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Foreword 
 
This booklet provides a record for the inaugural meeting of the contractors (PIs) funded by the 
U.S. Department of Energy’s Physical Biosciences Program, which is part of the Chemical 
Sciences, Geosciences, and Biosciences Division of Basic Energy Sciences. Other PIs in the 
Biosciences program will meet next year in a similar forum, where the emphasis will be 
photosynthetic systems. 
 
Our objective in bringing you all together here in Annapolis is to provide an environment that: 
1) Encourages free exchange of information regarding your DOE-funded research; 2) facilitates 
new collaborations between research groups having complementary strengths; 3) allows 
opportunities for discussions with DOE Program Managers and staff; 4) is conducive to sharing 
the latest techniques and clever adaptations of existing approaches to better address critical 
questions in energy bioscience research; and, 5) provides exposure to related fields and BES 
User Facilities through guest speakers. Accordingly, ample “down time” is scheduled for 
informal discussions and interaction with your peers.   
  
The agenda features two invited speakers.  We are honored to have Dr. Roger Kornberg present 
the Keynote Address on the molecular basis of eukaryotic gene transcription, and equally 
honored to have Dr. Dean Myles tell you all about neutron beams and their application to the 
study of biology in a follow-up Plenary Session.  In addition, there will be 23 oral presentations 
and 43 posters presented over the course of this meeting by you - the funded PIs in the program. 
Taken in their entirety, your submitted abstracts are indicative of the strength and breadth of 
this research program.   
 
We thank all of you – along with your coPIs and other lab personnel – for your participation in 
this meeting and for your dedication in advancing DOE basic research. It is your productivity 
that makes a meeting like this possible.  It is our hope that this meeting will further enhance 
your creativity and overall research efforts.  We shall look forward to meeting with you again in 
two years.   
 
We express appreciation to our distinguished invited speakers, Drs. Kornberg and Myles, for 
their participation in this inaugural meeting.  We also thank Diane Marceau of the Chemical 
Sciences, Geosciences and Biosciences Division, along with Margaret Lyday and Deneise Terry 
of the Oak Ridge Institute for Science and Education for their important logistical and other 
contributions to this meeting. 

 
Richard V. Greene  
Lead, Photo- and Bio-Chemistry Team 
 
Robert J. Stack, 
Detailee, Physical Biosciences Program 
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Agenda 
2008 Physical Biosciences Research Meeting 
O’Callaghan Annapolis Hotel, Annapolis, MD 

October 28-31, 2008 
 
Tuesday, October 28, 2008 
 3:00 – 5:30 p.m. Meeting Registration  
 5:30 – 6:30  Reception (No Host) 
 6:30 – 8:00  Dinner at O’Callaghans Hotel 
    
Session 1: Welcome, Opening Remarks  
 8:00 –  9:00  Welcome, DOE Update, Briefing on DOE Contractors Meetings 
      Rich Greene, Team Lead, Photo- and Biochemistry Team (DOE/BES) 
 
Wednesday, October 29, 2008 
 7:00 – 7:30 a.m. Continental Breakfast  
 
Keynote Session    Robert Stack, Chair 
 7:30 – 7: 40 a.m. Introduction of Keynote Speaker   
      Eric Rohlfing, Director, Chemical Sciences, Geosciences & Biosciences 

Division (DOE/BES) 
 7:40 – 8:40  The Molecular Basis of Eukaryotic Transcription 
      Roger Kornberg, Stanford University 
 8:40 – 9:00  Break 
 
Session 2: Tools for Energy Transduction Studies and Their Application Dax Fu, Chair 
 9:00 – 9:30  Use of 13C-Metabolic Flux Analysis to Elucidate Routes of Bio-Hydrogen 

Production by the Bacterium Rhodopseudomonas palustrus 
      Caroline Harwood, University of Washington    
 9:30 – 10:00  Measurement and Optimization of Enzyme Redox Properties using Single-

Molecule Imaging, Controlled Electrochemical Potential, and Nanoscale 
Confinement 

      Eric Ackerman, Pacific Northwest National Laboratory 
 
 10:00 – 10:30  Break 
 
Session 3: Plant Biochemistry - I Judy Callis, Chair 
 10:30 –  11:00 a.m. Molecular Dissection of the Arabidopsis Holo-26S Proteasome 
      Richard Vierstra, University of Wisconsin 
 11:00 – 11:30  Trafficking to the Plant Storage Vacuoles in Plants 
      Natasha Raikhel, University of California, Riverside 
 11:30 – 12:00  Modification of Plant Lipids 
      John Shanklin, Brookhaven National Laboratory 
 12:00 – 12:30  Structural Analysis of Bacterial Virulence Factors to Understand Plant 

Cellular Function 
      Jeff Dangl, University of North Carolina 
 
 12:30 – 1:30  Working Lunch 
 1:30 – 1:45  Put up posters for Poster Session - I 
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Session 4: Microbial Biochemistry - I            Judy Wall, Chair 
 1:45 – 2:15  Methyltransferase Reactions in Methanogenic Archaea 
      Joseph A. Krzycki, Ohio State University 
 2:15 – 2:45  Osmoregulation in Methanogens 
      Mary F. Roberts, Boston College 
 2:45 – 3:15  Selenocysteine Biosynthesis and Hydrogenase Engineering 
      Dieter Söll, Yale University 
 
 3:15 – 6:00  Interaction Time  
 6:00 – 7:30  Dinner at O’Callaghans 
 7:30 – 10:00  Poster Session - I (No-Host)  
 
 
Thursday, October 30, 2008 
 7:00 – 7:30 a.m. Continental Breakfast  
 
Plenary Session  
 7:30 – 7:40  Introduction of Plenary Speaker 
      Robert Stack, Physical Biosciences Program (DOE/BES; Detailee) 
 7:40 – 8:40  Ask Not What You Can Do for Your Neutrons, Ask What Your Neutrons 

Can Do For You 
      Dean Myles, Oak Ridge National Laboratory 
 
 8:40 – 9:00  Break 
 
Session 5: Microbial Biochemistry - II                   Lee Krumholz, Chair 
 9:00 – 9:30  Engineering Interactive Biological/Material Interfaces with Nanotechnology 
      Jay Groves, Lawrence Berkeley National Laboratory 
 9:30 – 10:00  Syntrophy: Lifestyle of the Thermodynamically Challenged 
      Michael McInerney, University of Oklahoma 
 
 10:00 – 10:30  Break 
  
Session 6: Plant Cell Walls      Ken Keegstra, Chair 
 10:30 – 11:00 a.m. The Plant Cell Wall – The First Line of Defence 
      Shauna Somerville, University of California, Berkeley 
 11:00 – 11:30  Structural Studies of Complex Carbohydrates of Plant Cell Walls 
      Alan Darvill, Complex Carbohydrate Research Center, Univ. Georgia 
 11:30 – 12:00 p.m. Probing Lignin Primary Structure and Assembly: An Overdue Approach 

Norman Lewis, University of Washington  
 12:00 – 12:30  Transcription Regulation of the Cellulase System of Clostridium 

thermocellum 
      David Wu, University of Rochester 
 
 12:30 – 1:30  Working Lunch 
 1:30 – 1:45  Take down Session - I posters, Put up Session - II posters 
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Session 7: Ferredoxins, Hydrogenases, and Biological H2 Production Stephen Ragsdale, Chair 
 1:45 – 2:15  Protein/Protein Interactions in the Ferredoxin/Thioredoxin Systems Studied 

by NMR Spectroscopy 
      David Knaff, Texas Tech University 
 2:15 – 2:45  Hyperthermophilic Multiprotein Complexes and Pathways for Energy 

Conservation and Catalysis 
      Michael W. W. Adams, University of Georgia 
 2:45 – 3:15  Photoproduction of Hydrogen: Biological Hydrogenase Gene Expression and 

Artificial Biomimetic Systems 
      Maria Ghirardi, National Renewable Energy Labs 
 
 3:15 – 6:00  Interaction Time 
 6:00 – 7:30  Dinner on Your Own (PIs will be provided with list of rec’d restaurants) 
 7:30 – 10:00  Poster Session - II (No-Host)  
 
Friday, October 31, 2008 
 7:30 – 8:00 a.m. Continental Breakfast  
 
Session 8: Plant Biochemistry - II Jane Glazebrook, Chair 
 8:00 – 8:30  Functions of HKT Transporters in Protecting Plant Leaves from Salinity 

Stress and in Sodium Uptake into Roots 
      Julian Schroeder, University of California, San Diego 
 8:30 – 9:00  Interdisciplinary Research and Training Program in the Plant Sciences 
      Michael Thomashow, DOE-MSU Plant Research Laboratory 
 9:00 – 9:30  The Structure and Regulation of the Acetyl-CoA Metabolic Network: the 

Fundamental Underpinning of High-energy Biorenewable Metabolites 
      Basil Nikolau, Ames Laboratory, Iowa State University 
 
 9:30 – 10:00  Break 
 
 10:00 – 10:30  Asparagine Synthetase Gene Regulatory Networks and Plant Nitrogen 

Metabolism 
      Gloria Coruzzi, New York University  
 10:30 – 11:00  From the Soil to the Seed: Metal Transport in Arabidopsis 
      Mary Lou Guerinot, Dartmouth College 
 
 11:00 – 11:30  Break 
 
Session 9:  Close Out Session –Rich Greene and Bob Stack, DOE/BES  
 11:30 – 12:30  Program Summary 
 12:30 – 1:30 p.m. Working Lunch 
 1:30 – 2:30  Open Discussion and take down posters 
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Use of 13C-metabolic flux analysis to elucidate routes of bio-hydrogen production by the 
bacterium Rhodopseudomonas palustris 

 
Caroline S. Harwood, Principal Investigator 
James “Jake” McKinlay, Postdoctoral Research Associate  
University of Washington, Department of Microbiology, Box357242, 1705 NE Pacific St., 
Seattle, WA 98195-7242 
Email:csh5@u.washington.edu;  Web: http://depts.washington.edu/micro/faculty/harwood.htm 

Overall research goals: To use 13C metabolic flux analysis to identify metabolic pathways and 
enzymes important for removal of electrons from electron-donating organic compounds and for 
their delivery to nitrogenase, the biocatalyst for hydrogen production.  

Significant achievements in 2007-2008: We used directed mutagenesis to generate stable mutants 
that produce pure hydrogen under all growth conditions. The mutants are derepressed for 
nitrogenase synthesis and activity due to mutations in the regulatory protein NifA.  We call these 
NifA* mutants. Unlike the wild type, these constitutive hydrogen-producing mutants produce large 
amounts of hydrogen when grown anaerobically in light with acetate as a carbon source/electron 
donor and with ammonia as a source of nitrogen. Thus we are able to compare metabolic fluxes 
between a strain that is producing hydrogen (the hydrogen-producing mutant) and a strain that is not 
producing hydrogen (the wild type) when grown in the same growth medium. 
 

Figure 1. Metabolic flux maps for growing wild-type cells (non-H2-producing) and NifA* 
mutant cells (H2-producing). Arrowheads indicate the direction of the net flux. Arrow 
thickness is proportional to net flux magnitude. Underlined metabolites indicate that there are 
fluxes for biosynthesis that are not shown. 

Wild type NifA* mutant 
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Our flux maps illustrate that wild-type R. palustris makes heavy use of metabolically generated 
carbon dioxide as an inorganic electron acceptor during photoheterotrophic growth on acetate 
when ammonia is the nitrogen source. By contrast the NifA* mutant does not make significant 
use of carbon dioxide as an electron acceptor and instead uses protons as an electron acceptor to 
form hydrogen gas through the agency of nitrogenase (Fig. 1). The two strains differed 
markedly in the amount of carbon that fluxed through the carbon dioxide-fixing Calvin cycle. 
The wild type, which was not producing hydrogen in these experiments, used ribulose bis-
phosphate carboxylase (RubisCo) [Fig 1. R5P + CO2 2 x 3PG] to capture about 73% of the 
carbon dioxide that it generated in central metabolic reactions involved in the oxidation of 
acetate. This amount of carbon dioxide fixation requires a large amount of reductant, as 
indicated by the large gluconeogenic flux from 3-phosphoglycerate (3PG) to glyceraldehyde-3-
phosphate (G3P). Unlike the wild type, the NifA* mutant, which was producing hydrogen in 
these experiments, diverted electrons to nitrogenase to reduce protons to hydrogen. Instead of 
meeting this reductant demand by increasing fluxes through reactions that generate reductant 
(NADH, NADPH, Fred, UqOH), we found that the mutant decreased the flux through Rubsico 
and the reductant-utilizing Calvin cycle. 
 
Our data indicate that the NifA* hydrogen-producing strain uses only 13% of the possible 
electrons that can be derived from acetate for hydrogen production during growth. Our flux 
maps suggests ways in which ways in which hydrogen production might be improved. 

Science objectives for 2008-2009:  

• We will further investigate our hypothesis that wild-type cells flux reductant through the Calvin 
cycle in proportion to the reduction state of the organic compound that serves as growth 
substrate. We expect cells grown on succinate (more reduced than acetate) to have less of a 
Calvin cycle flux and on fumarate (more reduced than acetate) to have a greater Calvin cycle 
flux. 

• Will mutate key Calvin cycle enzymes in the NifA* mutant and test for increased hydrogen 
production. 

• Will devise engineering strategies to decrease the glyxoylate shunt flux (Fig 1. Icit  Suc + 
Glxt; Glxt + AcCoA  Mal) and increase flux through reactions such as α-ketoglutarate 
dehydrogenase (Fig 1. αKG  Suc) to increase hydrogen production.  

References to work supported by this project 2007-2008  
1.  Schaefer, A. L., E. P. Greenberg, C. M. Oliver, Y. Oda, J. J. Huang, G. Bittan-Banin, C. M. Peres, S. 

Schmidt, K. Juhaszova, J.R. Sufrin and C. S. Harwood. 2008. A new class of homoserine lactone 
quorum-sensing signals. Nature 454:595-599. 

2. Pan, C., Y. Oda, P.K. Lankford, B. Zhang, N.F. Samatova, D. A. Pelletier, C. S. Harwood, R. L. Hettich. 
2008. Characterization of anaerobic catabolism of p-coumarate in Rhodopseudomonas palustris by 
integrating transcriptomics and quantitative proteomics. Mol Cell Proteomics.7:938-948.  

3. Harwood,C.S. 2008. Nitrogenase-catalyzed hydrogen production by purple nonsulfur  photosynthetic 
bacteria. p. 259-271.  IN: A. Demain, C.S. Harwood and J. Wall (eds.) Bioenergy. American Society for 
Microbiology Press.  
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Measurement and Optimization of Enzyme Redox Properties using Single-Molecule 
Imaging, Controlled Electrochemical Potential, and Nanoscale Confinement 

Eric J. Ackerman, Principal Investigator 
Chenghong Lei, Dehong Hu, Charles F. Windisch, Jr. Co-Principal Investigators  
P.O. Box 999, Pacific Northwest National Laboratory (PNNL), Richland, WA 99352 
Email: eric.ackerman@pnl.gov;  Web: http://www.pnl.gov/science/highlights/highlight.asp?id=203 
 

Overall research goals: The research objectives are to study electron transfer dynamics of enzymatic 
redox reactions by:  (1) developing an instrument capable of single-molecule fluorescence 
spectroelectrochemistry; (2) mutagenesis, where necessary, of appropriate enzyme targets; (3) 
nanoscale confinement.   Controlling the electrical and spatial environments surrounding redox 
enzymes  should provide a path towards greater control and enhancement of enzymatic reactions.  
Extending study of these reactions to the level of single molecules should reveal novel insights into 
reaction trajectories and dynamics, perhaps eventually yielding higher reaction rates with enhanced 
stabilities. 

