systems is detailed in the Facility Paper, beginning
on p. 99, and represents the most significant advance in
neutron scattering instrumentation for biology in decades.
For example, the crystallography instruments TOPAZ and
MaNDi at SNS and IMAGINE at HFIR are projected to signifi-
cantly increase data collection efficiency. These and other
instrument capabilities, together with access to routine
perdeuteration of proteins at CSMB, will prove to be a key
for studying enzyme mechanisms. To a great extent, such
studies have been limited by large sample size requirements,
long data collection times, and the lack of availability (or
complete absence) of suitable neutron beamlines. Other
instruments at SNS will enable experiments previously not
teasible with neutrons. For example, the Nanoscale Ordered
Materials Diffractometer (NOMAD) and EQ-SANS will allow
time-resolved studies of local and supramolecular structures
over atomic to cellular length scales as biological systems are
subjected to changing conditions, such as during industrial
processes used in biofuel production. NSE will allow experi-
mental access, for the first time, to dynamic time scales that
correspond to the functionally important collective slow
motions of biological macromolecules and their complexes.

In this Science Paper, researchers describe high-impact
science of interest to DOE, the National Institutes of Health
(NIH), and the National Science Foundation that will be
enabled by current and future capabilities at SNS and HFIR.
As is common in studies of complex systems, the projects
described in the following sections require the application
of several complementary experimental and theoretical
techniques to truly understand system behavior. X-ray scat-
tering, NMR spectroscopy, and electron microscopy provide
complementary information that—when combined with
the unique data obtained by using neutrons—results in a
holistic picture of these systems. Such a synergistic synthesis
cannot be obtained by any one experiment. Additionally,
these projects require computational modeling approaches
to combine the information from different experimental
techniques and to aid the interpretation of neutron scatter-
ing data. The key role that neutron scattering will play in
the success of these projects demonstrates the growth of its
importance in structural biology, a field expected to have a
bright future at HFIR and SNS.

Research

Understanding the Molecular Machines
of Genomic Maintenance

Walter Chazin

All organisms must maintain the integrity of their genomes
to survive. Dividing cells must faithfully replicate and
distribute their chromosomes, and all cells must prevent the
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accumulation of DNA damage to ensure the protein code
remains accurate. DNA can be damaged during replication by
reactive metabolic byproducts and mutagens present in the
environment. Responding to and repairing DNA damage are
critical for cell viability and disease prevention. Accumulated
mutations from unrepaired damage in oncogenes and tumor
suppressor genes can lead to cancer. As a result, organisms
have evolved elegant mechanisms for genomic maintenance.
Neutron scattering at SNS affords new ways to probe these
molecular machines.

DNA replication, damage response, and repair processes all
involve multiple biochemical steps that cannot be accom-
plished by a single protein, not even a protein composed

of several domains with specific functionalities. All living
organisms, therefore, have evolved multiprotein machines
that exert a coordinated action to achieve these various out-
comes. For example, accumulated evidence to date confirms
that DNA processing machinery is dynamically assembled
and disassembled in conjunction with the cell cycle and in
response to encountering DNA damage. Damage response
and subsequent repair of all types of DNA lesions must occur
in tandem with the replication and transcription of DNA,
otherwise the genes and gene products will be compromised.
Thus, all aspects of DNA processing are integrated events

in cellular life. The grand challenge is to understand the
individual machines involved in DNA processes and their
interactions as they function.

Technological developments allow investigation of the func-
tion of DNA-processing machinery at an ever-increasing level
of detail and with a growing number of atomic-resolution
domain structures of the proteins involved. Researchers now
can begin to address the correlations among molecular struc-
ture, cellular outcomes, and disease. A fundamental advance in
understanding protein machinery is the realization of the per-
vasive role of dynamics. Not only is the machine undergoing
dynamic transformation, but the proteins themselves are flex-
ible and constantly adapting to the progression through the
steps of each process. There are many advantages to dynamic
assembly and disassembly, some of which relate to overall
cellular efficiency. For example, fewer copies of keystone
proteins such as replication protein A (RPA) and proliferating
cell nuclear antigen (PCNA) are needed because they can be
recycled. Other advantages relate to the need for temporal
and spatial regulation and the cross-talk between various DNA
processing events in the cell. Within this dynamic context,

the activity of the constituent proteins is coordinated to

bring about the ordered progression of each process. Many
important characteristics of the proteins and a few concepts
about the operation of the machinery have been discerned.
Concepts such as protein modularity, versatility of common
folds, direct competition between sites, and the critical role of
allostery are integrated into a framework that forms the under-
lying basis for the actions of DNA repair machinery.

Neutron scattering experiments will play a key role in under-
standing DNA processing machinery. In particular, critical
gaps remain in our understanding of protein enzymatic
action and the remodeling of the architecture of complex
machinery as it moves from step to step in a given pathway
or at the switch points between pathways. Neutron protein
crystallography using the MaNDi instrument at SNS can
provide powerful complementary information to x-ray
crystallography to elucidate unprecedented detail about the
catalytic mechanism of DNA lesion repair. The structure and
dynamics of complete, multidomain proteins composed of
well-structured domains can be understood through com-
bined application of NMR spectroscopy, small-angle x-ray
scattering (SAXS), and small-angle neutron scattering (SANS)
using EQ-SANS at SNS with contrast variation and deuterium
labeling. Interpreting such data also requires the develop-
ment and application of new modeling methods. Neutron
crystallography and scattering, along with the other tools

of structural biology, provide the ability to quantitatively
characterize molecular machines to make the connection
between their structure and disease. SNS is envisioned as
offering key horizon technologies necessary for pursuing
investigations of these challenging systems.

