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and unanticipated metals with implications for a complete

understanding of cell biology.

This research was funded by the Department of Energy
(DE-FG02-07ER64326) as part of the MAGGIE project.
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Project Goals: The operational principle guiding MAG-
GIE (Molecular Assemblies, Genes, and Genomics
Integrated Efficiently) objectives can be succinctly stated:
protein functional relationships involve interaction mosa-
ics that self-assemble from independent macromolecular
pieces that are tuned by modifications and metabolites.
Several metrics and tools have been developed in MAG-
GIE which identify, capture, characterize and predict

the effects of macromolecular assemblies. One of our
developed tools is small angle X-ray scattering (SAXS).
MAGGIE was the first to recognize and apply SAXS as

a proteomic scale tool by coupling robotic fluid handling
with the extreme brightness of synchrotron light.

The operational principle guiding MAGGIE (Molecular
Assemblies, Genes, and Genomics Integrated Efficiently)
objectives can be succinctly stated: protein functional
relationships involve interaction mosaics that self-assemble
from independent macromolecular pieces that are tuned by
modifications and metabolites. Several metrics and tools
have been developed in MAGGIE which identify, capture,
characterize and predict the effects of macromolecular
assemblies. One of our developed tools is small angle X-ray
scattering (SAXS). MAGGIE was the first to recognize and
apply SAXS as a proteomic scale tool by coupling robotic
fluid handling with the extreme brightness of synchrotron
light.

SAXS characterizes the shape and assembly of macromol-
ecules in solution. Information both on routine cellular
processes and cell state are often carried in the shape and
assembly of macromolecules on the length scales measured
by SAXS. As we have enabled data collection at a rate

of 96 samples in 4 hours on practical concentrations and
volumes for most macromolecules a new scale of structural
characterization has been enabled. Facile access to shape
and conformation of macromolecules in a large number of
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contexts which are encountered during cellular processes has
had significant impact on our understanding of pathways
and mechanisms for information transduction. Often mac-
romolecules interact with several metabolites and specific
combinations cause large length scale re-arrangements.

Pathways which maintain genomic stability, protein re-na-
turation and most recently components of energy generation
have been targets of our approach. Our purification and data
collection success rate has been significantly enhanced using
proteins from our 3 target extremophile organisms. In addi-
tion to providing higher stability proteins and complexes

we hope to learn the mechanisms these organisms utilize

to accomplish these ubiquitous tasks under the challenging
conditions in which they thrive. These may provide design
principles for engineering pathways of interest which are of
ultimate interest to GTL.

In addition to utilizing SAXS as a tool to characterize
shape and assembly of pathway components, members

may be identified which are tractable for other biophysical
techniques. Multimerization state influences concentrations
required for many techniques. Large flexible regions may
prohibit crystallization. Specific alterations to sequence or
post translational modifications may stabilize a conforma-
tion which enhances the likelihood of success by other
techniques.

The developed infrastructure for SAXS is a unique resource
for GTL and has already been utilized by hundreds of
research labs around the country. Future target pathways and
relevant components will be directed by the bioinformatics

core of MAGGIE. In addition, the extension of SAXS to
membrane proteins is currently being explored.

Molecular Interactions, Protein
Complexes, and Structural Biology
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Project Goals: As part of the integrated ENIGMA project
our goals are to develop generalized methodologies for
identifying and isolating molecular machines and modi-
fied proteins from native biomass. We aim to identify and
characterize both stable and transient macromolecular
assemblies within the cell, the cell membrane, and out-
side of the cell using a rational cellular deconstruction
approach. Proteins are identified by MS/MS from our
cellular deconstruction fractions have inherent cellular
locality, assembly mass, protein modification, and poten-
tial partner protein information associated with their
identification. Our proteome-wide approach to identify
macromolecular assemblies and protein modifications
will ultimately lead to identification of metabolic modules
suitable for transfer between microbes. We are developing
generally applicable molecular and biophysical technolo-
gies for GTL to ultimately apply functional modules to
confer specific metabolic capabilities to microbes and
address DOE mission goals.

Dynamic protein-protein interactions are fundamental to
most biological processes and essential for maintaining
homeostasis within all living organisms. These interactions
create dynamic and diverse functional networks essential

to biological processes. Thus, a thorough understanding

of these networks will be critical to engineering biological
processes for DOE missions. The project was conceived, in
part, as a response to the DOE GTL initiative to develop
technologies to map the proteomes of model organisms. In
this project we are exploiting unique characteristics of mem-
bers of extremophilic Archaea to identify, isolate, and char-
acterize multi-protein molecular machines. We have teamed
expertise in mass spectrometry, systems biology, structural
biology, biochemistry, and molecular biology to approach the
challenges of mapping relatively simple proteomes.