Significant achievements in 2006-2008: Initial investigations utilized the quasi-reversible 
oxidation/reduction reaction of the dye cresyl violet under controlled cycles of electrical potential; 
i.e. cyclic voltammetry.  The reduced non-fluorescent form of cresyl violet became fluorescent 
when oxidized and this reversible reaction yielded consistent results for both ensemble and single-
molecule measurements.  Experiments were done with both freely diffusing dye molecules and dye 
adsorbed to clays; i.e. freely diffusing and tethered single molecules. 
 
 

 
 
 
Figure 1. Left Panel:  schematic of the electrochemical cell coupled with scanning confocal fluorescence microscopy:  
Right Panel:  single-molecule fluorescence spectroelectrochemistry of cresyl violet where upper panel is potential vs. 
time plot of the cyclic voltammetry scan; middle panel is the single molecule fluoresce of cresyl violet with the number 
of fluorescence bursts per 0.1 sec vs. time calculated from the fluorescence time trajectory.; bottom panel is two 0.1-
second segments of the fluorescence time trajectory with a bin time of 0.1 ms. 

Science objectives for 2008-2009:  

• The project must be transitioned from its initial proof-of-principal demonstrations working with 
isolated dyes to working with redox enzymes.   It is not yet clear which enzyme system will be 
most suitable.  A cyclic-voltammetry controlled enzyme:substrate combination must generate a 
sufficiently strong signal for single-molecule work.  A mediator dye:enzyme:substrate system 
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and/or a recombinantly-modified enzyme with a covalent dye attached constitute alternative 
systems . 

• Previous work demonstrates a remarkable effect of electrical potential on enzyme folding during 
translation, consistent with the importance of electrical potentials in cells.  This effect may be 
explored with both ensemble and single-molecule experiments.  

• Our previously published work demonstrate the remarkable ability of functionalized nanopores 
to enhance enzyme specific activity and stability.  Studying the effects of confinement on 
enzyme reaction dynamics at the single-molecule level will help to address whether all 
molecules are enhanced or if a subset becomes super-activated.  The challenge here is to find a 
nanomaterial providing the required molecular crowding effect without quenching the 
fluorescent signal. 

•  

References to work supported by this project 2006-2008(style=Stand alone text heading): 
1. C. Lei, T. A. Soares, Y. Shin, J. Liu, E. J. Ackerman, “Enzyme Specific Activity in Functionalized 

Nanoporous Supports.”  19: 125102 (1-9) (2008). 
2. C. Lei, D. Hu, and E. J. Ackerman, "Single-Molecule Fluorescence Spectroelectrochemistry of Cresyl 

Violet," Chem. Comm.  In press, will be designated a ‘Hot Paper’ and may be on the cover (2008).   
3. C. Lei, D. Hu, and E. J. Ackerman, "Nanoclay-based Single-Molecule Fluorescence 

Spectroelectochemistry.  Angewandte Chemie, submitted (2008) 
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MOLECULAR DISSECTION OF THE ARABIDOPSIS HOLO-26S PROTEASOME

Principal Investigator:  DR. RICHARD D. VIERSTRA
Research Personnel: Adam J. Book, Lisa M. Farmer, James Holmes, Kwang-Hee Lee and

Atsushi Minami
Department of Genetics, 425-G Henry Mall, University of Wisconsin-Madison, Madison WI, 53706

Overall Research Goals:  The 26S proteasome is an ATP-dependent protease complex
responsible for degrading many important cell regulators in plants, especially those conjugated with
multiple ubiquitins (Ubs).  It is composed of two subparticles, a 20S core protease (CP) that
encloses the protease active sites and a 19S regulatory particle (RP) that binds to both ends of the
CP and recruits appropriate substrates.  Whereas the structure and proteolytic activities of the CP
are understood at the atomic level, little is known about the structure of the RP and the functions of
many of its principal subunits.  It is also becoming clear that the currently defined RP actually
represents the nucleus of an even more elaborate and dynamic complex that provides multiple
routes for substrate recognition.  These routes may be defined by specific isoforms of individual RP
subunits, the association of the RP with a host of co-factors, the reversible binding of target shuttle
proteins, and, in the most extreme cases, by the complete replacement of the RP with alternative
subparticles.  Genomic analyses suggest that plants exploit this heterogeneity to generate a wide
array of proteasome types, each with distinct compositions and unique functions/specificities.  The
goal of this project is to more fully define the 26S proteasome function and diversity in plants by a
complete analysis of the particle from Arabidopsis thaliana.  

Significant Achievements in 2006-2008:  From the analysis of 26S proteasomes purified from
Arabidopsis by conventional methods, we identified by mass spectrometry most of the central RP
and CP subunits.  To determine the function(s) of the twelve RP subunits that together likely control
target specificity, we developed a comprehensive library of T-DNA insertion mutants affecting the
expression of each.  In-depth analysis of mutants for several subunits revealed strikingly different
phenotypes, suggesting distinct functions/targets for these subunits in the holo-proteasome.  For
example, homozygous null mutants in both RPT2a and RPT2b are female gametophyte lethal.
Single rpt2a and rpt2b mutants assemble aberrant proteasome complexes in which the CP and RP
dissociate more easily than wild-type complexes in vitro.  While rpt2b mutants grow normally, rpt2a
mutants display a host of phenotypic defects, including slower root growth, fasciation, increased
trichome branching, enhanced sensitivity to DNA damaging agents and amino acid analogs, delayed
flowering, and reduced seed production.  Both RPT2a and RPT2b can rescue the rpt2a defects,
indicating that the pair are functionally redundant.  In contrast, homozygous null mutants in both
RPN5a and RPN5b are both female and male gametophytic lethal.  rpn5b mutants are normal while
rpn5a mutants display a de-etiolated phenotype in the dark, are severally dwarfed and have
lanceolate leaves as green seedlings, and are nearly sterile.  Strong defects related to the
expression of a host of meristematic genes were also evident.  The rpn5a mutants could be rescued
by expression of either RPN5a or RPN5b, indicating functional redundancy.  Finally, while RPN10
appears to be the major Ub receptor in the 26S complex, recent data from yeast have also
implicated RPN13.  However, null mutants in the single Arabidopsis gene encoding RPN13 are
normal, suggesting that this Ub receptor has a minor role in plants.

Studies with the yeast 26S proteasome indicated that the holo-complex contains a host of additional
factors that help with complex assembly and substrate specificity.  Most, if not all, of these factors
are absent in our conventionally purified preparations even though the corresponding genes could
be detected in the Arabidopsis genome, suggesting that they dissociate during purification.  To
circumvent this problem, we developed an affinity method to more rapidly isolate the 26S
proteasome from Arabidopsis seedlings.  The strategy involved complementation of a mutant in the
single essential gene encoding the α6 subunit of the CP (PAG1) with a Flag-tagged version.  By
using anti-Flag antibody beads, the 26S proteasome can be affinity purified from homozygous pag1-
1:PAG1-Flag lines in a single step directly from crude soluble extracts (Fig. 1).  Both SDS-PAGE and
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mass spectrometric analyses revealed that these preparations are more intact and include a host of
other proteins.  Included are PA200, a 200-kDa protein that may substitute for the RP to broaden the
substrate specificity of the complex, Hsp70 that could assist in substrate unfolding, and several
RAD23 isoforms that may shuttle ubiquitinated proteins to the 26S proteasome.  In addition, we
detected several post-translational modifications that may be important, including phosphorylation,
acetylation, and N-terminal processing of specific subunits.  We also complemented the pag1-1
plants with a PAG1-GFP construction that now allows real-time imaging of the Arabidopsis 26S
proteasome by confocal fluorescence microscopy.  The particle was detected in the cytoplasm and
was highly enriched in the periphery of the nucleus with small punctate structures in the middle,
suggesting that the localization of the 26S proteasome can be dynamic.

Science Objectives for 2008-2009:  Work will focus on:
1. The continuing genetic description of individual 26S proteasome subunits to deduce their

functions within the particle.
2. The genetic analysis of several accessory factors to the 26S proteasome identified by our

mass spectrometric analysis of affinity purified preparations.
3. Attempt to affinity purify 26S proteasomes from various Arabidopsis tissues exposed to a

number of environmental challenges to see if the composition of the 26S proteasome
changes dynamically in response to developmental cues and stress.

References to work supported by this project in 2006-2008:
Yang, P. J. Smalle, S.-S. Lee, N. Yan, T.J. Emborg, and R.D. Vierstra (2007) Ubiquitin carboxy-

terminal hydrolase 1 and 2 affect shoot architecture in Arabidopsis. Plant J. 51: 441-457.
Book, A.J., J. Smalle, K.H. Lee, P. Yang, J. Holmes, J. Walker, and R.D. Vierstra (2009) Regulatory

particle non-APTase subunits RPN5a and 5b from Arabidopsis have redundant, essential
functions in embryogenesis and assembly of the 26S proteasome. Develop. (in prep.).

Book, A. J. and R.D. Vierstra (2009) Affinity purification of the Arabidopsis 26S proteasome
reveals additional complexity for the proteasome complex in plants.  Plant Cell (in prep.).

Lee, K.H., A. Minami, L. Farmer, J.M. Walker and R.D. Vierstra (2009) The 26S proteasome
subunits RPT2a and RPT2b have redundant and pleiotropic roles in Arabidopsis
development.  Plant Cell (in prep.).
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ABSTRACT 
DOE Physical Biosciences Contractors Meeting, October 28-30, 2008 
 
Title:  Trafficking to the Plant Storage Vacuoles in Plants 
Principal Investigator:  Natasha V. Raikhel  
Co-Principal Investigator:  Marci Surpin 
Center for Plant Cell Biology, University of California, Riverside, CA 92521, USA 
Email: nraikhel@ucr.edu ; Web: http://cepceb.ucr.edu/members/raikhel.htm  
 
Overall Research Goals: 
Our goal is to examine endomembrane trafficking to the plant storage vacuoles in different tissues, 
to understand the interaction of the plant endomembrane system with various aspects of plant 
development and signal transduction, and to test our hypothesis that plant storage compartments 
in vegetative tissues may serve as reservoirs for developmentally related molecules, and a 
combination of endogenous and environmental signals may regulate the trafficking, sequestration 
and release of these factors.   
 
Significant Achievements in 2006-2008: 
Higher plants are unique in storing proteins in specialized protein storage vacuoles (PSVs), which 
are contained in seeds and vegetative tissues. Although plants utilize proteins that are stored in 
PSVs during germination, before photosynthesis is fully functional, the functions of PSVs in 
adult vegetative tissues are not understood. Transport pathways to the PSVs appear to be distinct 
from those to lytic vacuoles. Lytic vacuoles are analogous to yeast and mammalian lysosomes, 
such that some transport pathways to this compartment have been delineated based in part on 
homologies. It is not clear whether transport to the PSV has any analogy to pathways in yeast or 
mammals, nor is the ultrastructure of the PSV in Arabidopsis vegetative tissue known. Therefore, 
novel approaches are required to identify the components of this pathway.  
 
Interfering with transport to PSVs has been shown to result in secretion of cargo. Therefore, 
secretion of a suitable marker could be used as an assay to identify mutants in this pathway. 
CLV3, a negative regulator of shoot stem cell proliferation, is an extracellular ligand that is 
rendered inactive when targeted to vacuoles (Rojo et al., 2002). We devised an assay in which 
trafficking mutants secrete engineered CLV3 that is targeted to the vacuole. Mutants with defects 
in vacuolar targeting displayed reduced meristems, a phenotype easily detected by visual 
inspection of plants. 
 
First, we provided proof-of-principle for the efficacy of our Vac2 assay line. In this scheme, 
plants expressing Vac2, a fusion of CLV3 to the vacuolar sorting signal derived from barley 
lectin, a plant storage protein, were crossed to the known trafficking mutants vti11 and vti12. We 
determined that trafficking of Vac2 required the SNARE VTI12 but not its close homologue, the 
conditionally redundant VTI11 protein. Furthermore, the vti12 mutant is specifically altered in 
transport of storage proteins, whereas vti11 is affected in transport of a lytic vacuole 
marker. These results demonstrate the specialization of pathways to plant vacuoles and validate 
the Vac2 secretion assay as a robust method to isolate genes that mediate trafficking to the PSV. 
Using the Vac2 assay line we developed a novel genetic screening approach where we can 
identify genes whose products comprise the trafficking machinery to the plant PSV. One of the 
mutants that disrupted trafficking to the PSV was identified as the TERMINAL FLOWER 1 
(TFL1) gene, a shoot meristem identity gene as a component of the PSV trafficking machinery. 
The tfl1-19/mtv5 (for modified transport to the vacuole) mutant is specifically defective in 
transport of proteins targeted to the PSV. TFL1 localizes in part to endomembrane compartments 
and co-localizes with the putative d-subunit of the AP-3 adapter complex. Our results 
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demonstrate an unexpected and novel developmental role for the protein storage vacuole in 
vegetative tissues. 
 
The vacuole occupies most of the volume of plant cells; thus the fluorescent tonoplast reporter 
TIP-GFP clearly delineates cell shape in multiple tissue types. This permits the rapid 
identification of mutants with altered vacuoles and cellular development. Using this strategy, we 
identified the cell shape phenotype 1 (csp-1) mutant in Arabidopsis. Beyond the absence of lobes 
in pavement cells, csp-1 featured dramatic phenotypes such as reduced trichome branching, 
altered leaf serrations, altered stem branching, and increased stomatal density. These 
characteristics result from a point mutation in the AtTPS6 gene, which encodes a polypeptide with 
a conserved amino-terminal domain thought to catalyze trehalose-6-phosphate synthesis, and a 
carboxy-terminal phosphatase domain that catalyzes the conversion of trehalose-6-phosphate to 
trehalose in a two-step enzymatic process. Expression of AtTPS6 in the corresponding yeast 
deletion mutants tps1 (encoding a synthase domain) and tps2 (synthase and phosphatase domains) 
indicates that AtTPS6 is a bi-functional enzyme. AtTPS6 fully complemented defects in csp-1. 
Mutations in Class I TPS genes (AtTPS1-4) have suggested a role in the regulation of starch 
storage, resistance to water deficits, and inflorescence architecture. Class II genes (ATPS5-
ATPS11) encode multi-functional enzymes that have synthase and phosphatase activities. We 
show that the Class II family member AtATPS6 regulates not only plant architecture but also the 
shape of epidermal pavement cells and the branching of trichomes. Thus, beyond a role in plant 
development, we demonstrate that the Class II gene AtTPS6 is important for controlling cellular 
morphogenesis, a role not previously assigned to Class II TPS genes. 
 
Science Objectives for 2008-2009: 

• Continue analysis of the TFL1-mediated trafficking pathway to determine how PSV-
specific endomembrane trafficking impacts plant developmental processes. 

• Clone and characterize two mutants obtained as a result of EMS mutagenesis and one of 
the Vac2 T-DNA collection. 