Signaling Pathways: Complex Molecular
Interactions and Assemblies
of Protein Kinases

Susan Taylor, Don Blumenthal, Patrick Hogan,
and Phineus Markwick

More and larger structures are being solved by conventional
x-ray crystallography and NMR spectroscopy. Yet, becoming
increasingly clear with these advances are the major road-
blocks still challenging the multilevel understanding of cellu-
lar processes involving (1) changes in the chemical profiles of
proteins, (2) ligand interactions, (3) assembly of multiprotein
complexes, and (4) proteins with flexible linkers and tails.
These challenges are particularly true when attempting to
model signaling pathways and signaling proteins. A major
focus of our work is to understand the structure and function
of protein kinase A (PKA), a cAMP-dependent signaling pro-
tein. Cyclic adenosine monophosphate (cAMP) is an impor-
tant second messenger ligand responsible for converting an
extracellular stimulus into a cascade of intracellular signaling
events. The primary sensor for cAMP in mammalian cells is
PKA, whose function is to phosphorylate numerous proteins,
resulting in diverse pathways and biological responses. PKA is
an inactive tetramer composed of two catalytic (C) subunits
bound to a dimer of regulatory (R) subunits. Binding of two
cAMP molecules to each R-subunit releases two catalyti-
cally active C-subunits. The C-subunit was the first kinase
structure to be solved and continues to serve as a prototype
for understanding the structure and function of the large
kinase enzyme family. Not only is PKA one of the largest gene
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families in mammalian cells, it also is critically important for
regulating almost every biological process in the cell.

At SN, there is an enormous opportunity to move beyond the
roadblocks of traditional structural biology and address one of
the biggest challenges facing the signaling community. Neu-
tron crystallography with the MaNDi instrument at SNS could
provide crucial information on the catalytic mechanism of the
C-subunit. The impact on the chemical and computational
community would be profound, and the relevance of such
structures for the biological community would be equally sig-
nificant. The ability to solve structures of complexes consisting
of the C-subunit and R-subunits adds further opportunities
for neutron diffraction. Understanding the role of protons and
hydrogen-bonding networks in activating an R:C complex

by the binding of cAMP is another exciting opportunity. By
employing the power of SN, scientists may be able to analyze
larger complexes of assembled proteins.

PKAs typically function as part of large macromolecular com-
plexes that assemble in proximity to their protein substrates.
Although higher-order structures are beginning to be solved,
challenges remain because of the flexible linkers and loops
that often are internal to these complexes and that connect
domains or dock to other proteins in the complex. SNS will
allow the use of SANS to define the position of the C-subunits
in the tetramer, thus providing a powerful way to define the
organization of these complexes. As research now moves
forward in trying to understand the allostery created by a tetra-
meric holoenzyme, SAXS and SANS will be used to understand
the consequences of single mutations and domain movements
associated with targeting and activation. In addition, PKA is tar-
geted to specific sites by scaffold proteins [A-kinase anchoring
proteins (AKAPs)] that bind to the small helical dimerization
and docking domain in the R-subunit. Thus, with PKA, there is
an opportunity to go not only from individual subunits to tet-
rameric holoenzymes but also to large macromolecular assem-
blies. As a prototype for such assemblies, we are characterizing
the interactions of the RII subunits of PKA that are targeted
near calcineurin (CN)—a calcium-dependent phosphatase
containing two subunits, CN-A and CN-B—via a small portion
of the AKAP79/150 protein. AKAP79/150 localizes PKA and CN
to the tails of ion channels, such as the voltage-gated calcium
channel. By anchoring the kinase and phosphatase to a small
AKAP peptide containing the docking site for both proteins,
we have been able to isolate stoichiometric complexes of CN
(both the A and B subunits) and PKA (both the R-subunit
dimer and the tetrameric R2C2 complex). The opportunities
for using SN to explore the effects of cAMP and calcium on
these two proteins are very exciting and provide a wonderful
chance to apply SAXS and SANS technologies.