As part of the ENIGMA project, we have developed meth-
ods for whole cell deconstruction of microbes that separates
intact protein complexes under native conditions. The cel-
lular deconstruction primarily fractionates the organism into
four major classes; 1) membrane, 2) large mass (>800 kDa),
3) small mass (<800 kDa), and 4) extracellular. The final
cellular partitions were resolved on SDS-PAGE and excised
for high throughput MS/MS protein identification at the
Scripps Center for Mass Spectrometry. We have achieved
over 50 percent coverage of the predicted proteome and all
identifications have inherent subcellular locality and co-
fractionation information associated with them: 1) proteins
identified in sedimenting fractions are by definition mem-
bers of large mass complexes, 2) isolated membrane vesicles
allow identification of membrane associated proteins, and

3) extracellular proteins contain extracellular membrane-
bound and secreted proteins groups. We are refining analysis
tools to identify co-variations of proteins across the frac-
tionation scheme to build a system-wide protein interaction
network. Ultimately, we aim to identify metabolic modules
suitable to transfer specific metabolic processes between
microbes to address specific DOE missions while develop-
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ing generally applicable molecular and biophysical technolo-
gies for GTL.
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High-Pressure Cryocooling of Protein
Crystals: Applications to Understanding
Pressure Effects on Proteins
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Project Goals: Understand effects of pressure on proteins.

A novel high-pressure cryocooling technique for preparation
biological samples for x-ray analysis has been developed
[1-3]. The method, high-pressure cryocooling, involves
cooling samples to cryogenic temperatures (~ 100 K) in
high-pressure Helium gas (up to 200 MPa). It bears both
similarities and differences to high-pressure cooling meth-
ods that have been used to prepare samples for electron
microscopy, and has been especially useful for cryocooling of
macromolecular crystals for x-ray diffraction. Many difter-
ent kinds of macromolecular crystals have been successfully
high-pressure cryocooled and excellent crystal diffraction
has been obtained with little or no penetrating cryopro-
tectants.

This new method has great potential for understanding
pressure effects on proteins. As an example, high pressure
cryocooling has been used to understand the structural basis
for why the emission spectrum of the protein, Citrine, is
pressure dependent [4,5]. The deformation of the Citrine
chromophore is actuated by the differential motion of two
clusters of atoms that compose the B-barrel scaffold of the
molecule, resulting in a slight bending of the B-barrel. The
high-pressure structures also reveal a perturbation of the
hydrogen bonding network that stabilizes the excited state
of the Citrine chromophore. The perturbation of this net-
work is implicated in the reduction of fluorescence intensity
of Citrine. The blue-shift of the Citrine fluorescence spec-
trum resulting from the bending of the B-barrel provides
structural insight into the transient blue-shifting of isolated
yellow fluorescent protein molecules under ambient condi-
tions and suggests mechanisms to alter the time-dependent
behavior of Citrine under ambient conditions. Finally, the
Citrine example serves as a model for the way in which
global pressure-induced structural perturbations affect the
activity of proteins,a s well as a model for how these pertur-
bations may be studied.

Supported by the Dept. of Energy (DE-FG02-97ER62443),
the National Institutes of Health (RR-001646) and CHESS

* Presenting author
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Project Goals: In this poster, we will describe how the
unique characteristics of NSLS-II can address scientific
problems relevant to BER scientists by presenting a
series of applications to bioenergy, carbon cycling and
sequestration, and contaminant transport and cleanup

in the environment. We will emphasize the wide range

of techniques that will permit multiscale exploration: at
the molecular level, to understand how genes determine
biological structure and function; at the cellular level, to
understand how molecular processes are coordinated to
execute cell function; and at the level of microbial com-
munities and higher organisms to understand how cells
interact and respond to their environment. Finally, we are
eager to solicit new applications of synchrotron science to
research problems of interest to BER scientists.

The National Synchrotron Light Source-II (NSLS-II),
which is now under construction at Brookhaven National
Laboratory, will provide a broadband source of synchrotron
photons from infrared light to x-rays with a brightness
unsurpassed by any synchrotron facility worldwide. This
new facility is scheduled to be operational in 2015 and will
replace the existing NSLS.

The extreme brightness and coherence of NSLS-1I will
enable characterization techniques, such as nanoscale imag-
ing, that are currently in their infancy or do not exist today.
But importantly, NSLS-II will also take widely utilized
methods, such as macromolecular crystallography (MX),
small-angle x-ray scattering (SAXS), and x-ray absorption
spectroscopy (XAS), and extend them to new regimes in
time- and spatial-resolution that cannot be achieved today.

* Presenting author

Recent workshops by BER have identified both biological
challenges and technological needs that are important to the
BER research community. For example, in May 2009, BER
held the New Frontiers in Characterizing Biological Sys-
tems workshop to address the next generation challenges in
genomics science and its connection to functional systems.
The panel identified numerous knowledge gaps that inhibit
the understanding of biological systems. These knowledge
gaps are relevant to understanding research areas paramount
to BER interest, including the generation and processing

of biomass into chemical energy, climate change and the
cycling of carbon and nutrients, and the transformation of
natural and man-made contaminants in the environment.