 
References to Work Supported by this Project 2006-2008.  
1.Rojo, E., Sharma V.K., Kovaleva V., Raikhel N.V., Fletcher J.C., "CLV3 is localized to the 
extracellular space, where it activates the Arabidopsis CLAVATA stem cell signaling pathway", 
Plant Cell,  14, 969-977(2002) 
 
2.Chary, S.N., Hicks, G.R., Choi, Y.G., Carter, D., and Raikhel, N.V., "Trehalose-6-phosphate 
synthase/phosphatase regulates cell shape and plant architecture in Arabidopsis", The Plant Cell, 
146, 97-107 (2008) 
   
3.Sanmartin, M., Ordonez, A., Sohn, E.J., Robert, S., Sanchez-Serrano, J.J., Surpin, M.A., 
Raikhel, N.V., and Rojo, E., "Divergent functions of VTI12 and VTI11 in trafficking to storage 
and lytic vacuoles in Arabidopsis", PNAS,  104 , 3645-3650 (2007) 
  
4.Sohn, E.J., Rojas-Pierce, M., Pan, S., Carter, C., Serrano-Mislata, A., Madueño, F., Rojo, E., 
Surpin, M.,and Raikhel, N.V., "The shoot meristem identity gene TFL1 demonstrates a role for 
the protein storage vacuole in plant development", PNAS, 104,18801-18806 (2007). 
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Modification of Plant Lipids  
John Shanklin, Principal Investigator 
Edward Whittle, Girish Mishra, Tam Nguyen. 
Biology Dept. Building 463, Brookhaven National Laboratory, Upton, NY 11973 
Email: shanklin@bnl.gov;  Web: www.biology.bnl.gov/plantbio/shanklin.html   

Collaborators: Dr. Peter H. Buist, Carleton University, Ottawa, Ontario, Canada. 
Dr. Ylva Lindqvist and Dr. Jodie Guy, Karolinska Institute, Stockholm, Sweden. 
 
Overall research goals: Lipids and oils are a vital class of compounds.  In eukaryotes, saturated fatty 
acids are modified post-synthetically by the introduction of cis double bonds or by the introduction of a 
variety of functional groups.  The focus of this research is to understand the molecular basis for these 
chiral lipid-modification reactions by using the process of fatty acid desaturation as a model. We will re-
engineer desaturases with tailored specificities for introduction into commercially useful plants that will 
accumulate renewable sources of industrial feedstocks currently derived from petrochemicals. 

Significant achievements in 2006-2008:   
• Identified an 18:0-acyl carrier protein (ACP) desaturase variant that synthesizes the allylic 

alcohol 9-OH 18:1Δ10 and used labelled substrates to determine its reaction mechanism. 
• Changed a desaturase enzyme’s activity to mimic its hypothesized oxidase ancestor by a single 

mutation, T199D, i.e., by removing the proton donor from the active site. 
• Solved the ivy 16:0-Δ4-desaturase crystal structure to 1.95 Å. 
• Converted the Composition of a Arabidopsis i.e., a Temperate Seed Oil to that of a Palm-Like 

Tropical Oil by modulating levels of the β-Ketoacyl-ACP Synthase II. 
• Published the first desaturase crystal structure with the diiron site in the oxidized diiron (FeIII-

FeIII) state revealing the largest carboxylate shift seen for a diiron enzyme 
• Demonstrated the introduction of a second double bond by the ivy desaturase to yield 18:2Δ4,9 

diene product. 
• Determinants of specificity of plant thioesterases were determined with the use of our 

bioinformatics program the Conserved Property Difference Locator (CPDL). 
• Established the specificity of 5 desaturase isoforms from Arabidopsis and showed product-

dependent allosteric regulation for the first time with this class of enzyme. 

 
Superposition of the diiron site ligands from the 
castor reduced crystal structure, green, and the 
ivy oxidized crystal structure in blue.  The 
dramatic carboxylate shift is clearly seen at the 
bottom of the image. 

Castor desaturase showing the position of a 
modeled substrate, yellow, and the three 
residues mutated to produce the allylic 
alcohol forming enzyme, green.
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Science objectives for 2008-2009:  
• Use 18:0-acyl carrier protein (ACP) desaturase variant that synthesizes the allylic alcohol 9-OH 

18:1Δ10 as a model system to further dissect the mechanism of “unusual fatty acid” biosynthesis. 
• Investigate the regulation of desaturases, by investigation of posttranslational modifications with 

the use of macromolecular mass spectrometry. 
• Protein expression and purification trials on the integral membrane class of desaturases and 

related enzymes that are capable of abstracting hydrogens from unactivated methylene groups 
with a goal of obtaining crystals for this class of enzymes. 

 

References to work supported by this project 2006-2008: 

 
 1. A. E. Tremblay, P. H. Buist, D. Hodgson, B. Dawson, E. Whittle, and J. Shanklin, In vitro 

Enzymatic Oxidation of a Fluorine-Tagged Sulfide Substrate Analogue: A 19F NMR Investigation, 
Mag. Res. Chem. 44(6), 629-632 (2006). 

 2. J. E. Guy, I. A. Abreu, M. Moche, Y. Lindqvist, E. Whittle, and J. Shanklin, A Single Mutation 
in the Castor Δ9-18:0-Desaturase Changes Reaction Partitioning from Desaturation to Oxidase 
Chemistry, Proc. Natl. Acad. Sci. USA 103(46), 17220-17224 (2006). 

 3. K. M. Mayer and J. Shanklin, Identification of Amino Acid Residues Involved in Substrate 
Specificity of Plant Acyl-ACP Thioesterases using Bioinformatics-Guided Approach, BMC Plant 
Biol. 7, 1 (2007). 

 4. A. Kachroo, J. Shanklin, E. Whittle, L. Lapchyk, D. Hildebrand, and P. Kachroo, The 
Arabidopsis Stearoyl-Acyl Carrier Protein-Desaturase Family and the Contribution of Leaf 
Isoforms to Oleic Acid Synthesis, Plant Mol. Biol. 63(2), 257-271 (2007). 

 5. M. S. Pidkowich, H. T. Nguyen, I. Heilmann, T. Ischebeck, and J. Shanklin, Modulating Seed β-
Ketoacyl-Acyl Carrier Protein Synthase II Level Converts the Composition of a Temperate Seed 
Oil to that of a Palm-Like Tropical Oil, Proc. Natl. Acad. Sci. USA 104(11), 4742-4747 (2007). 

 6. A. E. Tremblay, E. Whittle, P. H. Buist, and J. Shanklin, Stereochemistry of Δ4 Dehydrogenation 
Catalyzed by a Δ9 Desaturase Homolog, Org. Biomol. Chem. 5(8), 1270-1275 (2007). 

 7. J. E. Guy, E. Whittle, D. Kumaran, Y. Lindqvist, and J. Shanklin, The Crystal Structure of the Ivy 
Δ4-16:0-ACP Desaturase Reveals Structural Details of the Oxidized Active Site and Potential 
Determinants of Regioselectivity, J. Biol. Chem. 282(27), 19863-19871 (2007). 

 8. J. Shanklin and E. Whittle, Acyl-ACP Desaturase Architecture Favours High-Energy Desaturation 
Reaction over Lower-Energy Oxidase Chemistry, in Current Advances in the Biochemistry and 
Cell Biology of Plant Lipids, Eds. C. Benning and J. Ohlrogge, Aardvark Global Publishing 
Company, LLC, Salt Lake City, UT: Proceedings of the 17th International Symposium on Plant 
Lipids, Michigan State University, East Lansing, MI, USA 16-21 July 2006, pp. 207-209 (2007). 

 9. J. Shanklin, Enzyme Engineering, in Advances in Plant Biochemistry and Molecular Biology, 
Vol. 1: Bioengineering and Molecular Biology of Plant Pathways, Eds. H. J. Bohnert, H. Nguyen, 
and N. Lewis, (Elsevier Science Ltd.: Oxford, U.K. 2008) Chapter 2, pp. 29-47. 

10. P. Zhang, J. W. Burton, R. G. Upchurch, E. Whittle, J. Shanklin, and R. E. Dewey, Mutations in a 
Δ9-Stearoyl-ACP-Desaturase Gene are Associated with Enhanced Stearic Acid Levels in Soybean 
Seeds, Crop Sci., in press (2008). 

11. E. J. Whittle, A. E. Tremblay, P. H. Buist, and J. Shanklin, Revealing the Catalytic Potential of an 
Acyl-ACP Desaturase: Tandem Selective Oxidation of Saturated Fatty Acids, Proc. Natl. Acad. 
Sci. USA, in press (2008). 
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Structural analysis of bacterial virulence factors to understand plant cellular function 
 
Jeff Dangl, PI 
Ai-jiuan Wu, PhD, Eui-Hwan Chung, graduate student 
Dept. of Biology, University of North Carlina at Chapel Hill, Chapel Hill, NC 27599 
email: dangl@email.unc.edu web: http://www.bio.unc.edu/faculty/dangl/ 
Collaborator: Prof. John Sondek, UNC-CH School of Medicine 
 
Overall Research Goals 

Plant pathogens use a variety of virulence factors to suppress plant defense 
mechanisms. One important and large class of virulence factors from plant pathogenic bacteria 
are “type III effector proteins”. These are delivered into the plant cell, where they are addressed 
to localizations specific to their function. Type III effector proteins are often sequence convergent 
structural mimics of eukaryotic regulatory proteins. Hence, discerning the function of the large 
population of type III effectors (over 100 protein families, encoded by over 300 different genes in 
~20 strains of Pseudomonas syringae alone) is not possible using merely computational means. 

Our main hypothesis, supported by data from several labs, is that this collection of type III 
effector proteins will define a collection of plant targets that are themselves critical regulators of 
defense and response to infection.  

Our main approach in our DOE funded project is to use structural biology to define likely 
functions for a collection of type III effector proteins, starting with those for which we know at least 
some of the plant targets, and proceeding outward to a wider solution of the structures to predict 
both type III effector function and to infer plant targets based on the structure. In essence, we 
view type III effector proteins as independently evolved probes of plant cellular biology. 

Pathogens cause the loss of up to 30% of the world’s crops, including bioenergy crops 
present and future. Thus, our work serves DOE’s mission by trying to minimize the loss of primary 
production due to yield loss from infection. 
 
Significant Achievements 2006-2008 

We focused on three areas, two of relate to the targeting of a small Arabidopsis protein 
called RIN4 by three sequence unrelated type III effectors: AvrB, AvrRpm1, and AvrRpt2. The 
first two lead to RIN4 hyperphosphorylation, while the third is a protease that cleaves RIN4. We 
presume that these events contribute to bacterial virulence, though genetic evidence suggests 
that each of these effectors have additional targets in the plant cell.  

We determined the structure of AvrB complexed with an AvrB-binding fragment of RIN4 
at 2.3 Å resolution. We also determined the structure of AvrB in complex with ADP bound in a 
binding pocket adjacent to the RIN4 binding domain. AvrB residues important for RIN4 interaction 
are required for full RPM1 activation. AvrB residues that contact ADP are also required for 
initiation of RPM1 function. Nucleotide-binding residues of AvrB are also required for its 
phosphorylation by an unknown Arabidopsis protein(s). We conclude that AvrB is activated inside 
the host cell by nucleotide binding and subsequent phosphorylation and, independently, interacts 
with RIN4 (Desveaux et al, 2006). 

Subsequent to this work, we have mutagenized the relevant RIN4 sites that are 
contacted by AvrB. We made a series of transgenic Arabidopsis in a rps2 rin4 mutant background 
and we will soon analyze these for their ability to function in response to infection with bacteria 
expressing avrB. We anticipate that we will thus identify the key residues on RIN4 that are 
targeted by AvrB (A. Wu, et al, unpublished). 

Third, we also used molecular modeling to structurally model the HopX type III effector 
and we were able to show that it encodes a likely transglutaminase (Nimchuk et al., 2007). 
Despite many attempts, we were unable to identify a plant cellular target for HopX and have 
returned our focus to the three type III effectors that target RIN4. 

Finally, we had previously shown that over-expression of AvrB causes a novel chlorotic 
phenotype on plant leaves of genotypes unable to “recognize” AvrB. We had hoped that this 
phenotype represented a novel surrogate for virulence function of AvrB but in fact when we 
cloned the gene responsible for the chlorotic phenotype, it turned out to encode a second, weakly 
functioning NB-LRR class disease resistance gene. While disspointing in one sense, this result is 
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important as it demonstrates that the levels of virulence protein expression inside the plant can 
have profound effects on the outcome of an interaction with the plant host. Thus, evolution will 
likely fine tune virulence function levels to provide what is needed to serve the pathogen at levels 
below those that might activate significant host defense responses (Eitas et al., 2008). 
 
Science Objectives 2008-2009 

(1) We have work on the structure of AvrRpm1. This protein was, for several years, 
difficult to express and purify in the requisite amounts needed for crystallization. We solved this 
problem. We will also use in vitro binding assays to map the domain of RIN4 required for 
AvrRpm1 binding. We used molecular modeling to make a reasonable guess as to the function of 
AvrRpm1; we think it encodes a poly-ADP-ribosylation protein. The relevant candidate catalytic 
residues of AvrRpm1 have been mutated and will be tested for both their virulence function and 
their ability to trigger RPM1-mediated HR. 

(2) The AvrB binding site on RIN4 overlaps the AvrRpt2 cleavage site. There are ~15 
other short Arabidopsis proteins that carry a version of this site, known as the NOI domain, all of 
which also carry a RIN4-like carboxy terminal acylation/prenylation site that suggests they will all 
be embedded in the plasma membrane. Their functions are unknown, but given that we have 
genetic evidence that RIN4 is not the only target of AvrB, AvrRpm1 and AvrRpt2 in the plant cell, 
we are analyzing the NOI domain-containing protein family. We demonstrated that at least two of 
these are targeted by AvrB (but, interestingly, not by AvrRpm1) and that mutation of them in 
Arabidopsis compromises RPM1-mediated response to bacteria carrying these AvrB. We will 
assess how these two NOI proteins function with, or independently of, RIN4 itself (A. Wu et al.) 

(3) Scott Peck’s group noted in a shotgun mass spectroscopy examination of plasma 
membrane phospho-proteins, that RIN4 has two S/T residues that are phosphorylated in the 
presence of flagellin peptide, a potent PAMP in the plant immune system. We have mutated 
these residues and built the appropriate transgenic lines to test whether they function in a suite of 
RIN4 functions: (a) RPM1 localization and function, (b) basal defense function via callose 
deposition and (c) FLS2 dependent basal defense.  
 
References to work supported by this project 2006-2009 
 
Desveaux, D., Singer, A.U., and Dangl, J.L. (2006). Type III effector proteins: doppelgangers of 
bacterial virulence. Current Opinion in Plant Biology 9, 376-382. 
 
Desveaux, D., Singer, A.U., Wu, A.-J., McNulty, B.C., Musselwhite, L., Nimchuk, Z., Sondek, J., 
and Dangl, J.L. (2007). Type III Effector Activation via Nucleotide Binding, Phosphorylation, and 
Host Target Interaction. PLoS Pathogens 3, e48. 
 
Eitas, T.K., Nimchuk, Z.L., and Dangl, J.L. (2008). Arabidopsis TAO1 is a TIR-NB-LRR protein 
that contributes to disease resistance induced by the Pseudomonas syringae effector AvrB. Proc 
Natl Acad Sci U S A 105, 6475-6480. 
 
Grant, S.R., Fisher, E.J., Chang, J.H., Mole, B.M., and Dangl, J.L. (2006). Subterfuge and 
Manipulation: Type III Effector Proteins of Phytopathogenic Bacteria. Annual Review of 
Microbiology 60, 425-449. 
 
Jones, J.D.G., and Dangl, J.L. (2006). The Plant Immune System. Nature 444, 323-329. 
 
Mole, B.M., Baltrus, D.A., Dangl, J.L., and Grant, S.R. (2007). Global virulence regulation 
networks in phytopathogenic bacteria. Trends Microbiol 15, 363-371. 
 