In addition to SANS and crystallography, there also are new
opportunities for inelastic neutron scattering and compu-
tational studies of PKA. These molecules have considerable
functionally important, electrostatics-driven structural plas-
ticity, a feature centrally important for drug discovery. The

conformational flexibility of PKAs provides an opportunity
for both traditional inelastic neutron scattering using the
BASIS instrument to probe local dynamics and the CNCS and
NSE instruments to probe larger collective motions. Consid-
erable progress has been made very recently in the develop-
ment of computational methods to probe the structures,
solvation, and dynamics of proteins and their complexes
(Shaw et al. 2010; Markwick et al. 2011). Methods include
those based on special-purpose computer hardware and
associated software (Shaw et al. 2010) and on complementary
approaches based on advances in the statistical mechanical
methods underlying molecular dynamics simulations (Mark-
wick et al. 2011). The advances in SANS resources offered by
SNS will make available corresponding experimental data on
the structures, solvation, and dynamics of proteins and their
complexes, allowing rapid progress in understanding the ori-
gins of biological activity. Merging results from different time
and length scales with the computational tools of molecular
dynamics will bridge the experimental and theoretical under-
standing of how these proteins work.
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Structure and Function
of a Membrane-Containing Virus

Dennis Brown and Raquel Hernandez

Arthropod-borne viruses (arboviruses), such as those vec-
tored by mosquitoes or ticks, are major causes of human
disease. For example, dengue fever virus produces several
hundred million cases of human disease per year, and

2.5 billion people are at risk.

The Sindbis virus, transmitted by mosquitoes, is a prototypic
member of the arboviruses. Structurally, it is composed of
three proteins, two of which are glycoproteins making up

an outer icosahedral protein shell. A single protein forms an
inner icosahedral shell containing RNA of the virus. Between
the two protein shells is a membrane bilayer derived from the
host in which the virus is produced. Because arthropods are
the vectors for these viruses, the membrane derived from the
insect or vertebrate host can have different compositions and
yet retain infectious activity between host species (Burge and
Strauss 1970; Knight et al. 2009). Similarly, the glycosylation
pattern of the outer shell protein derives from the host species
(Renkonen et al. 1972; Renkonen et al. 1971). Previously, our
group used SANS to characterize structural differences between
Sindbis virus particles grown in insect and mammalian cells
and found that the host influences more than the structure of
the membrane in the virus (see Fig. E12, p. 109; He et al. 2010).
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The process of infection by
Sindbis virus is complex
(Paredes et al. 2004). The
structure of the mature virus
is metastable and capable
of dramatic reorganization
of its surface and inner core
as it delivers its RNA into a
host cell. We believe that
changes in its physical and
chemical environment can
induce many of these mor-
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Fig. E12. SANS profiles for Sindbis virus particles grown in a mammal (black) and
insect (red). Inset shows profiles of the radial scattering length density difference derived from

SANS data. The strong feature results
from the lipid bilayer of the virus,
and the differences therein result
from the higher cholesterol content
in the mammalian-grown virus
particle. [From He, L., et al. 2010. “The
Structure of Sindbis Virus Produced
from Vertebrate and Invertebrate
Hosts as Determined by Small-Angle
Neutron Scattering,” Journal of Virol-
ogy 84(10), 5270-76. DOI: 10.1128/
JVI.00044-10. Reproduced with per-

virus. The virus can respond
to heat and changes in ionic
strength and pH in ways
that can be measured by a
variety of methods. Under-
standing the three-dimensional structure of the mature virus
and the changes it can undergo is critical to elucidating the
process of infection and subsequently designing antiviral
compounds to prevent it.

Developing a complete understanding of the process of Sind-
bis virus infection of cells is one goal of our research. We are
studying the structure of Sindbis virus and its ability to change
configuration using a combined experimental approach that
includes mass spectrometry, electron cryo-microscopy, x-ray
crystallography, and SANS. SANS has proven to be a particularly
powerful tool for a number of reasons. We have developed a
method of purifying Sindbis viruses so that they remain 100%
infectious. The exposure to neutrons, in contrast to x-rays, does
not decrease virus infectivity (He etal. 2010). By using SANS
together with contrast variation methods uniquely enabled by
neutrons, we thus can study changes in the virion and its lipid,
protein, and RNA components in response to environmen-

tal shifts—confident that the analysis is not damaging virus
infectivity. Furthermore, the inherent time-resolved nature of
measurements at SNS using EQ-SANS raises the possibility of
being able to probe conformational changes in Sindbis virus

in situ. This would allow, for example, continuous monitoring
of conformational changes in the structure of the virus as the
pH of the solution is lowered. Such studies are impossible with
other experimental techniques.
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Investigating Light-Energy Trapping
and Transfer in Photosynthesis
Robert Blankenship

The photosynthetic apparatus of plants, algae, and bacteria
is a multicomponent, complex, and hierarchical assembly
that converts solar energy into chemical energy. The first
step in photosynthesis is light capture by antenna systems
that absorb and transfer solar energy to the reaction centers
where photochemistry occurs. The antenna systems found
in photosynthetic organisms are strikingly diverse structures
highly specialized to optimize capture of the maximum light
energy available to an organism in its native environment.
This diversity is evident in the range of different antenna
complexes found in (1) cyanobacteria (phycobilisomes),
(2) plants (light-harvesting complexes LHC I and LHC II),
(3) purple photosynthetic bacteria (LH1 and LH2), and

(4) green photosynthetic bacteria [chlorosomes and
Fenna-Matthews-Olson (FMO) protein]—all of which have
different structural architectures and even different types of
light-absorbing pigment molecules.