The NSLS-Il will be operational in 2015 and will provide a
broadband source of photons with a brightness and coherence
unsurpassed by any synchrotron worldwide. For BER science, it
will enhance time-resolved structural studies of macromolecules
and complexes, especially in more natural environmental set-
tings. High throughput structure/function determination will be
optimized to link genomic information to molecular events. And
it will provide a wide range of nanoscale imaging capabilities
with the possibility of multi-modality characterization of identi-
cal samples.

Synchrotron-based characterization tools are well-suited

to fill the identified gaps. Synchrotron studies will generate
basic understanding of biological processes, and not just for
particular phenomena at a certain physical or temporal scale,
but as linked pan-genomically across scales of investigation.
With the high brightness and coherence of NSLS-II, struc-
tural studies of macromolecules and complexes will be pos-
sible in a time-resolved manner, especially in more natural
environmental settings. Moreover, high throughput struc-
ture/function determination will be able to link genomic
information to molecular events. NSLS-II will provide a
wide range of nanoscale imaging capabilities, permitting
multi-modality characterization of identical samples.

At the NSLS today, biological and environmental sciences
users represent approximately 60% of the user community
and more than 650 of the facility’s annual publications.
NSLS-II plans to follow in the footsteps of the current
NSLS by providing a wide range of characterization tech-
niques to the biological sciences community. In January
2008, a series of Scientific Strategic Planning workshops
were held at the NSLS to identify a pathway forward to
NSLS-II. An overarching conclusion from the Life and
Environmental Sciences workshops was the desire within
these communities to see increased interaction, collabora-
tion, multi-technique integration, and cross-disciplinary
approaches to doing science in the future. It was suggested
that this mode of research can be achieved through a “Biol-
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ogy Village” environment, which would include strategically
locating beamlines for scientific interaction, having pro-
grammatic overlap through shared equipment, technology,
and human resources, and playing an active role in the Joint
Photon Sciences Institute (JPSI), an interdisciplinary facil-
ity at BNL that will facilitate R&D efforts.

In this poster, we will describe how the unique character-
istics of NSLS-II can address scientific problems relevant
to BER scientists by presenting a series of applications to
bioenergy, carbon cycling and sequestration, and contami-
nant transport and cleanup in the environment. We will
emphasize the wide range of techniques that will permit
multiscale exploration: at the molecular level, to understand
how genes determine biological structure and function; at
the cellular level, to understand how molecular processes

are coordinated to execute cell function; and at the level of
microbial communities and higher organisms to understand
how cells interact and respond to their environment. Finally,
we are eager to solicit new applications of synchrotron sci-
ence to research problems of interest to BER scientists.

Validation of Genome Sequence
Annotation
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Robotic Chemical Protein Synthesis for the
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Annotation of Microbial Genomes
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Project Goals: Robotic total chemical synthesis to make
proteins and protein domains, for the validation of func-
tional anotation of predicted open reading frames.

Modern total protein synthesis has evolved from the ‘chemi-
cal ligation’ methods introduced by the Kent laboratory
[Kent SBH. Total chemical synthesis of proteins. Chemical
Society Reviews 2009; 38: 338-51.]. Unprotected synthetic
peptide segments, spanning the amino acid sequence of

the mature polypeptide chain derived from a predicted

open reading frame, are covalently joined to one another

by chemo-selective reaction. Native chemical ligation, the
thioester-mediated covalent bond-forming chemoselective
reaction of unprotected peptides at a Cys residue, is the most
robust and useful ligation chemistry developed to date. The
synthetic protein is then used to experimentally validate

the predicted biochemical function, and in selected cases

to determine the Xray structure of the protein molecule

(Figure).
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Figure 1. Modular high-throughput platform for fast and parallel
total chemical synthesis, mass-spectrometric purification and
single-molecule spectroscopic assay to annotate function for
newly predicted proteins.

We have previosuly described the use of x,y,z robotics and
laboratory automation and efficient Fmoc chemistry SPPS
protocols for the simultaneous parallel synthesis of the

key peptide-thioester building blocks needed for chemical
protein synthesis. This made use of a recently reported novel
resin linker[ Blanco-Canosa JB, Dawson PE: An efficient
Fmoc-SPPS approach for the generation of thioester pep-
tide precursors for use in native chemical ligation. Angew
Chem Int Ed Engl. 2008, 47:6851-5]. Typical data are shown
in Figure 2 (Top).
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Figure 2. Automated robotic Fmoc SPPS preparation of peptide-
thioesters. HPLC-electrospray MS of crude products are shown.

Ready preparation of peptide-thioesters enables the
straightforward total chemical synthesis of proteins by
native chemical ligation. Proof-of-concept total chemical
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