Nimchuk, Z.L., Fisher, E.J., Desveaux, D., Chang, J.H., and Dangl, J.L. (2007). The HopX 
(AvrPphE) family of Pseudomonas syringae type III effectors require a catalytic triad and a novel 
N-terminal domain for function. Mol Plant Microbe Interact 20, 346-357. 
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Methyltransferase reactions in methanogenic Archaea  

Joseph A. Krzycki 
Department of Microbiology, Ohio State University, 484 West 12th, Columbus OH 43214 
Email:Krzycki.1@osu.edu;  Web: www.osumicrobiology.org/faculty/jkrzycki.htm  

Collaborators:  Dr. Michael Chan, Ohio State University, Columbus OH 43214 
Dr. Gerhard Gottschalk, University of Göttingen  

 

Overall research goals: Most methane produced from biological sources comes from methanogenic 
Archaea. Of these organisms, Methanosarcina spp. and their relatives have the most diversified 
substrate range, using acetate, methylamines, methylated thiols, and methanol to form methane. Our 
overall goal is understand the enzymes and molecular biology underlying these methanogenic 
pathways. We have primarily focused on methanogenesis from monomethylamine, dimethylamine, 
and trimethylamine. Methanogenesis from these substrates is began by three methyltransferases that 
methylate cognate corrinoid proteins, which are then used to methylate coenzyme M, forming the 
direct precursor of methane. The methylamine methyltransferases are non-homologous, yet each of 
their encoding genes contains an in-frame UAG codon. Metabolism of methylamines obligately 
depends on translation of UAG codon as pyrrolysine.  We are currently examining the function of 
pyrrolysine in the methylamine methyltransferases. This will help elucidate the mechanism of these 
key methyltransferases of methane formation, but also provide a rationale for why they required the 
addition of a novel amino acid to the genetic code of methanogens. 

Significant achievements in 2006-2008: We have focused on the dimethylamine (DMA) and 
trimethylamine (TMA) methyltransferases in this DOE project period, with the primary aim to 
uncover the role of the 22nd amino acid in methylamine methyltransferases. We have proposed that 
pyrrolysine is the primary catalytic residue that binds the methylamine in order to present an 
oriented methylammonium adduct to the supernucleophilic Co(I) of the cognate corrinoid protein. 
We have taken two major routes toward demonstrating a catalytic role for pyrrolysine in the 
methyltransferases. The first is inhibitor studies with nucleophiles that would react with the 
electrophilic imine bond of pyrrolysine, and which we postulate is required for pyrrolysine binding, 
the second is site-directed mutagenesis of pyrrolysine. We have also continued our work on the 
function of RamA, an activation protein for the methyltransferase proteins.  

(1) Reduction of MtbB (DMA methyltransferase) reveals an 
essential role for pyrrolysine imine bond. Previously, we had 
shown that borodeuteride treatment of the MtbB (the DMA 
methyltransferase) inhibits CoM methylation by MtbB, MtbC (the 
DMA corrinoid protein), and MtbA (the CoM methylase). In this 
period we confirm that, with 90% of MtbB sequenced, pyrrolysine 
was the only residue modified. We further found that MtbB treated 
with borodeuteride lost the ability to methylate cob(I)alamin. We 
used this assay to perform an active-site titration of MtbB, and 
found that the ratio of deuterated pyrrolysyl-peptide to non-
deuterated pyrrolysyl-peptide correlated inversely with the 
methylation activity. This is strong evidence that pyrrolysine is a 
requirement for activity of the DMA methyltransferase.  

 

(2) Site directed mutagenesis of MtbB and MttB. A major 
advance of this project period has been the development of a system for site-directed mutagenesis of 
the DMA and TMA methyltransferases in a recombinant methanogen host. We have cloned both 
methyltransferases from M. barkeri and expressed them in Methanosarcina acetivorans. We have 

 
Fig. 1. Active site titration of MtbB 
with borodeuteride. Loss of the imine 
bond of pyrrolysine correlates with the 
loss of methylation activity.  
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purified both methyltransferases and found they can comprise up to 1% of the total protein in M. 

acetivorans. We have also performed site-directed mutagenesis of each protein, and replaced the 
pyrrolysine residue with alanine. Our preliminary experiments have indicated that loss of 
pyrrolysine in both the DMA and TMA methyltransferase severely compromises CoM methylation. 

 

(3) RamA mediates reduction of methylamine 
corrinoid proteins to the Co(I) state.  We have 
purified a not-previously described protein from M. 

barkeri that is named RamA. RamA is capable of 
activating the MMA, DMA and TMA 
methyltransferase reactions. RamA is a 60-kDa 
monomeric iron-sulfur protein. The ramA gene 
encodes a C-terminal ferredoxin domain, which is 
consistent with iron and acid-labile sulfide analysis, 
and is found in a cluster of genes encoding the genes 
necessary methylamine metabolism. We have now 
shown that purified RamA can reduce purified either 
MtmC and MtbC to the Co(I) state in an ATP-
dependent reaction. RamA is part of a recognized 
group of proteins called COG3894, which is 
annotated as electron-transfer proteins of unknown 
function.  We have surveyed the genomes and found 
the majority of COG3894 members are found near 
genes for corrinoid-dependent methyltransferases. 
RamA provides the first functional member of this 
COG, suggesting that we have identified a large family of corrinoid protein reductases. RamA will 
be useful in probing the function of pyrrolysine in the methylamine methyltransferases.  
 

Science objectives for 2008-2009: 

• We are currently cloning RamA for expression in E. coli and M. acetivorans in order to test if 
this protein alone is sufficient for corrinoid protein reduction.  

• We are conducting further tests of the effects of alanine replacements of pyrrolysine with the 
DMA and TMA methyltransferases. These will include MMA, DMA and TMA binding by the 
mutant methyltransferases, cob(I)alamin methylation, and the methylation of the cognate 
corrinoid proteins.  

• In collaboration with Michael Chan, we recently obtained the crystal structure of the 
TMAmethyltransferase, this has revealed residues surrounding pyrrolysine that we intend to also 
target for site directed mutagenesis.  

References to work supported by this project: 
1. J.A. Soares, L. Zhang, R.L. Pitsch, N.M. Kleinholz, R. B. Jones, J.J. Wolff, J. Amster, K.B. Green-

Church, and J.A. Krzycki. 2005. The residue mass of L-pyrrolysine in three distinct methylamine 
methyltransferases. J. Biol. Chem. 280:36962-36969.  

2. W. Gong, B. Hao, Z. Wei, D.J. Ferguson Jr., T. Tallant, J.A. Krzycki, and M.K. Chan. 2008. Structure of 
the 2 2 Ni-CODH component of the M. barkeri ACDS complex. PNAS:105(28):9558-63.  

3. T. Ferguson, J.A. Soares, T. Lienard, G. Gottschalk, and J. A. Krzycki. RamA, a protein required for 
activation of corrinoid-dependent methylamine methyltransferase reactions in methanogenic Archaea. 
2008.  (submitted, J. Biol. Chem.) 

 
Fig. 2. RamA mediated reduction of Co(II)-
MtmC to Co(I).  
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Osmoregulation in Methanogens 
Mary F. Roberts, Principal Investigator  
Merkert Chemistry Center, Boston College, Chestnut Hill, MA 02467 
Email: mary.roberts@bc.edu;  Web:www.bc.edu/schools/cas/chemistry/faculty/roberts.html 
Collaborators:  Dr. Scott Miller, Yale University, New Haven, CT 06520 

Dr. Boguslaw Stec & Dr. Andrei Osterman, The Burnham Institute, La Jolla CA 92037  
Dr. Mikhail Bubunenko & Dr. Donald L. Court, NCI-Frederick, N.I.H., Frederick MS 2170 

Overall research goals: Our research objectives are (1) to characterize, using NMR and MS 
methods, how small molecule solute pools (the ‘osmotisome’) in methanogens (and closely related 
bacteria) are controlled in the response to osmotic and thermal stress; (2) to obtain structures for key 
enzymes involved in unusual solute production; and (3) to explore the mechanism by which several 
of the unique solutes act as thermoprotectants for different enzymes.  

Significant achievements in 2006-2008: Isotope-edited NMR studies have been finished of stress-
induced solute synthesis in the mesophile Mehanococcus maripaludis (α-glutamate and Nε-acetyl-
β-lysine) and in the hyperthermophile Methanocaldococcus jannaschii (α- and β-glutamate). In 
both organisms, hyperosmotic stress induces a rapid synthesis of α-glutamate. However, synthesis 
and accumulation of the β-amino acid solute depended on the organism. M. maripaludis exhibited a 
0.5 to 1 generation time lag in 13C uptake into Nε-acetyl-β-lysine, and used α-glutamate as a 
temporary solute. M. jannaschii synthesized both glutamate isomers, but only after a lag time. There 
was also an increase in α-glutamate turnover as it was fixed into macromolecules. In the 
hyperthermophile, heat stress caused a readjustment of α- to β-glutamate ratios with export or 
metabolism of the β-glutamate. In M. jannaschii the trends in the small molecule pool were also 
connected to changes in the mRNA coding for selected enzymes likely responsible for the synthesis 
of different osmolytes. Solute synthesis in Thermotoga maritima in response to osmotic and heat 
stress was also monitored (using mass spectrometry as well as NMR) since this was the optimal 
organism for exploring DIP biosynthesis. 

A major accomplishment was the identification, cloning, and overexpression of the enzymes in the 
pathway for biosynthesis of di-myo-inositol-1,3’-phosphate (DIP) where D-glucose-6-phosphate is 
converted to a phosphorylated form of DIP and then DIP (Figure 1). This work was done with 

collaborators at The Burnham Institute. A bioinformatics analysis 
sorted DIP-accumulating organisms into two classes: those like T. 
maritima that use four separate enzymes (IPS (inositol-1-phosphate 
synthase) to form L-inosito1-P from D-glucose-6-P, IMP-CT (CTP:I-
1-P cytidylyltransferase) to activate I-1-P by forming CDP-inositol, P-
DIPS (P-DIP synthase) which condenses L-I-1-P and the CDP-I to 
form 1’-phospho-di-myo-inositol-1,3’-phosphate (P-DIP), and 
inositol monophosphatase (IMPase) that removes the 
phosphomonoester to generate DIP), and those like Archaeoglobus 
fulgidus that combine the IMP-CT and P-DIPS into a single 
membrane-bound fusion protein. In T. maritima the genes for the IPS, 
IMP-CT and P-DIPS are arranged in an operon; the gene for the 
IMPase is also nearby. We have also solved the structure of the 
IMPase from T. maritima. This tetramer occupies an interesting niche 
as an intermediate between allosterically regulated FBPase enzymes 
and the dimeric IMPases. 

Figure 1. Novel steps in the biosynthetic pathway for DIP in T. maritima: D-glucose-6-P is first converted to L-inositol-1-
P, which in turn is activated to CDP-inositol (CDP-I) by IMP-CT; P-DIPS condenses L-I-1-P with CDP-I to form a 
phosphorylated precursor of DIP (P-DIP); the P-DIP is then hydrolyzed to DIP by IMPase. 

P-DIPS 
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We have initiated RT-PCR studies of selected mRNA in T. maritima to investigate possible 
transcriptional regulation of DIP biosynthesis. We devised primers for the mRNA from the four 
genes in the DIP pathway along with primers for mRNA from glnA, glutamine synthetase, as a 
housekeeping activity (reasonable here since none of the osmolytes have nitrogen in them), and 
from a gene for a lysine aminomutase (lam). Although T. maritima does not make Nε-acetyl-β-
lysine it does generate mRNA for the enzyme that converts α-lysine to β-lysine. Both increased salt 
and heat stress dramatically increase ips message with much smaller effects on mRNA for other 
DIP enzymes. The increase in DIP accumulation paralleled the timescale for ips mRNA increase. T. 
maritima does not make inositol-containing lipids (as far as we can detect), so the IPS is a logical 
step for transcriptional regulation of carbon flow into DIP biosynthesis. In contrast, A. fulgidus does 
use inositol lipids in its membranes, so the transcription of IPS can not be the target for regulation of 
DIP accumulation. For that hyperhtermophilic archaeon, we could show that the temperature 
dependence of the IMPase Km for I-1-P could contribute to controlling DIP biosynthesis. Below 
75oC, the Km for substrates was 10-20 fold higher than above 80oC, ensuring any P-DIP synthesized 
would not be rapidly converted to DIP. 

We have also finished the synthesis of L,L- and L,D-DIP compounds (in collaboration with Dr. Scott 
Miller at Yale), and are presently exploring the ability of these pure solutes to protect enzymes from 
thermal denaturation. Compatible solutes act as chemical chaperones by allowing proteins to 
partially unfold but not irreversibly. When the temperature is decreased and in some cases, 
substrates or other ligands added, the protein can adopt a native conformation and regain activity. 

Science objectives for 2008-2009:  

• Thermoprotection studies of A. fulgidus IMPase, E. coli IMPase (for which we have determined 
a structure and explored its function in E. coli, which doesn’t make inositol compounds), and 
RNase (assessed by residual enzyme activity, CD analysis of secondary structure, and 
fluorescence to monitor tertiary interactions) using synthetic DIP; crystallization of  IMPase with 
DIP added to assess any specific interactions.   

• Further RT-PCR studies of DIP biosynthetic enzymes in T. maritima under different stress 
conditions. RT-PCR studies looking at mRNA for the IPS, IMPase and IMP-CTP/P-DIPS fusion 
enzyme in A. fulgidus. 

• Crystallization of the T. maritima IMP-CTP enzyme. 

References (published) to work supported by this project 2006-2008: 
1. M. F. Roberts, “Characterization of organic compatible solutes of halotolerant and halophilic organisms,” 

Meth. Microbiol. 35, 615-647 (2006). 
2. M. F. Roberts, “Inositol in bacteria and archaea,” Subcell. Biochem. 39, 103-133 (2006). 
3. Y. K. Wang, A. J. Morgan, K. A. Stieglitz, B. Stec, B. Thompson, S. J. Miller, and M. F. Roberts, 

“Temperature dependence of the inositol monophosphatase Km correlates with di-myo-inositol-1,1’-
phosphate accumulation in Archaeoglobus fulgidus,” Biochemistry 45, 3307-3314 (2006).  

4. D. A. Rodionov, O. V. Kurnasov, B. Stec, Y. Wang, M. F. Roberts, and A. Osterman, “Genomic 
identification and in vitro reconstitution of a complete biosynthetic pathway for the osmolyte di-myo-
inositol phosphate,” Proc. Natl. Acad. Sci. U.S.A. 104, 4279-4284 (2007). 

5. K. A. Stieglitz, M. F. Roberts, W. Li, and B. Stec, “Crystal structure of the tetrameric IMPase (TM1415) 
from the hyperthermophile Thermotoga maritima,” FEBS J. 274, 2461-2469 (2007).    

6. Y. K. Wang, K. A. Stieglitz, M. Bubunenko, D. L. Court, B. Stec, and M. F. Roberts, “The structure of 
the R184A mutant of the inositol monophosphatase encoded by suhB and implications its functional 
interactions in E. coli,” J. Biol. Chem. 282, 26989-26996 (2007). 
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Selenocysteine: Biosynthesis and Significance for Hydrogen Utilization  

Dieter Söll, Principal Investigator 
Dan Su, Postdoctoral Research Associate 
Michael Hohn, Postdoctoral Research Associate 
Department of Molecular Biophysics and Biochemistry, Yale University, 266 Whitney Avenue, New 
Haven, CT  06520-8114 
Email: dieter.soll@yale.edu;  Web: tRNA.chem.yale.edu/  

Collaborator:   Dr. Rudolf Thauer, Max-Planck-Institut für terrestrische Mikrobiologie, D-35043 
Marburg, Germany 

 
Overall research goals: The current project has two specific aims: (i) Significance of selenocysteine 
in the F420-reducing [NiFeSe] hydrogenase, and (ii) Selenocysteinyl-tRNA formation in archaea. 