Funded by the DOE Office of Basic Energy Sciences, the
Photosynthetic Antenna Research Center is an Energy
Frontier Research Center dedicated to understanding the
basic scientific principles of light harvesting and energy
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funneling in antenna systems as applied to natural, biohy-
brid, and biomimetic photosynthetic systems. Aspects of
this problem include:

« Studying the effects of size and pigment composition
of natural antenna systems on the efficiency of energy
conversion.

« Understanding antenna regulation, control, and repair.

« Extending the range of photosynthetically active radiation
into other regions of the solar spectrum.

« Designing hybrid and biomimetic systems so that they
use the principles of natural antennae to enhance energy
collection and storage.

Native and recombinant antenna complexes have been
studied using a range of structural techniques, including
x-ray crystallography, various types of microscopies, and
steady-state and ultrafast spectroscopies. These studies pro-
vided a wealth of information on and insight into the struc-
ture and function of components such as the LH2 complex
and the reaction center. However, the inherent structural
heterogeneity in these systems has hampered efforts to
determine how the components interact to form integrated
functional pathways. In particular, the multimembrane,
supramolecular organization of these photosynthetic
pathways makes ascertaining information about the precise
organization of the individual complexes difficult. Details
of how the FMO antenna complex is organized in the
complex architecture of the green bacterial photosynthetic
apparatus are just now being elucidated. These examples
illustrate the challenges in understanding the complex
hierarchical machinery of photosynthetic organisms. To
comprehensively understand the overall energy-trapping
and -transfer processes, structural information at many dif-
ferent length scales is required.

ORNL offers a powerful new suite of instruments for
small-angle scattering, diffraction, spectroscopy, and
reflectometry—all of which promise 10- to 1,000-fold gains
in performance. Neutron scattering techniques such as
small-angle scattering (EQ-SANS and Bio-SANS), reflectiv-
ity (Liquids Reflectometer), and crystallography (TOPAZ,
MaNDj, and IMAGINE) can play important roles in inves-
tigating natural antenna systems, such as their assembly,
packing fraction, distribution, organizational structure, and
pigment composition. These studies will provide insight
into many facets of the photosynthetic process, including
efficiency of light-energy conversion in plant photosyn-
thetic machinery; antenna regulation, control, and repair;
and design of hybrid and biomimetic antenna systems for
enhanced energy collection and storage.

Enzymes for Carbon Sequestration and
Renewable Energy: Carbonic Anhydrases

David Silverman and Zoe Fisher

Carbonic anhydrases (CAs) are ubiquitous enzymes found
in diverse organisms from humans to archaebacteria. We are
investigating several CAs that have potential applications in
renewable energy and the environment, aiming to under-
stand their detailed catalytic mechanisms. The important
biochemical reaction in this system involves transferring
hydrogen, an atom difficult to locate using crystallography
with x-rays but easy to locate with neutrons. This capability
allows us to answer many questions about CAs that have
been unresolved for years despite extensive study by other
complementary methods. Some key questions about CA
mechanisms involve the nature of the transition state,
ionization state of the zinc-bound aqueous ligand and other
groups in the active-site cavity that influence catalysis, and
the conformation of the proton transfer pathway.

We plan to address these questions by preparing deuterated
crystals of various CA mutants at four or five different pH
(pD) values and then determine the neutron structures of
each state. Such an approach simply would not have been
possible even 3 years ago but is now becoming feasible

due to SNS development and the increasing number of
macromolecular neutron crystallography beamlines coming
online. The resulting SNS-enabled discoveries on the catalytic
mechanisms of CAs will be exploited to manipulate enzyme
performance and use for renewable energy and carbon
sequestration. In the recent past, researchers were fortunate
to have been able to pursue a single neutron structure, which
then could take years to complete. Now, with the advent of
10- to 100-fold increases in flux, scientists can actually prepare
and collect neutron data from several deuterated samples
under different conditions to trap intermediates and mimic
catalysis by varying pH (pD) or other conditions.

The Nature of the Transition State. A long-standing issue
concerning transition-state structure in catalysis of carbon
dioxide (CO,) hydration relates to the position of the hydro-
gen and mode of binding to the zinc (the Lindskog versus
Lipscomb model; Silverman and McKenna 2007). At least
two sites on the forming bicarbonate (HCO3") are possibili-
ties for hydrogen binding: one proximal to the zinc and likely
hydrogen-bonded to the side-chain hydroxyl of Thr-199, and
the other distal to the zinc and hydrogen-bonded at another
site such as a water molecule in the active-site cavity. An
x-ray structure of substrate bicarbonate bound to T200H
HCA I is reported (Xue et al. 1993 ). Examination of such a
structure by neutron diffraction that can locate hydrogen-
deuterium exchangeable sites would do much to resolve this
issue that has been the subject of countless experimental and
computational approaches. Such capabilities are important
not only for CA but also for enzymes of similar structure and
mechanism, such as the zinc-containing beta-lactamases that
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Fig. E13. Carbonic anhydrase catalyzes the reversible interconversion of CO, to HCO;™ and is rate-limited by a
proton transfer (PT) event between a zinc-bound solvent and internal proton shuttle, His64. PT is thought to be
mediated by a hydrogen-bonded network of solvent molecules (ZnH,0, W1, W2, W3a, and W3b) that spans the ~8 A distance
between the catalytic zinc and bulk solvent. Despite the availability of atomic-resolution x-ray structures, it is still unknown
whether the zinc-bound solvent is water or hydroxide, if H64 is charged or neutral, and how the solvents are oriented with
respect to each other and active-site residues. Understanding how the enzyme facilitates CO, hydration and proton transfer

will help in devising methods for using

T199

k-\ wm ',’