 
Significant achievements since begin of the project in September 2007: Aim (i): The Sec residue 
(U391; U is the one letter code for selenocysteine, Sec is the three letter code) in Methanococcus 
maripaludis NiFeSe-hydrogense is located at the catalytic center of the enzyme. Together with three 
cysteines (C63, C66 and C394) it coordinates a nickel molecule. The goal of this project is to eluci-
date the role of Sec residue in the hydrogenase. The proposed experiments include deletion of both 
Fru and Frc operons in M. maripaludis; introduction of plasmid-borne Fru mutants into the double-
deletion cells; and characterization of the mutant hydrogenases. We have achieved the deletion of 
both Fru and Frc operons in M. maripaludis with a markerless deletion strategy developed by John 
Leigh (University of Washington, Seattle). Aim (ii): Continuing work (also partly supported by the 
National Institute for General Medical Sciences) we have characterized the two enzymes (PSTK 
and SepSecS) shown (Yuan, J., Palioura, S., Salazar, J. C., Su, D., O'Donoghue, P., Hohn, M. J., 
Cardoso, A. M., Whitman, W. B. and Söll, D. [2006] RNA-dependent conversion of phosphoserine 
forms selenocysteine in eukaryotes and archaea. Proc. Natl. Acad. Sci. USA 103, 18923-18927) to 
be involved in archaeal/eukaryal Sec formation. 
 
Science objectives for 2008-2009:  
• Aim (i): Finish deletion strains and first in vivo test of mutant hydrogenase.  
• Aim (ii): Isolation and characterization of complexes of PSTK, SepSecS and tRNASec 

 
References to work supported (in part) by this project since September 2007: 
1. K. Sheppard, J. Yuan, M. Hohn, B. Jester, K. M. Devine, and D. Söll, “From one amino acid to another: 

tRNA-dependent amino acid biosynthesis,” Nucl. Acids Res. 36, 1813-1825 (2008). 
2. Y. Araiso, S. Palioura, R. Ishitani, R. L. Sherrer, J. Yuan, H. Oshikane, N. Domae, J. DeFranco, D. Söll, 

and O. Nureki, “Structural insights into RNA-dependent eukaryal and archaeal selenocysteine formation,” 
Nucl. Acids Res. 36, 1187-1199 (2008).  

3. R. L. Sherrer, P. O'Donoghue, and D. Söll, “Characterization and evolutionary history of an archaeal 
kinase involved in Sec-tRNASec formation,” Nucl. Acids Res. 36, 1247-1259 (2008). 

4. R. L. Sherrer, J. Ho, and D. Söll, “Divergence of selenocysteine tRNA recognition by archaeal and 
eukaryotic O-phosphoseryl-tRNASec kinase,” Nucl. Acids Res. 36, 1871-1880 (2008). 

5. J. Yuan, K. Sheppard, and D. Söll, “Amino acid modifications on tRNA,” Acta Biochim. Biophys. Sin. 
(Shanghai) 40, 539-553 (2008). 
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Attachment of Living Cells to Material Surfaces Through DNA-Based Linkages 
  

Matthew B. Francis, Principal Investigator  
Carolyn R. Bertozzi, Richard A. Mathies, and Jay Groves, Co-Principal Investigator  
P.O. Box 123, Berkeley National Laboratory (LBNL), Berkeley, CA 94720 
Email: francis@cchem.berkeley.edu;  Web: http://wasabi.cchem.berkeley.edu/  
Collaborators:   Daniel A. Fletcher, University of California at Berkeley, Berkeley, CA  

 

Overall research goals: A powerful new technique has been developed for the attachment of 
virtually any cultured mammalian cell to material surfaces through the intermediary of DNA 
hybridization. Advances in surface printing techniques have allowed the generation of complex 
patterns and the recruiting of cells to electrode surfaces. The research objectives are to expand this 
method to encompass all cell types through the direct attachment of DNA strands to their native 
surface functional groups. Hydrogen producing photosynthetic organisms will then be immobilized 
into micropatterned fuel cells to study environmental influences on energy production and cell 
survival. Cardiac myocytes will be studied to determine the influence of spatial arrangement and 
colony size on collective synchronous contraction behaviour.  

Significant achievements in 2006-2008: Increasing the Efficiency of Substrate Printing. In our 
preliminary studies, we prepared material substrates through the exposure of thiol-terminated DNA 
strands to gold surfaces. While this yielded sufficient coverage to confirm cell adhesion, we only 
obtained a low coverage of cells on the metal surfaces. At the beginning of this cycle, we adapted a 
previously reported DNA printing strategy that relied on a reductive amination reaction. The full 
collaboration of the Francis, Bertozzi, and Mathies groups has been absolutely crucial to the success 
of these efforts. In this method, aldehyde-coated surfaces are treated with solutions of amine-labeled 
DNA strands that have been applied using pipets, microinjectors, micropatterned stamps, or ink jet 
printers, Figure1a. After heating the sample to evaporate the solvent and drive imine formation, the 
substrates are exposed to aqueous solutions of NaBH4 to reduce the imine linkages to stable amine 
groups. This process permanently links the DNA strands to the surface with high efficiency, as can 
be confirmed through hybridization to fluorescent strand complements. In locations that lack the 
DNA strands, the borohydride treatment step serves to reduce the aldehydes to simple alcohol 
groups.  
 
Attachment of Living Cells to AFM Cantilevers. In principle, the reductive amination procedure for 
DNA printing could be extended to any aldehyde-coated surface, allowing a number of physical 
probes to be attached to cell surfaces. As a particularly useful example, we have attached the 
aldehyde groups to the thin silica layer that coats the surface of silicon nitride AFM cantilevers, 
Figure 1b. Subsequent DNA strand attachment has been carried out using the reductive amination 
strategy detailed above, as has the attachment of concanavalin A and anti-CD3 antibodies. In the 
case of DNA-mediated attachment, we have found that the resulting AFM tips bind to live cells 
bearing the complementary sequences within 5 seconds of contact. The cells can then be lifted from 
the surface and moved to new locations with exquisite positional control. Interestingly, the cells can 
be transferred to new surfaces bearing longer DNA sequences, so that the complementary regions 
form greater overlap than that experienced with the AFM cantilever. Again, only 5 seconds are 
required for the transfer to take place. Figure 1c shows a pattern of cells that was produced using 
this one-cell-at-a-time transfer technique. We have found that a single AFM tip coated with DNA 
strands can be reused over 200 times with no apparent loss in cell binding ability, highlighting the 
reversibility advantage of DNA hybridization. 
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Figure 1. (a) Improved DNA printing techniques have increased cell binding efficiency. A reductive amination strategy 
is now used to attach amine-terminated DNA strands to surfaces coated with aldehydes. (b) By attaching a shorter DNA 
strand (13 bases) to a cantilever and a longer strand (20 bases) to the glass slide, a single living cell can be transported by 
the AFM and directly printed at a desired location on the glass slide. This process is shown stepwise for the formation of 
a single pattern of cells in (c).  

Science objectives for 2008-2009:  

• Expansion of the DNA Modification Technique to Include All Cell Types. In initial experiments 
we have found that this can be accomplished through the preparation of DNA-NHS ester 
conjugates, which modify lysine residues on the surface of mammalian cells.  

• Incorporation of Photosynthetic Organisms into Device Platforms. In the next cycle, we will use 
direct cell surface modification techniques to expand significantly the types of cells that can be 
incorporated into device formats.  

• Using Patterned Surfaces to Generate Artificial Symbiotic Systems. As the DNA-based 
attachment strategy continues to become more general, new opportunities will arise for the 
intimate juxtaposition of cell types that have not been in contact previously.  

 

References to work supported by this project 2006-2008: 
1. Chandra, R. A., E. S. Douglas, R. A. Mathies, C. R. Bertozzi, and M. B. Francis. 2006. Programmable 

cell adhesion encoded by DNA hybridization. Angew Chem Int Ed. 45:896-901. 
 
2. Douglas, E. S., R. A. Chandra, C. R. Bertozzi, R. A. Mathies, and M. B. Francis. 2007. Self-assembled 

cellular microarrays patterned using DNA barcodes. Lab Chip. 7:1442-1448. H. J. Nilsson, T. Tyliszczak,  
 
3. Hsiao, S. C., A. Crow, W. A. Lam, C. R. Bertozzi, D. A. Fletcher, and M. B. Francis. 2008. DNA coated 

AFM cantilevers for the investigation of cell adhesion and the patterning of live cells. Angew. Chem Int 
Ed. 47:in press. 
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Defense Responses Affecting Resistance to Alternaria brassicicola 
Jane Glazebrook, Principal Investigator  
Christopher J. Botanga, Postdoctoral Research Associate  
Department of Plant Biology and Center for Microbial and Plant Genomics, 250 BioScience Center, 
1445 Gortner Ave., Saint Paul, MN 55108  
Email: jglazebr@umn.edu;  Web: http://www.cbs.umn.edu/plantbio/faculty/GlazebrookJane/  

Collaborators:  Dr. Oliver Fiehn, UC Davis, Davis, CA 
Dr. Barbara Halkier, Copenhagen University 
Dr. Erich Glawischnig, Technical University of Munich 
Dr. Morten Petersen, Copenhagen University 

Overall research goals: The goals of our project funded from 9/2005 to 9/2006 were to study plant 
defenses important for resistance to necrotrophic plant pathogens, using the Alternaria brassicicola 
– Arabidopsis thaliana model system.  We focused on synthesis of camalexin, a phytoalexin 
produced by Arabidopsis that is important for resistance to A. brassicicola, and on the roles of genes 
and metabolites identified in expression profiling and metabolite profiling projects.   

Significant achievements in 2006-2008: We identified a cytochrome P450 monoxygenase, 
CYP71A13, which is required for camalexin synthesis.  Mutations in this gene compromised 
resistance to A. brassicicola.  In collaboration with Barbara Halkier of Copenhagen University and 
Erich Glawischnig of the Technical University of Munich, we found that CYP71A13 catalyzes the 
conversion of indole acetaldoxime to indole acetonitrile in the camalexin biosynthetic pathway.  
This work has been published, and will not be described on the poster.   

In a reverse genetic study of the roles of A. brassicicola-induced genes in resistance, we found that 
loss of the transcription factor WRKY33 resulted in greatly reduced camalexin levels after infection 
by A. brassicicola or the bacterial pathogen Pseudomonas syringae.  Plants with wrky33 mutations 
also had reduced expression of CYP71A13 and another gene encoding an enzyme involved in 
camalexin synthesis, PAD3.  We collaborated with the group of Dr. Morten Petersen, who found 
that WRKY33 binds to the PAD3 promoter. It also interacts with MKS1, a protein that interacts 
with MAP kinase 4.  This work has been published and will not be described on the poster. 

In collaboration with Dr. Oliver Fiehn, we carried out metabolite profiling of plants infected with A. 
brassicicola.  While levels of many metabolites were altered during infection, few of these changes 
were affected by defense signaling mutants blocking the salicylic acid, jasmonic acid, or ethylene-
dependent pathways, suggesting that other signals have a major role during the response to A. 
brassicicola.  The metabolites that underwent changes in concentration during infection included 
several sugar alcohols.  We found that application of mannitol or myo-inositol together with fungal 
spores increased plant susceptibility. This was not due to provision of a carbon source to the fungus, 
as application of glucose had no effect. Wild-type Arabidopsis plants are resistant to A. brassicicola.  
In response to fungal attack, they produce reactive oxygen species (ROS) at the site of attack.   
Using diaminobenzidine staining, we found that the concentration of ROS was greatly reduced in 
the presence of mannitol or myo-inositol.  Necrotrophic fungi are known to produce mannitol, 
which can function as an antioxidant. The Arabidopsis genome encodes several mannitol 
dehydrogenases.  Mutations in one of these genes, ELI3-2, resulted in increased loss of chlorophyll 
during A. brassicicola attack, although fungal growth was not affected. Our results suggest that 
mannitol produced by the fungus promotes fungal growth by functioning as an anti-oxidant while 
removal of mannitol by plant mannitol dehygrogenases promotes resistance. This work will be 
described on the poster.   
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Science objectives for 2008-2009:  

• Several mutants in which resistance to A. brassicicola is compromised have been identified 
using reverse genetics.  These will be characterized using expression profiling and other 
approaches in an effort to understand factors important for resistance to A. brassicicola.  

• Some proposals for improving cellulosic ethanol production involve producing plants with 
altered cell walls.  Some cell wall alterations have deleterious effects on disease resistance.  We 
will collect Arabidopsis mutants with altered cell walls and test them for defects in resistance to 
a panel of pathogens.  The results are expected to allow predictions of how particular cell wall 
alterations are likely to affect disease susceptibility. 

References to work supported by this project 2006-2008: 
1. Qiu, J.-L., Fiil, B.K., Petersen, K., Nielsen, H.B., Botanga, C.J., Thorgrimsen, S., Palma, K., Suarez-

Rodriguez, M. C., Sandbech-Clausen, S., Lichota, J., Brodersen, P., Grasser, K.D., Mattsson, O., 
Glazebrook, J., Mundy, J., and Petersen, M.  Arabidopsis MAP Kinase 4 Regulates Gene Expression Via 
Transcription Factor Release in the Nucleus.  EMBO J., in press. 

2. Nafisi, M., Goregaoker, S., Botanga, C.J., Glawischnig, E., Olsen, C.E., Halkier, B.A. and Glazebrook, J.  
Arabidopsis Cytochrome P450 Monooxygenase 71A13 Catalyzes the Conversion of Indole-3-
Acetaldoxime in Camalexin Synthesis.  Plant Cell 19:2039-2052 (2007). 

22



Engineering metabolism of phenolics with transcription factors
Erich Grotewold
Dept. of Plant Cellular and Molecular Biology and Plant Biotechnology Center, 206 Rightmire Hall,
1060 Carmack Rd. Columbus, OH 43210
Email: grotewold.1@osu.edu;
Web: http://www.biosci.ohio-state.edu/pcmb/osu_pcmb/faculty_sites/Erich/index.html

Collaborators: Dr. John Gray, University of Toledo, Toledo, OH.

Overall research goals: The research objectives are to establish the function of a group of maize
R2R3-MYB genes (the R2R3-MYBP-toA clade) in the regulation of phenolics compounds in maize,
using a combination of gain- and loss-of-function approaches. In addition, we will identify the
genes that these R2R3-MYB regulators control with the broader objective to better define the
biosynthetic pathways that lead to the formation of various phenylpropanoids in maize.

Significant achievements in 2007-2008: We have identified three additional members of the R2R3-
MYBP-toA (bringing the currently available to 6 from the 10 total previously predicted to be present
in maize). For ZmMYB-IF35 and ZmMYB-IF25, we have generated p35::IF35 and p35S::IF25
constructs, which are ready for transformation into maize maize Black Mexican Sweet cells and
plants. We are in the process of generating similar constructs with the pUbi promoter. We have
completed the construction of dsRNAi constructs for both of these TFs, and constructs have been
submitted maize transformation.

The systematic analysis of the promoters of all the genes in the maize phenylpropanoid pathway
have been initiated. Based on the maize genome sequences being released, we are identifying and
cloning the promoters (1 - 2 kb upstream of the transcription start site when known, otherwise from
the ATG) of these genes. This analysis is central for the identification of targets for these TFs using
chromatin immunoprecipitation (ChIP).  In addition, we are cloning these promoters in yeast
vectors to carry out yeast one-hybrid analyses, in case that we need to identify additional regulators.
So far, promoters for 14 genes have been cloned and several others are in progress. We have
standardized ChIP methods for maize using epitope-tagged transcription factors, and using
antibodies against the endogenous regulators. Antibodies against ZmMYB-IF35 and ZmMYB-IF25
are currently being generated using as antigens protein fragments unique for each of the two
proteins.