.

biological systems for carbon sequestra-

tion and ultimately will assist with reducing
carbon emissions. This information can be
used to make a better, faster enzyme that will
help accomplish these goals more efficiently.
[Close-up of active site from Budayova-Spano,
M., et al. 2006. “Production and X-Ray Crystal-
lographic Analysis of Fully Deuterated Human
Carbonic Anhydrase Il,” Acta Crystallographica
F: Structural Biology and Crystallization Com-
munications 62(1), 6-9.]

hydrolyze penicillins, cephalosporins, and carbapenems and
are mechanisms of drug resistance.

The Ionization State of Active-Site Groups. Neutron
diffraction also has the capability to resolve long-standing
uncertainties as to the ionization state of the zinc-bound
water, the carboxyl group of Glu106, the phenol side chain
of Tyr7, and the imidazole side chain of His64. All of these
active-site groups play critical roles in the catalysis, and
new and surprising results are being obtained from the
single neutron structure so far achieved (Fisher et al. 2010).
Experiments need to be performed for a series of different
conditions of pH (pD), with a series of site-specific mutants
related to known catalytic rates. Such results could lead to a
paradigm shift in understanding the zinc-hydroxide mecha-
nism of CA and related enzymes such as beta-lactamase and
alkaline phosphatase. This plan requires a more rapid turn-
around of structures and would be enabled by SNS.

The Proton Transfer Pathway. Detailed examination of
the ionization states of both residues and the structure and
hydrogen-bonding schemes of ordered water molecules

in the active-site cavity is necessary to understand the
proton transfer mechanism in CA (see Fig. E13, this page).
Information about the specific orientations of waters and
the hydrogen bonding in ground-state CA structures is vital
to relate structure to function. Many catalytic rates of proton
transfer are currently available (Silverman and McKenna
2007; Fisher et al. 2007), but an underlying and unifying
understanding would be provided by structural details
revealed by neutron diffraction. In particular, such structural
data would be significant in estimating the relevance of the
Marcus Theory of proton transfer in the active site (Silver-
man et al. 1993 ). CA serves as an important model for proton

U.S. Department of Energy Office of Science - Office of Biological and Environmental Research

transfer through long distances in a protein environment
and hence is relevant to proton transfer in more complex
and vital biosystems such as ATP synthase, cytochrome
oxidase, and the photosynthetic reaction center.
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Investigating Structural Changes During
Voltage-Gating in a Potassium Channel

Stephen H. White, A. Richard Chamberlin,
Douglas J. Tobias, Ella Mihailescu, David Worcester,
Dmitriy Krepkiy, and Kenton Swartz

Throughout the biological world, cell membranes are crucial
to the life of individual cells. In animal cells, the plasma
membrane is a selectively permeable barrier (primarily made
up of proteins and lipids) that separates the cytosol from the
cell’s extracellular environment. Ionic channels constitute an
important part of the cell membrane by forming a small volt-
age gradient across the membrane as a result of ions flowing
down their electrochemical gradients. The basis of membrane
excitability (e.g., in neurons and muscle cells) is the flow of
ions through voltage-gated ion channels, which consist of a
single pore domain and four voltage-sensing domains (VSDs).

Conformational changes to VSDs in response to changes in
transmembrane potential lead to the opening and closing of
the ion-conducting pore. A team of scientists from the Uni-
versity of California—Irvine, the University of Pennsylvania,
the National Institute of Standards and Technology Center
for Neutron Research (NCNR), and NIH is investigating the
molecular-scale details of this process, with support from an
NIH Program Project grant. The primary goal of the project
is to elucidate the structure and dynamics of VSDs—as well
as their surrounding membrane and associated water mol-
ecules—in response to changes in transmembrane potential.
Neutron diffraction and reflectometry measurements will be
used in conjunction with molecular dynamics (MD) simula-
tions. Researchers recently demonstrated the potential of
the combined neutron scattering—MD simulation approach
using the Advanced Neutron Diffractometer / Reflectometer
(AND/R) at NCNR (Krepkiy et al. 2009); this work can be
readily expanded through the capabilities offered by SNS.