Science objectives for 2008-2009

• Generation of dsRNAi and over-expression constructs for other R2R3-MYBP-toA genes.
Transformation into maize plants.

• Identification of direct targets for ZmMYB-IF35 and ZmMYB-IF25 by ChIP

• Analysis of gain- and loss-of-function ZmMYB-IF35 and ZmMYB-IF25 transgenic maize
plants

References to work supported by this project 2007-2008:
1. Grotewold, E. "Transcription factors for predictive plant metabolic engineering: Are we there yet?"

Curr. Opin. Biotech. 19, 138-144 (2008).
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Exploration of phenylpropanoid regiospecific O-methylation and 
engineering of novel monolignol 4-O-methyltransferases to probe lignin 

biosynthesis 
 

Principal Investigator: Chang-Jun Liu 
Postdoc: Mohammed W. Bhuiya   

Biology Department, Brookhaven National Laboratory (BNL), Upton, NY 11973 
Email: cliu@bnl.gov; Web: http://www.biology.bnl.gov/plantbio/liu.html 

 
Overall research goals: Our research objectives are to explore the molecular mechanisms of the 
regiospecific methylation of phenylpropanoid O-methyltransferases by applying a structure-
based protein engineering approach, thereby, to create a set of novel monolignol 4-O-
methyltransferases that will introduce the non-natural precursors to lignin biosynthesis in 
planta, and subsequently, to explore the perturbation or disruption on plant cell wall 
lignification.   

Significant achievements in 2007-2008:  

In order to explore the nature of phenolic O-methyltransferase in substrate preference and regio-
selective methylation, we isolated two caffeic acid 3-O-methyltransferases (COMTs), and three 
phenylpropene 4-OMT homologues from poplar and basil, respectively. Together with the 
collection of phenylpropene 4-O-methyltransferases from Clarkia and sorghum, we determined or 
re-evaluated their transmethylation activities on a range of phenylpropenes, monomeric phenolics, 
and monolignols using highly sensitive LC-MS to characterize the products. A functional plasticity 
of those phenylpropene 4-O-methyltransferases and lignin 3/5-O-methyltransferases were observed. 
Subsequently, we initiated crystallization on phenylpropene 4-O-methyltransferases from both 
Clarkia and sorghum.  

As the high similarities between Clarkia phenylpropene 4-O-methyltransferase and COMTs of 
poplar and alfalfa, we conducted protein homology modeling and substrate docking analyses on 
both Clarkia and poplar enzymes based on the alfalfa COMT’s crystal structure (PDB code: 
1KYW); and we identified seven amino acid residues different in the active sites of two types of 
enzymes, we then conducted the rational mutagenesis to evaluate the roles of those amino acid 
residues in governing their regio-selectivity and substrate discrimination. Subsequently, we initiated 
saturation mutagenesis with targeting on each of the identified amino acid residues of both Clarkia 
and poplar enzymes, and created a large number of mutant variants. In order to functionally screen 
the created mutants, we developed a cost effective colorimetric assay method for quick determining 
the activity of phenolic O-methyltransferases. Together with highly sensitive LC-MS and radio-
activity detection, we established a throughput mutagenesis-function screening procedure and 
examined a number of mutant libraries harboring the signal site saturation mutation. Successfully, 
we obtained a few mutant variants showing activity of 4-O-methyaltion of monolignols.  

Science objectives for 2008-2009:  

• We will perform homology modeling and docking analysis and the detailed biochemical 
determination for the obtained novel mutant enzymes, i.e., monolignol 4-O-methyltransferases; 
by comparing to the wild type parental enzyme, we will probe the mechanistic disparity of 
regio-specificity and extract information to guide the further mutagenesis to improve the enzyme 
catalytic efficiency.   
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• We will continue to create and screen the saturation mutants of phenylpropene 4-O-
methyltransferases and lignin 3/5-O-methyltransferases. The obtained single site mutant 
enzymes will also be used as template for the next round mutagenesis on the remaining other 
residues.  

• Meanwhile, we will initiate DNA family shuffling to create chimeric phenolic O-
methyltransferase genes. The random chimeragenesis will be performed using different pairs of 
phenolic O-methyltransferases that exhibit distinct regio-specificity and substrate preferences.  

• We will continue to perfume the crystallization and structural determination on phenylpropene 
OMTs. The diffraction patterns of the generated crystals will be detected and crystallization 
condition will be optimized. The crystals in complex with different substrates will be generated 
and determined. Meanwhile, we will crystallize the created novel mutant variants that exhibit 
activities for O-methylation of monolignols to fully elucidate the mechanisms governing their 
distinct regio-specific methylation and substrate specificity. 

• We will generate transgenic tobacco and Arabidopsis plants toward evaluating the effects of the 
novel mutant enzymes on lignin biosynthesis. Whenever they are available, the created 
monolignol O-methyltransferase genes will be inserted into plant expression vectors driven either 
by the constitutive promoter or xylem-specific promoter.      

References to work supported by this project 2006-2008 

Bhuiya, M. W., and Liu, C.-J. (2008) A cost-effective colorimetric assay for characterizing phenolic 
O-methyltransferases. Analytical Biochemistry (under revision)   
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Secondary Wall Formation in Fibers 
 
Zheng-Hua Ye, Principal Investigator 
Department of Plant Biology, University of Georgia, Athens, GA 30602 
Email: zhye@plantbio.uga.edu; Web: www.plantbio.uga.edu/~zhye/zhye.html 
 
Overall research goals:  The goal of this DOE-funded project is to study the molecular mechanisms 
underlying secondary wall formation. Secondary walls are the major constituent of tracheary elements 
and fibers in wood, which is the most abundant biomass produced by plants. Understanding how 
secondary walls are produced would not only contribute to our knowledge of basic plant biology but also 
have economic and environmental implications because wood is the most environmentally cost-effective 
and renewable source of energy and widely used for lumber and pulping. We proposed to carry out the 
functional characterization of glycosyltransferases (GTs) involved in the biosynthesis of xylan, the second 
most abundant polysaccharide produced by plants, and of the regulatory genes controlling secondary wall 
synthesis. 
 
Significant achievements in 2006-2008:  We have uncovered key roles of several glycosyl-
transferases (GTs) in xylan biosynthesis and of transcription factors in regulating secondary wall 
biosynthesis. Xylan is composed of a linear backbone of (1,4)-linked β-D-xylosyl residues with 
substitutions of glucuronic acid, 4-O-methyl-glucuronic acid, and/or arabinose. The reducing end of xylan 
contains a distinct tetrasaccharide sequence. We found that the Arabidopsis GTs, including FRA8, IRX8, 
PARVUS, are required for the biosynthesis of the reducing end sequence of xylan, and another GT, 
IRX9, is essential for xylan backbone elongation. These findings provide important framework for 
assigning biochemical functions of various GTs in the different steps of xylan biosynthesis. We also 
discovered that the coordination of expression of genes involved in the biosynthesis of xylan together 
with cellulose and lignin during secondary wall formation is regulated by a cascade of transcription 
factors, including SND1 and MYB46. This finding marks an important step toward molecular dissection 
of transcriptional networks regulating wood formation. 
 
Science objectives for 2008-2009: 

- Our findings that FRA8, IRX8, IRX9, and PARVUS are required for xylan biosynthesis provide 
an unprecedented opportunity to uncover the biosynthetic pathway of xylan. We will continue to 
elucidate the biochemical functions of these glycosyltransferases. 

- Our findings that the NAC domain protein SND1 is a key transcriptional switch for the 
developmental program of secondary wall deposition and that MYB46 is a direct target of SND1 
led us to hypothesize that a transcriptional network is involved in the regulation of secondary wall 
biosynthesis. We will continue to investigate how SND1 and MYB46 regulate the biosynthetic 
pathways of secondary wall components. 

 
 
Figure 1. NAC genes are key switches for activation of secondary wall 
biosynthesis. (a) Phylogenetic relationship of secondary wall-associated 
NACs compared with a few other known NACs. (b) Ectopic deposition 
of helical secondary walls in leaf mesophyll cells (arrow) induced by 
overexpression of SND1. Note the normal vascular strand with helical 
secondary wall thickening (ve). (c) Cross section of a wild-type 
Arabidopsis inflorescence stem showing the lignified secondary walls 
(stained as red) of interfascicular fibers, vessels and xylary fibers. (d) 
Cross section of a stem of the snd1/nst1 double knockout line showing a 
complete loss of secondary wall thickening in interfascicular fibers and 
xylary fibers but no change in vessel walls. if, interfascicular fiber; pf, 
phloem fiber; ve, vessel; xf, xylary fiber. 
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Roles of Microtubule-based Motors in Plant Growth 
Bo Liu, Principal Investigator  
Motohide Ioki, Postdoctoral Research Associate  
Department of Plant Biology, University of California, Davis, CA 95616 
Email: bliu@ucdavis.edu; Web: http://www-plb.ucdavis.edu/labs/liu/  

Collaborators:  Dr. Julie Lee, University of California, Davis, CA 

Overall research goals: The long-term goal of this project is to understand how microtubule-based 
motor kinesins contribute to ordered synthesis and deposition of cellulose microfibrils during rapid 
cell enlargement in flowering plants. The immediate research objectives are to elucidate the role of 
Kinesin-13A in activities of the Golgi apparatus; to understand how Kinesin-4 members regulate 
cell elongation; and to characterize molecular mechanisms that regulate the interaction between the 
cellulose synthase complex and microtubules.  

Significant achievements in 2006-2008: The rapidly elongating cotton fibers have continuously 
allowed us to discover proteins like kinesins which may play critical roles in anisotropic cell 
enlargement. Among identified kinesin motors are members of the Kinesin-4 and Kinesin-13 
subfamilies. Functions of these motors began to be revealed by reverse genetics in Arabidopsis 
thaliana and fluorescent microscopy.  

There are three Kinesin-4 members encoded by the A. thaliana genome, AtKinesin-4A, -4B, and -
4C. Using promoter-GUS fusion, it was determined that Kinesin-4A and Kinesin-4C were highly 
expressed in the vascular tissue of expanding leaves, and in the root elongation zone. However, 
Kinesin-4B showed strong expression in the root apical meristem and lateral root primordia, and 
very little if any overlapping expression with the other two motors. Multiple alleles of T-DNA 
insertional mutations at the three kinesin loci have been isolated. While the kinesin-4a mutation 
significantly impaired shoot elongation, mutations of either kinesin-4b or kinesin-4c alone did not 
exhibit a noticeable growth defect. 
Possible redundant functions have 
been analyzed in homozygous 
double mutants. The most severe 
phenotype was detected in the 
kinesin-4a;kinesin-4c double mutant 
which exhibited an enhanced 
inhibition of cell elongation 
compared to the kinesin-4a single 
mutant. Moreover, the double 
mutant exhibited abnormal growth 
patterns of the leaf trichomes with 
stunted appearance and increased 
branches. 

Kinesin-13A is probably the most abundantly expressed kinesin in developing cotton fibers and 
cells in A. thaliana. Our earlier results have shown that this internal motor kinesin decorates Golgi 
stacks, and plays a critical role in regulating the initiation of new growth point during anisotropic 
cell expansion.  We started to dissect the functions of non-motor domains of Kinesin-13A in order 
to understand molecular mechanisms that regulate motile activities surrounding the Golgi apparatus, 
and consequently cell morphogenesis. When the N-terminus (K13AN) was expressed as a fusion 
protein with GFP and S-tag (K13AN-GFP-S), transgenic lines phenocopied the null kinesin-13a 
mutant in which the gene was inactivated by T-DNA insertions. This result supported the notion 
that over expression of K13AN alone created a dominant negative environment in which functions 
of the endogenous Kinesin-13A was significantly inhibited. Moreover, using an anti-GFP 

Figure 1. Growth phenotype exhibited by the kinesin4a; kinesin-4c 
double mutant. 

29



 
 

monoclonal antibody the K13AN-GFP-S fusion protein was detected exclusively at Golgi stacks. 
This line of evidence suggested that K13AN was likely the determinant for Kinesin-13A to be 
localized to the Golgi apparatus. Conversely, the K13AC-3XFLAG-S fusion did not exhibit an 
obvious localization pattern when probed with an anti-FLAG monoclonal antibody. However, the 
transgenic lines over-expressing K13AC-3XFLAG-S exhibited an enhanced phenotype compared 
to kinesin-13a null mutants, and increased trichome branches.  The K13AC-3XFLAG-S lines 
formed mini-branches on top of increased branches in leaf trichomes.  The data suggested to us that 
Kinesin-13A may function in controlling new growth points leading to trichome branches through 
interaction with one or more effector protein(s).  Over expression of K13AC might have inhibited 
the function of such an effector so that the inhibitory effect on trichome branching was alleviated to 
a higher degree than just knocking out Kinesin-13A. 

We have attempted to purify proteins which might be associated with K13AC-3XFLAG-S in 
transgenic lines.  An affinity chromatographic approach was applied using an anti-FLAG antibody 
column and an S-protein affinity column.  Proteins eluted from the anti-FLAG column using excess 
of 3XFLAG peptide had K13AC-3XFLAG-S greatly enriched.  K13AC-3XFLAG-S was further 
purified from eluted proteins via S-protein column.  With little contamination, K13AC-3XFLAG-S 
and a polypeptide of ~30-kDa were detected. The identity of this co-purified polypeptide will be 
determined using masses obtained by mass spectrometry.  

Science objectives for 2008-2009:  

• Functions of members of the Kinesin-4 subfamily will be further analyzed by determining their 
intracellular localization patterns using mono-specific antibodies to be purified from anti-sera.  A 
complementary experiment is to apply the epitope-tagging approach to express functional 
Kinesin-4 fusion proteins for localization using tag-specific antibodies.  

• We will examine how activities of the cellulose synthase CESA may be affected in various 
kinesin-4 mutants.  

• We aim to identify proteins which specifically interact with the N-terminus and the C-terminus 
of Kinesin-13A. Functions of the resulting proteins will be attempted by reverse genetics. 

References to work supported by this project 2006-2008: 
1. Alonso, J.M. and Stepanova, A.N. (2003) T-DNA mutagenesis in Arabidopsis. Methods Mol Biol, 236, 

177-188. 
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myosins. Plant Physiol, 136, 3877-3883. 
4. Lu, L., Lee, Y.-R.J., Pan, R. and Liu, B. (2005) An internal motor kinesin is associated with the Golgi 

apparatus and plays a role in trichome morphogenesis in Arabidopsis. Mol Biol Cell, 16, 811-823. 
5. Zhong, R., Burk, D.H., Morrison W Herbert, III and Ye, Z.-H. (2002) A kinesin-like protein is essential 

for oriented deposition of cellulose microfibrils and cell wall strength. Plant Cell, 14, 3101-3117. 
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Modification of Lignin by Protein-Crosslinking to Facilitate Production of Biofues from 
Poplar  

 
Ming Tien, Principal Investigator 
Haiying Liang, Co-Principal Investigator 
Nicole Brown, Co-Principal Investigator 
Fang Gong, Ph.D. student 
Yi Xu, Ph.D. student 
408 Althouse Laboratory, Penn State University, University Park, PA 16802 
Email: mxt3@psu.edu;  Web: http://www.bmb.psu.edu/faculty/tien/tien.html  

Overall research goals: The overall research goal is to develop poplar plants whose secondary cell 
walls exhibit little or no change in lignin quantity but whose wood will be more accessible to lignin 
extraction by pretreatment with proteases.  Research objectives include design of tyrosine-rich 
peptide genes, generation of transgenic hybrid poplar plants carrying the tyrosine-rich peptide 
genes, and characterization of transgenic plants in terms of fitness, cell wall structures, lignin 
digestibility, and small scale of ethanol production efficiency. 