In September 2010, the research team carried out a neutron
reflectometry experiment on the Magnetism Reflectometer
at SNS using vectorially oriented VSDs and channels in mem-
branes with in situ manipulation of electrochemical potential.
Preliminary data show that the reflectivity from the team’s
inorganic multilayer substrates was significantly better than
data from the AND/R instrument at NCNR over the accessible
region of higher Q (0.15 to 0.30 A™!). The team is scheduled to
begin the first experiments with the VSD protein vectorially
oriented within fully hydrated, single bilayer membranes
tethered to the surface of silicon-nickel-silicon multilayer sub-
strates in an electrochemical cell. If the planned experiments
are successful, the unique capabilities of SNS, coupled with the
deuteration of selected residues within the VSDs, are antici-

pated to help the team realize the goals of its ambitious project.
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Understanding the Cellulose-Degrading
Mechanisms of Cellulosome
Enzyme Complexes

Yannick J. Bomble, Michael E. Himmel,
and Michael F. Crowley

Cellulosic biomass is the most abundant biological material

on Earth. As such, it is a vast, renewable resource for human
energy needs, for both fuels and power. Substantial U.S. and
international research efforts are focused on engineering bacte-
rial enzymes to convert lignocellulosic biomass more efliciently
to sugars, which then can be fermented to liquid fuels. Neutrons
already are being used extensively to study various aspects of
this conversion process. Those aspects include (1) The struc-
ture and hydrogen bonding in cellulose using SANS and fiber
diffraction, (2) the detailed catalytic mechanisms of enzymes
involved in biomass hydrolysis and sugar metabolism using
neutron crystallography, and (3) the pretreatment of cellulosic
biomass using SANS and neutron spin echo spectroscopy. In
addition to broadening and enhancing these existing studies,
SNS will make possible new and more complex areas of research
such as understanding and developing cellulosomes for biofu-
els. In nature, many bacteria break down lignocellulosic biomass
using large, extracellular enzyme complexes—cellulosomes—
that consist of cellulose-degrading enzymes noncovalently

bound to long peptide scaffolds.

Although the structures of many cellulase enzyme domains
have been solved, there are few studies that probe the solution
structure of fungal enzymes or large, complexed cellulosomes.
We already have used SAXS to examine enzymes from the
cellulosomal bacterium Clostridium thermocellum. This work
provided invaluable insights into the function of the cellu-
losome. However, the direct comparison to our extensive

set of molecular dynamics simulations exhibited a crucial
limitation: within the framework of SAXS, conducting these
experiments is extremely difficult if not impossible while the
cellulosome or cellulosomal enzymes are degrading cellulose.
This difficulty arises mainly because of radiation damage

by x-rays and a lack of scattering contrast between enzyme
complex and substrate. Combining neutron scattering with
deuterated cellulosomes would enable us to obtain direct
measurements of the radius of gyration of these enzymes’
complex “molecular envelopes” on cellulose substrates. This
information is extremely important for our primary investiga-
tion of the multimodular enzyme CbhA (see Fig. E14, p. 113),
a study in which we hypothesize that this enzyme adopts a
radically different conformation on cellulose than in solution
(i.e., a conformation in which its seven modules can work in
concert). Additionally, neutron scattering is essential to probe
the flexibility of the populated cellulosome and the accessible
surface coverage of the cellulosomal complex on cellulose.
Neutrons represent our best hope of imaging this process in
motion. Overall, this work will support our ongoing modeling
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efforts and drive rational protein engineering approaches to
design enhanced cellulosomes for biofuels applications in the
DOE BER-sponsored BioEnergy Science Center (BESC).

BESC, a multi-institutional collaboration consisting of 19
partners, is using a multidisciplinary research program to
understand and eliminate biomass recalcitrance. The program
spans the biological, chemical, physical, and computational
sciences, as well as mathematics and engineering. Scientists

in BESC seek to improve the accessibility of the sugars within
biomass through the design of plant cell walls for rapid decon-
struction. Specifically, BESC is working with two potential
bioenergy crops, switchgrass and Populus, to develop varieties
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that are easier to break down into fermentable sugars. BESC
also is developing multitalented microbes for converting plant

biomass into biofuels through consolidated bioprocessing.
Addressing the roadblock of biomass recalcitrance to improve
the yields of biofuels will require developing a multiscale

Table E5. Contributing Scientists

Fig. E14. The multimodular enzyme CbhA (blue) in its
active and extended form on a cellulose surface (red)
and in a more compact configuration in solution.

understanding of plant cell walls during both biosynthesis and
various deconstruction pathways, such as the work with the
cellulosome described here.
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Workshop Agenda

U.S. Department of Energy
Office of Biological and Environmental Research
Applications of New DOE National User Facilities in Biology Workshop
Plaza Ill Room, Hilton Hotel, Rockville, Maryland
May 9-11, 2011
Monday, May 9
6:30 pm.  Dinner for panel, chairs, DOE staff
7:30 pm.  Introductions
7:40 pm. Roland Hirsch  Background and motivation for workshop and report

8:00 p.m. Dagmar Ringe Workshop preview and report overview, assignments, and schedule

Tuesday, May 10
Meetings with delegations from the new and planned user facilities
David Eisenberg, Chair
8:30 a.m. Brookhaven National Laboratory, National Synchrotron Light Source-II (NSLS-II)
9:45 a.m. Panel discussion
10:00 a.m. Break
10:15 a.m. Argonne National Laboratory, Advanced Photon Source Upgrade (APS-U)
11:30 a.m. Panel discussion
11:45 am. Lunch for panel, chairs, staff
Dagmar Ringe, Chair
12:45 p.m. SLAC National Accelerator Laboratory, Linac Coherent Light Source (and LCLS-1I)
2:00 p.m. Panel discussion
2:15 p.m. Break
2:30 p.m. Lawrence Berkeley National Laboratory, Next Generation Light Source (NGLS)
3:45 p.m. Panel discussion
4:00 p.m. Break
4:15 p.m. Oak Ridge National Laboratory, Spallation Neutron Source (SNS)
5:30 p.m. Panel discussion
S:4S5 p.m. Panel executive session
6:15 p.m. Adjournment (informal dinner arrangements by panel members)