Significant achievements in 2007-2008: A total of 28 transgenic lines were generated for our first 
tyrosine-rich peptide gene (Fig. 1). Characterization of the transgenic plants is in the process. 
Preliminary data indicate that the transgenics had no change in total lignin content or overall plant 
morphology relative to wildtypes (Fig. 2 and 3). Wood storage modulus was analyzed with a 
Dynamic Mechanical Analyzer DMA 2980 on wildtype and five transgenic poplar plants. Two 
different stem samples for each transgenic line were included, each from the same sapling. The 
preliminary data indicated reduced storage modulus in transgenic lines (Fig.4), except in transgenic 
line T22 (α=0.05, as tested by ANOVA with the Tukey pairwise comparisons test). Digestibility of 
the stem tissue was investigated by using a sequential treatment of protease K followed by 
cellulase/hemicellulase.  The concentration of reducing sugar in each sample was detected by 
tetrazolium blue method and represented as milligrams of reducing sugar per milliliter per gram of 
stem tissue. Seven transgenic lines were included, and there were at least two experimental repeats 
for each sampling plant. Of the lines being surveyed, two (lines T1 and T7) showed significant 
differences in the amount of sugar released from stem digestions pre-treated with protease K, 
relative to those without protease treatment (Fig. 5) (p=0.0017, 0.0380, respectively for T1 and T7).  
In one of these cases (line T1), the digestibility of the non-protease treated stem tissue was similar to 
the wildtypes.   

Base on the first construct being tested in poplar (Fig. 1), a new set of constructs have been made. A 
His-tag was fused to the tyrosine-rich gene (TRG) in the vector. The four different insertions are 
whole TRG gene with 15% tyrosine content, the first 276bp of TRG gene with 18% tyrosine 
content, the second 228bp of TRG gene with 17% tyrosine content, and a synthetic gene with 20% 
tyrosine content. Three of them have been transformed into Arabidopsis thaliana wild type, and T1 
seeds have been collected. 

              
Fig.1 A vector map of the pPAL:TYR. The TYR transgene was fused to a leader sequence derived from a lodgepole 
pine xylem b-glucosidase to direct secretion into the cell wall and a poplar phenylalanine ammonia-lyase gene 
(PAL2) promoter tofacilitate transgene expression in lignifying tissues. The map is not drawn to scale. 
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  Fig.2. Lignin content analysis from hybrid poplar wildtype 
and transgenic lines. Lignin was extracted from stem tissues 
by the Klason method (H2SO4 extraction) and lignin 
content was represented as percentage of stem dry weight. 
Bars are means l standard deviation (SD) of three biological 
replicates.

 

  
Figure 3. Histochemical staining of lignin of 
wildtype hybrid poplar and transgenic lines with 
(a) potassium permanganate and (b) 
phloroglucinol-HCl. Transverse stem tissue from 
internodes between leaf plastochron index 8 & 9 
(growth stages) were sectioned and stained. 

 
 

 

Fig.4. Dynamic mechanical analysis data showing 
storage modulus results from wildtype and transgenic 
hybrid poplar. Bars represent means ± standard 
deviation (SD). 

 
 
 
 
Fig. 5. Reducing sugar concentrations in stem 
tissue extracts of hybrid poplar “Ogy” wildtypes 
and transgenic lines.  For each line, a portion of 
ground tissue was incubated with sequential 
incubations of protease K followed by cellulase 
and hemicellulase (shaded bars), while another 
portion of tissue was incubated only with cellulase 
and hemicellulase (open bars).  Bars are means + 
SD of 2-3 replicates of individual saplings. 

Science objectives for 2008-2009:  
• Developing TMAH (Tetramethylammonium hydroxide) method to analysis our transgenic 

plant. First, we will conduct some polymerization assays in test tube with coniferyl alcohol 
which is a kind of monomer of lignin and tyrosine under the catalysis of peroxidase, and then 
the polymerization product was used to conduct TMAH thermochemolysis/GC-MS. With this 
experiment, we might figure out with what kinds of bonds tyrosine and lignin are binding; 

• Immuno-gold labeling TEM to locolize TRG at sub-cellular level. Antibody has been generated. 
After fixation, embedding, polymerization, staining and washing, specimens will be observed 
with TEM; 

• Pathogen and herbivore tests on the available transgenic poplar lines; 
• Characterization of the Arabidopsis plants transformed with the newly designed tyrosine-rich 

gene constructs;  
• Generation of transgenic poplar lines for the newly designed tyrosine-rich gene constructs.  
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Hydrogen Metabolism and Energy Conservation In Methanococcus maripaludis
John A. Leigh1, Principal Investigator
William B. Whitman2 and Murray Hackett3, Co-Principal Investigators
1Dept. of Microbiology, University of Washington, Box 357242, Seattle, WA 98195-7242
2Dept. of Microbiology, University of Georgia, Athens, GA 30602
3Dept. of Chemical Engineering, University of Washington, Seattle, WA 98195
Email: leighj@u.washington.edu;  Web: http://faculty.washington.edu/leighj/

Overall research goals: This research examines the enzymes and pathways in H2 metabolism in
methanogens, especially as they relate to energy conservation.  In addition, the metabolism of
formate, from which H2 is produced, is investigated.

Significant achievements in 2006-2008: Efforts were centered in three areas: global regulation by
H2, production of H2 during growth and methanogenesis from formate, and identification of protein
complexes that may function in energy conservation.

Transcriptomics on cells of Methanococcus maripaludis raised by continuous culture led to the
identification of genes that had increased expression with H2-limitation.  Continuous culture was
essential in order to maintain defined growth conditions.  H2 limitation was compared with two
other conditions, phosphate limitation and leucine limitation, while growth rate and cell density
were held constant.  The results showed that mRNA levels for genes encoding steps in
methanogenesis that involve the electron carrier F420 were uniformly increased with H2 limitation.

Growth and methanogenesis by M. maripaludis were studied using formate as electron donor.  The
oxidation of formate results in the reduction of F420.  Growing cultures produced H2, and genetic
studies indicated that H2 could be produced from reduced F420 by either of two pathways, direct
production by F420-linked hydrogenase or indirect production via reduced F420-utilizing methylene-
tetrahydromethanopterin dehydrogenase coupled to H2-forming methylene-tetrahydromethanopterin
dehydrogenase.  Resting cells produced H2 from formate at high rates.  Mutants that had decreased
rates of H2 production were unaffected in their rates of methane production, suggesting that H2 is
not a direct intermediate in methanogenesis from formate.

A critical energy-conserving step in methanogenesis is thought to be carried out by the enzyme
heterodisulfide reductase (HDR).  We initiated experiments to identify proteins that associate with
HDR and thus might also be involved in energy conservation.  Initial results indicated that two
additional enzymes of methanogenesis associate with HDR: non-F420 reducing hydrogenase and
formate dehydrogenase.  These observations suggest models in which protein complexing facilitates
electron flow from either H2 or formate to HDR.

Science objectives for 2008-2009:

• Generate mutants to test the roles of hydrogenases and other enzymes in electron flow and
energy conservation.  One focus will be to determine whether H2 is a required intermediate
during growth and methanogenesis on formate.

• Conduct additional experiments to identify protein complexes that may form with
heterodisulfide reductase and function in energy conservation.

• Implement the use of inverted membrane vesicles to monitor the generation of chemiosmotic
membrane gradients linked to pathways of electron flow.
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Photophysical Behavior of Single Antenna Proteins in Solution by Suppression of 
Brownian Motion  

W. E. Moerner, Principal Investigator 
Randall Goldsmith, Postdoctoral Research Associate 
Department of Chemistry, MC 5080, Stanford University, Stanford, CA 94305 
Email: wmoerner@stanford.edu;  Web: www.stanford.edu/group/moerner  

Overall research goals: Our primary research goal is to study the optical properties of 
photosynthetically relevant proteins at the single-molecule level without the use of a surface or host 
matrix that can significantly influence the molecule’s photophysics. Our measurements address 
fluorescence lifetime, photobleaching pathway, access to dark states and the molecule’s 
conformational dynamics.     

Significant achievements in from Sept. 2007 to 2008:  Recent efforts in our lab1 have resulted in the 
construction of a microfluidic device capable of compensating for the Brownian motion of a single 
fluorescent object in solution through the careful application of electrokinetic feedback forces, the 
Anti-Brownian ELectrokinetic or ABEL trap (Fig. 1).  The object is excited by a rotating laser beam 
which allows the particle’s position to be determined from analysis of the time modulation of the 
fluorescence signal.  The feedback loop is closed by voltages applied to the solution which 
counteract the object’s Brownian motion away from the trap’s center.  In this manner, objects down 
to a single chromophore can be confined in solution for essentially as long as they are capable of 
maintaining a fluorescent signal. Unlike laser tweezers which rely on optical forces on a large bead, 
here there is no need and much smaller objects can be trapped for study. 

 
   As a first test (Fig. 2), the ABEL trap has been successfully used to confine single copies of the 
biliprotein, B-Phycoerythrin (B-PE).  Importantly, replacement of a CW excitation source with a 
mode-locked pulsed laser (515nm) also allows trapping to be maintained.  In this manner, 
measurement of fluorescence lifetimes and Brownian motion cancellation were conducted 
simultaneously.  Time traces showing distinct fluorescent bursts from trapped molecules were 
accumulated, with long dwell times exhibiting one advantage of the ABEL trap over traditional 
open volume methods, such as Fluorescence Correlation Spectroscopy.  The use of Time Correlated 
Single Photon Counting allowed the arrival time of each photon to be recorded with respect to the 
excitation pulse.  By examining all photon arrival times over a trapped object’s dwell time, 
fluorescence lifetimes were extracted after fitting via a maximum likelihood algorithm and 
deconvolution of the instrument response.  Each burst was assigned a fluorescence lifetime and 
these lifetimes were used to populate a histogram, where the shape of the histogram can be used to 
identify heterogeneity normally obscured at the ensemble level.  The center value of the histogram, 
2.2±0.4 ns compares favorably with the literature ensemble averaged value of 2.5 ns. 

a ba b

Figure 1:  a) Schematic of the ABEL trap including rotating excitation laser and feedback electronics1. 
b) Cartoon of the microfluidic component of the ABEL trap including electrodes, excitation laser, and 
trapped fluorescent object at center 
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  We have initiated preliminary investigations of another biliprotein, the Allophycocyanin trimer 
(APC).  APC is a particularly interesting candidate for study with the ABEL trap, as previous 
single-molecule studies in different host media (agarose, polyvinaylalcohol, glass slide) 
demonstrated different sequences of photobleaching steps, suggesting that the medium has a 
significant impact on the protein’s conformation and electronic structure.  We also observed 
photobleaching steps upon examination of APC’s on glass slides.  The ABEL trap was utilized with 
CW and pulsed excitation, and data similar to Fig. 2 was recorded.  However, rapid photobleaching 
was observed.  To address this, we replaced the 515nm pulsed laser by pumping a non-linear 
photonic crystal fiber to generate a pulsed supercontinuum (SC).  The SC can be spectrally filtered 
to flexibly generate pulses over a wide spectral range.  515 nm pulses are at the blue edge of APC’s 
absorption spectra and are more likely to promote photodestructive pathways.  Generation of more 
spectrally appropriate 605 nm pulses was accomplished and their incorporation into the ABEL trap 
setup is underway.  

  Our immediate goal is to use the SC source to trap single APC and allow accurate determination of 
fluorescence lifetimes and identification of inhomogeneity across the ensemble.  We will add a 
second detector for measurement of the emission polarization anisotropy to allow us to explore 
rotational and conformational dynamics.  We will also label APC with a robust second 
chromophore and perform two-color excitation to enable trapping on the timescale of many 
seconds, the same timescale as the previous work on glass slides and in polymer hosts  

Science objectives for 2008-2009:  
• Complete the augmentation of the ABEL trap with the SC source and  investigate trapped APC’s 
• Measure polarization information and use it to study conformational dynamics of trapped objects 
• Build the capacity for two-color experiments and synthesize labeled photosynthetic proteins for 

long-time trapping experiments 

References to work supported by this project from Sept 2007 to present: 
1. A.E. Cohen and W.E. Moerner, “Controlling Brownian motion of single protein molecules and single 

fluorophores in aqueous buffer,” Opt. Express, 2008, 16(10), 6941-6956 
2. Y. Jiang, Q. Wang, A.E. Cohen, N. Douglas, J. Frydman, W.E. Moerner, “Hardware-based anti-Brownian 

electrokinetic trap (ABEL trap) for single molecules: Control loop simulations and application to ATP 
binding stoichiometry in multi-subunit enzymes,” appearing in Proc. SPIE, 7038(2008).  

Figure 2. a) Time-dependent emission trace of trapped B-PE (left) with fluorescence lifetimes 
associated with each burst (right). b) Plot of the arrival times of photons relative to the pump pulse 
arrival time with fit for the burst at 6500 ms.  c) Histogram of measured lifetimes with a Gaussian fit
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Title:  Integrating Cation Transport and pH across Endomembranes with the 
Secretory System 
 
Principal Investigator.  Heven Sze 
Dept Cell Biol & Mol Genetics, Bioscience Research Bldg, University of Maryland, 
College Park, MD 20742 
Email: hsze@umd.edu; URL: http://www.life.umd.edu/CBMG/faculty/sze/sze.html 
 
Collaborators:   Jeff Harper, Univ Nevada, Reno Nevada 
  Rajini Rao, J. Hopkins Univ., Baltimore, MD 
 
Overall research goals 
The overall goals are to understand how pH and ion, like Ca2+, are integrated with plant 
growth, reproduction and adaptation.  Endosomal membrane trafficking, including 
exocytosis and endocytosis, is now recognized to be integral to cytokinesis, cell 
expansion, cell polarity, guard cell movement, cell wall formation, and gravitropism; 
though little is known about the cellular and molecular bases for membrane trafficking.  
A fundamental question is: How do plant cells mediate exocytosis and endocytosis in a 
spatially- and temporally-regulated manner.  One working hypothesis: is that the 
process depends in part on regulation of both Ca2+ and pH dynamics.  Our studies have 
revealed the diversity of Ca2+-pumps in plants, and highlight the critical roles that H+ and 
Ca2+ play in plant growth and tolerance to stress.  One goal is to determine the role of 
cation/H+ exchangers that potentially regulate pH and K+ homeostasis, and understand 
how these transporters are integrated with guard cell movement and pollen tube 
guidance. 
 
Significant achievements in 2007-2008 
a) The function of a novel Ca2+/Mn2+ pump (AtECA3) was determined after functional 
expression of the gene in yeast and analyses of Arabidopsis mutants.  The results 
demonstrate that AtECA3 supports Ca2+-stimulated root growth and the detoxification of 
high Mn2+, possibly through activities mediated by post-Golgi compartments that 
coordinate membrane traffic and sorting of materials to the vacuole and the cell wall (Li 
X et al 2008).  