Wednesday, May 11

David Eisenberg, Chair Meeting of panel and agency staff
8:00 a.m. NSLS-II
8:30 a.m. APS-U
9:00 a.m. LCLS-II
9:30 a.m. NGLS
10:00 a.m. SNS
10:30 a.m. Major needs that no planned facility will meet
10:4S a.m. Break into groups for report writing
12:00 p.m. Lunch
3:00 p.m. Close of workshop
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Sol Gruner

Cornell University
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Michigan State University
Alfonso Mondragon
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Clemens Schulze-Briese
Dectris AG

SAS I

-
-

Janet Smith

University of Michigan

Matthias Wilmanns*

European Molecular Biology Laboratory

Masaki Yamamoto
SPring-8

*Did not attend full workshop but assisted with
writing the report.
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Todd Anderson

U.S. Department of Energy

Office of Biological and Environmental
Research
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U.S. Department of Energy
Office of Science

Susan Gregurick

U.S. Department of Energy

Office of Biological and Environmental
Research

Roland Hirsch

U.S. Department of Energy

Office of Biological and Environmental
Research

Jeff Krause

U.S. Department of Energy

Office of Basic Energy Sciences

Peter Lee

U.S. Department of Energy

Office of Basic Energy Sciences

Gail McLean

U.S. Department of Energy

Office of Basic Energy Sciences

Dan Neumann

U.S. Department of Commerce
National Institute of Standards and Technology

Kamal Shukla
National Science Foundation
Directorate for Biological Sciences

Ward Smith
National Institutes of Health
National Institute of General Medical Sciences

Robert Stack

U.S. Department of Energy

Office of Basic Energy Sciences

Amy Swain

National Institutes of Health

National Center for Research Resources

Guebre Tessema

National Science Foundation

Directorate for Mathematical and Physical
Sciences

David Thomassen

U.S. Department of Energy

Office of Biological and Environmental
Research

Sharlene Weatherwax

U.S. Department of Energy

Office of Biological and Environmental
Research

Mary Ann Wu
National Institutes of Health
National Center for Research Resources

Shireen Yousef

U.S. Department of Energy

Office of Biological and Environmental
Research

Report Preparation

Biological and Environmental Research
Information System

Oak Ridge National Laboratory

Holly Haun, Judy Wyrick, Marissa Mills,

Kris Christen, Brett Hopwood, Jennifer Bownas,
Betty Mansfield

Workshop panel, DOE observers, and science communications staff at the May 2011 meeting.
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ANL
APAD
APCF
APPLE
APS
APS-U
ASAXS

BASIS
BDL
BER
BES
BESAC

BioCARS

BM
BPM

“C

CA
cAMP
CAMP

CCD
CD

CDI
CFEL
CHX
CN
CNCS
CSMB
CS-PAD
CT
CXDI
CXI
Ccw
CXS
CypA
cryo-EM
cryo-FIB

Da
DESY
DNA
DOE
DW

EEHG
EGF
EGFR
EM
EMBL
EQ-SANS

ERL
ESRF
ET
EUV
eV
EXAFS

FAD
fCMT

three dimensional (also 1D, 2D, 4D, and 6D)
three-pole wigglers

angstrom

automated biomolecular solution scattering
Alzheimer’s disease

advanced infrared microspectroscopy
A-kinase anchoring protein

Advanced Light Source

Atomic, Molecular, and Optical Science
instrument at LCLS

flexible access macromolecular crystallography
Argonne National Laboratory
analog-integrating pixel array detector
Advanced Protein Crystallization Facility
advanced planar polarized light emitted
Advanced Photon Source

Advanced Photon Source Upgrade Project
anomalous small-angle x-ray scattering

Backscattering Spectrometer

Bio-Deuteration Laboratory

Office of Biological and Environmental Research
Office of Basic Energy Sciences

Basic Energy Sciences Advisory

Committee

biology-focused part of the Center for
Advanced Radiation Sources

bend magnet

beam position monitor

degrees Centigrade

carbonic anhydrase

cyclic adenosine monophosphate
CFEL Advanced Study Group
Multipurpose Chamber
charge-coupled device

critical decision

coherent diffraction imaging

Center for Free-Electron Laser Science
coherent hard x-ray scattering
calcineurin

Cold Neutron Chopper Spectrometer
Center for Structural Molecular Biology
Cornell SLAC Pixel Array Detector
computed tomography

coherent x-ray diffraction imaging
Coherent X-Ray Imaging instrument at LCLS
continuous wave

correlated x-ray scattering

cycophilin A enzyme

cryo—electron microscopy
cryo—focused ion beam

Dalton

Deutsches Elektronen Synchrotron
deoxyribonucleic acid

U.S. Department of Energy
damping wigglers

Enhanced Echo Harmonic Generation
epidermal growth factor

epidermal growth factor receptor
electron microscopy

European Molecular Biology Laboratory
Extended Q-range small-angle neutron
scattering

energy recovery linac

European Synchrotron Radiation Facility
electron transfer

extreme ultraviolet

electron volt

extended x-ray absorption fine structure

flavin adenine dinucleotide
fluorescence computed
microtomography

fCNT fluorescence computed nanotomography

FEE Front End Enclosure

FEL free-electron laser

FERMI  Free Electron Laser for Multidisciplinary
Investigations

FLASH  Free-Electron Laser in Hamburg

FMO Fenna-Matthews-Olson protein

FMX frontier macromolecular crystallography

fs femtosecond

fSAXS fluctuation small-angle x-ray scattering

FT-IR Fourier transform infrared

FTE full time equivalent

FWHM  full width at half maximum

FXI long beamline for full-field imaging

fXS fluctuation x-ray scattering

GeV gigaelectron volt

GFP green fluorescent protein

GISAXS  grazing incidence small-angle x-ray
scattering

GM/ National Institute of General Medical

CA-CAT Sciences and National Cancer Institute
Collaborative Access Team at the Advanced
Photon Source

GPCR G protein—coupled receptors

GP-SANS  General-Purpose small-angle neutron
scattering

GTF general transcription factor

HFIR High Flux Isotope Reactor

HHG high harmonic generation

HXN hard x-ray nanoprobe

Hz Hertz

IR infrared

IRI full-field infrared spectroscopic imaging

IXS inelastic x-ray scattering

K degrees Kelvin

KB Kirkpatrick-Baez

keV/ kiloelectron volt

LAX low-energy anomalous x-ray diffraction

LCF Leadership Computing Facility

LCLS Linac Coherent Light Source

LHC light-harvesting complex

LIX x-ray scattering for life sciences beamline
at NSLS-II

LOB Laboratory Office Building

w-EXAFS  microfocused extended x-ray absorption
fine structure

u-XANES  micro—x-ray absorption near-edge spectroscopy

mA milliamperes

MAD multiwavelength anomalous dispersion

MaNDi  macromolecular neutron diffractometer

MD molecular dynamics

MEC Matter in Extreme Conditions instrument
at LCLS

MIT medical imaging and radiation therapy
(NSLS-ID)

mL milliliter

MRI magnetic resonance imaging

MX macromolecular crystallography

NCNR  National Institute of Standards and
Technology Center for Neutron Research

Nd:YAG neodymium-doped yttrium aluminium
garnet

NIH National Institutes of Health

NGLS Next Generation Light Source

NMR nuclear magnetic resonance

NOMAD Nanoscale Ordered Materials
Diffractometer

NSE Neutron Spin Echo spectrometer

NSF National Science Foundation

NSLS National Synchrotron Light Source

Acronyms and Abbreviations

NYX

OEC
OPA
ORNL

PAD
pC
PCNA
PKA
PRP
PSI
PSII
PSD
PT
PYP

R&D

RIP
RNA

SAC
SAD
SANS
SASE
SAXS
SCRF
SHAB
SMD
SM3

SNS
SONICC

SRX
SSRL

STXM
SRX
SXR

TAML
TB

TF
TMV
THz

UEC
VHEF
VISAR
VSD
WAXS
XANES

XAS
XCS

NYSBC microdiffraction beamline

oxygen-evolving complex
optical parametric amplifier
Oak Ridge National Laboratory

pixel array detector
picocoulomb

proliferating cell nuclear antigen
protein kinase A

Proposal Review Panel
photosystem I

photosystem II
position-sensitive x-ray detector
proton transfer

photoactive yellow protein

wave vector transfer

research and development

radio frequency

radiation damage-induced phasing
ribonucleic acid

replication protein A

Scientific Advisory Committee
single-wavelength anomalous dispersion
small-angle neutron scattering

self-amplified spontaneous emission
small-angle x-ray scattering

superconducting radio frequency

second harmonic afterburner
single-molecule diffraction

correlated spectroscopy and MX beamline at
NSLS-II

Spallation Neutron Source

second-order nonlinear optical imaging

of chiral crystals

submicron resolution x-ray spectroscopy
Stanford Synchrotron Radiation
Lightsource

scanning transmission x-ray microscopy
submicron resolution x-ray spectroscopy
Soft X-ray Materials Science instrument at LCLS

tesla

tetra-amido macrocyclic ligand
terabytes

trigger factor

tobacco mosaic virus

terahertz

transmission x-ray microscope

Users’ Executive Committee
ultraviolet

very high frequency

velocity interferometer system for any
reflector

voltage-sensing domain

wide-angle x-ray scattering

x-ray absorption near-edge structure
x-ray absorption spectroscopy

X-Ray Correlation Spectroscopy
instrument at LCLS

x-ray diffraction microscopy

X-ray emission spectroscopy

x-ray free-electron laser

x-ray fluorescence microscopy

x-ray footprinting

x-ray photon correlation spectroscopy
X-Ray Pump Probe instrument at LCLS
X-ray scattering

extreme ultraviolet