 
Figure 1. Ca2+-stimulated root growth is abolished in 
Ateca3 mutants. 
Seeds from wild-type (black circles), eca3-1b (white 
circles), and eca3-4 (white triangles) plants were 
germinated on plates containing half-strength MS with 
either no added Ca2+ or supplemented with Ca2+ to final 
concentrations of 0.1, 3, and 20 mM. Each experiment 
consisted of 20 seedlings per treatment. Primary root 
length was measured at 3 to 4 d. Data represent at least 
three independent experiments. 
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b)  We demonstrate the first functional study of a CHX gene. CHX20 was the only 
member of its family to be expressed in guard cells.  We provide genetic and 
biochemical evidence that this CHX protein plays a critical role in osmoregulation 
through K+ fluxes and possibly pH modulation of an active endomembrane system in 
guard cells.  (Padmanaban et al. 2007). 
c)  We show for the first time that CHX genes affect male sterility.  Pollen carrying T-
DNA insertions in two CHX genes fail to produce progeny.  Mutant pollen grain 
germinates and extends a tube, but fail to find the ovule, suggesting these transporters 
are involved in tube guidance and reorientation of polarized tip growth. (Lu Y & H Sze) 
 
Science objectives for 2008-2009 
We will define the cellular and biochemical bases for the osmoregulation of guard cells 
and for pollen tube guidance.  Both processes are likely mediated by coordinated 
membrane trafficking, including exocytosis and endocytosis.  As several CHX are 
localized to endosomes, we plan to determine the transport functions of selected CHX, 
test if they regulate intracellular pH using pH-sensitive reporters/dyes, and determine 
how activity is regulated.  If time permits, we want to identify potential partners that 
interact with the transporters as a step to understand how CHXs are integrated with 
signaling networks in guard cells and in pollen tubes. 
 
References to work supported by this project 
Sze H, Frietsch S, Li X, Bock KW, Harper JF (2006)  Genomic and Molecular Analyses 

of Transporters in the Male Gametophyte.  In ‘The Pollen Tube’ Ed. R. Malho.  Plant 
Cell Monograph 3, 71 Springer-Verlag. (prior DOE support) 

Bock KW, D Honys, JM. Ward, S Padmanaban, EP Nawrocki, KD Hirschi, D Twell, and 
H Sze (2006)  Integrating Membrane Transport with Male Gametophyte 
Development and Function through Transcriptomics.  Plant Physiol. 140, 1151-1168 

Padmanaban S, Chanroj S, Kwak J, Li X, Ward JM, Sze H.  (2007) Participation of an 
endomembrane cation/H+ exchanger AtCHX20 in osmoregulation of guard cells.  
Plant Physiol. 144(1): 82-93 

Li X, S Chanroj, Z Wu, SM Romanowsky, JF Harper, H Sze (2008).  A Distinct 
Endosomal Ca2+/Mn2+ Pump Affects Root Growth through the Secretory Process.  
Plant Physiol. 147(4):1675-89 
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Energy Transduction at the Plasma Membrane of Arabidopsis thaliana  
Michael R. Sussman, Principal Investigator  
Miyoshi Haruta, Postdoctoral Research Associate, Rachel Nelson, Graduate Student 
Biochemistry Dept. and Biotechnology Center, University of Wisconsin, 425 Henry Mall, Madison, WI 
53706 
Email: msussman@wisc.edu;   Web: http://www.biochem.wisc.edu/faculty/sussman/default.aspx 
Collaborators:  Dr. Carolyn W. Slayman, Yale School of Medicine, New Haven, CT 

Dr. Marisa Otegui, University of Wisconsin, Madison, WI  

Overall research goals: The plasma membrane of all plants and fungi is dominated by the function of a proton 
pump (H+-ATPase), comprised of a single Mr=100,000 dalton protein, which generates the electrochemical 
gradient that in turn drives the concentrative uptake and transport of all nutrients and other solutes. This 
protein is very similar to the sodium pump of animal plasma membranes.  Unlike animals, however, plants 
and fungi do not utilize a sodium gradient at the cell surface. Instead, plants and fungi use this pump to 
actively secrete protons out of the cell, and because all of the other transporters (carriers and channels) are 
coupled to the proton electrochemical gradient rather than the sodium gradient, the plasma membrane proton 
pump in plants and fungi is the primary active transport system. With this unique enzyme, plants and fungi 
are capable of creating one of the largest electric potentials found in nature, reaching minus 300 millivolts, 
negative inside. The proton pump of plants and fungi consumes as much as one third of all cellular ATP, a 
reflection of its extreme importance, particularly in metabolically active or rapidly dividing specialized cells, 
such as in the meristem, phloem, root hairs and guard cells. In plants, the proton gradient is also thought to 
play an important role in the function of the cell wall, although there is little direct genetic data confirming 
this potentially critical function. The research objectives in this project are to elucidate the in situ biological 
roles and mechanistic function of the plasma membrane proton pump in higher plants. We are using 
Arabidopsis thaliana as a model organism and our overall approach is to use genomic technologies, including 
reverse genetics and site directed mutagenesis, to create and study plants in which the proton pump has 
altered catalytic and regulatory properties. 
Significant achievements in 2006-2008: In all known plants, there is a large gene family encoding the plasma 
membrane proton pump and in Arabidopsis, this family contains eleven gene members (abbreviated AHA 1-
11, for Arabidopsis H+-ATPase genes).  We have focused most of our recent work on AHA's 1,2 and 3 since 
these collectively produce over 90% of the total pump protein in the plant. We have previously found that 
AHA3 is specialized for providing the proton gradient in sieve companion cells, one of the most 
metabolically active cells in the plant specialized for the function of long distance sucrose transport (Ref.1).  
This gene also provides an essential function for pollen development since homozygous knockouts are lethal 
for male gametogenesis (Ref.1). Although AHA1 and 2 are the most active AHA genes in terms of total 
RNA and protein abundance in vegetative tissue of roots, stems, flowers and leaves, single knockouts of 
either gene are healthy under a normal laboratory growing regime, although aberrant phenotypes can be 
detected under certain conditions (extremes of pH, temperature). In contrast, a plant containing null mutations 
in both genes has never been found, and our recent work has proven that this is because in the double mutant, 
embryo development is aborted at an early stage (Figure 1).  We have complemented the phenotype back to 
wildtype by transforming the double mutant with a wildtype gene, demonstrating that it is the lack of the 
AHA1 and AHA2 genes that is causing lethality, rather than some secondary mutation elsewhere in the 
genome.  This is an important result because not only is it the first genetic evidence for an essential function 
of this protein, but it also allows us to generate transgenic plants in which 90% or more of the AHA plants 
containing a protein 'tagged' with a fusion protein such as GFP or poly HIS, greatly facilitating all future 
biochemical work with this enzyme. 

We have also been exploring the regulatory properties of this enzyme since it has been predicted to be an 
important target of various hormones, pathogens and other effectors that induce rapid changes in cell wall 
structure and function. In rapidly dividing yeast, large amounts of this enzyme can be isolated and in 
collaboration with Prof. Carolyn Slayman at Yale Medical School, we have made important progress this 
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year with an exhaustive biochemical and genetic study of all of the in vivo phosphorylation sites found in the 
protein in vivo with the plasma membrane proton pump of yeast (Ref.5).  
Science objectives for 2008-2009: In the past two years we have published several papers that were mostly 
technological in nature, concerned with careful quantitation of changes in posttranslational modifications in 
Arabidopsis and fungi. The quantitative proteomic methods we have recently developed, using heavy 
isotopes such as 18O, 13C and 15N are the basis for future work we will be using to quantify changes in the 
phosphorylation status of the pump and other enzymes.  Thus, these initial studies have been very important 
in laying the groundwork for the technology we will be employing in the next two years, with this DOE 
project.  With the AHA 1/2 double knockout mutants of Arabidopsis rescued with a translationally fused 
tagged version of the protein and our recent purchase and installation of an ESI-LTQ-orbitrap mass 
spectrometer within my lab, we are now poised to purify and characterize similarly large amounts of the plant 
enzyme to ensure that all possible in planta AHA phosphorylation sites have been identified and changes 
quantified in response to various hormonal and environmental effectors (e.g., pathogens).  Coupling this with 
site directed mutagenesis followed by complementation of the AHA 1/2 double knockout mutants, we will be 
able to genetically confirm or refute the predicted in vivo roles of these phosphorylation sites as well as 
determine whether the resultant changes in pump activity are causally related to hormone and/or pathogen 
action. In addition, we are exploring the use of a conditional promoter to allow us to examine more 
exhaustively the function of amino acids important for biogenesis and catalytic activity. Having a tagged 
version of the protein will be important to help verifying that the mutant proteins are being made and targeted 
to the proper cellular locations. 

 
Figure 1. Phenotypic analyses of putative aha1-6/aha1-6/ aha2-4/aha2-4 embryo. (A) Normal growing embryo 
from self-pollinated aha1-6/aha1-6 AHA2/aha2-4 plants.  (B and C) Arrested embryos from the same silique as in 
(A).  (D) Normal growing embryo from self-pollinated AHA1-6/aha1-6 aha2-4/aha2-4 plants.  (E and F) Arrested 
embryos from the same silique as in (D). Scale bar = 20 µm. 
References to work supported by this project 2006-2008 
1.  Robertson, WR, Clark, K, Young, JC, and Sussman, MR. 2004 An Arabidopsis thaliana plasma membrane proton pump is essential 

for pollen development. Genetics. 168:1677-87 
2.  Hegeman, AD. Rodriguez, M, Han BW, Uno Y, Phillips GN Jr., Hrabak EM, Cushman JC, Harper JF, Harmon AC, Sussman MR. 

2006 A phyloproteomic characterization of in vitro autophosphorylation in calcium dependent protein kinases. Proteomics 6:3649-
3664 

3. Huttlin, EL, Hegeman, AD, Harms, AC, and Sussman, MR. 2007 Prediction of error associated with false positive rate 
determination for peptide identification in large scale proteomics experiments using a combined reverse and forward peptide 
sequence database strategy. J. Proteome Res. 6:392-398  

4. Huttlin, EL, Hegeman, AD, Harms, AC, and Sussman, MR. 2007 Comparison of full versus partial metabolic labeling for 
quantitative proteomic analysis in Arabidopsis thaliana. Molecular and Cellular Proteomics 6:860-881  

5. Lecchi S, Nelson CJ, Allen KE, Swaney DL, Thompson KL, Coon JJ, Sussman MR, Slayman CW. 2007 Tandem phosphorylation 
of Ser-911 and Thr-912 at the carboxy terminus of yeast plasma-membrane H+ATPase leads to glucose-dependent activation. 
Journal of Biological Chemistry 282: 35471 – 35481 

6. McIlwain, S, Page, D,  Huttlin,  EL, and Sussman, MR. 2007. Using dynamic programming to create isotopic distribution maps from 
mass spectra. Bioinformatics 23:i328-336  

7. Nelson, CJ, Hegeman, AD, Harms, AC, and Sussman, MR. 2006 A quantitative analysis of Arabidopsis plasma membrane using 
trypsin-catalyzed 18O labeling.  Mol. Cell. Proteomics 5:1382-1395. 

8. Nelson, CJ, Huttlin, EL, Hegeman, AD, Harms, AC, and Sussman, MR. 2007 Implications of 15N labeling for automated peptide 
identification in Arabidopsis thaliana. Proteomics 7:1279-1292 

9. Sussman, MR., Huttlin, E, and Wohlbach, D. 2008 Democratization and integration of genomic profiling tools. In: Plant Systems 
Biology, editor D. A. Belostosky, Humana Press. 
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Genetics and Molecular Biology of Hydrogen Metabolism 
 in Sulfate-reducing Bacteria 

 
Judy D. Wall, Principal Investigator 
Barbara J. Rapp-Giles, Senior Research Associate 
117 Schweitzer Hall, Biochemistry Dept, University of Missouri, Columbia, MO 65211 
Email: wallj@missouri.edu; Web: http://www.biochem.missouri.edu/jwall.php  
 
Collaborators:   Dr. Steven D. Brown, ORNL, Oak Ridge, TN 37831-6253 
   Dr. Adam Arkin, University of California, Berkeley, CA 94720 
 
Overall research goals:  The research objectives are to understand the energy transduction systems 
of the anaerobic sulfate-reducing bacterium of the genus Desulfovibrio, strain G20.  We will apply 
genetic and physiological approaches.  Critical for achieving our objectives is the improvement of 
the genetic accessibility of the G20 strain.  Once achieved, the transmembrane complexes proposed 
to be critical for the reduction of sulfur oxides, sulfate, sulfite, and thiosulfate, will be deleted and 
the mutant strains analyzed.   
 
Significant achievements accomplished: Genetic development in the PI’s lab has resulted in the 
application of a number of techniques to the G20 strain including conjugation, shuttle vectors, 
mutagenesis by plasmid insertion, and transposon mutagenesis.  The PI has been involved in the 
genome sequencing projects for both Desulfovibrio vulgaris and especially G20 where she 
provided DNA and is the contact person for the project.  The G20 strain has been deposited at 

both the ATCC and the DSMZ and 
release awaits reclassification of the 
species designation to D. alaskensis 
(Wall et al., in preparation).  Figure 1 
is a map displaying the arrangement 
of ORFs maintained by my lab where 
gene annotations can be visualized by 
expanding selected sections of the 
genome.  Clicking on a given gene or 
ORF opens the gene information 
present in the Microbesonline website 
(www.microbesonline.org ).   Our 
collaborator, Steve Brown, has 
generated oligo microarrays for this 
strain and we have an approved DOE 
EMSL proposal for proteomics 
analysis by high‐performance mass 
spectrometry.  Thus we are poised for 
a systems analysis of mutants in 

electron transport pathways.   

Figure 1.  Diagram of the D. alaskensis G20 genome ORF 
arrangement  http://desulfovibriomaps.biochem.missouri.edu/.  
This map is expandable, revealing the gene annotations 
currently available.  
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  A G20 mutant lacking the type 1 tetraheme cytochrome c3, the protein accounting for 
over 80% of the periplasmic c‐type cytochrome, has been constructed (designated I2) and 
studied for its growth capabilities.  Remarkably, we have found that I2 is unable to respire 
sulfate if the source of electrons is pyruvate.  While I2 ferments pyruvate as well or better than 
the wild type, the end products of the fermentation suggest that electron flow to fumarate for 
succinate generation is impaired in I2 and that more electrons are lost as formate and 
hydrogen.  Preliminary proteomics data show an increase in formate dehydrogenase and CO 
dehydrogenase enzymes, supporting alternative routes for electron dispersal in I2. We have 
interpreted these results to mean that the pathway of electrons from pyruvate to cytoplasmic 
electron acceptors involves periplasmic cytochrome c3.  In contrast, respiration of sulfate by I2 
with electrons from lactate is nearly wild type in rate and extent.  These observations suggest 
that the routes of electrons from lactate and pyruvate and their delivery to various electron 
acceptors are distinct.   
  We plan to explore these pathways and their uniqueness through deletion of the genes 
for transmembrane protein complexes (TMCs). First to be deleted are those that have been 
proposed as conduits of electrons from the periplasm to sulfate and sulfite, qmoABC and 
dsrMkJOP, respectively.  To accomplish these deletions, we are striving to improve the genetic 
accessibility of G20.  We seek to make multiple mutations in the same strain so that the 
possibility of compensation by alternative isozymes can be explored.  We have identified a 
counterselectable marker, the gene for pyrimidine salvage in D. vulgaris, that we have used to 
construct in‐frame, markerless deletions that will be applied to G20.   
     
Science objectives for 2008-2009: 

• The system using the uracil phosphoribosyltransferase gene (upp) as a counterselectable 
marker for unmarked, in-frame deletions will be adapted for use in G20. A Δupp host strain 
will be constructed.  

• Restriction systems of G20 will be sequentially eliminated.  
• Deletions of TMCs will be constructed and characterization initiated.   

 
References to work supported by this project: 

1. Pattarkine, M.V., J.J. Tanner, C.A. Bottoms, Y.-H. Lee, and J.D. Wall. 2006. Desulfovibrio 
desulfuricans G20 tetraheme cytochrome structure at 1.5 Å and cytochrome interaction with 
metal complexes.  J. Mol. Biol. 358(5):1314-1327 . 

2. Wall, J.D., A.P. Arkin, N.C. Balci, and B. Rapp-Giles.  2008. Genetics and genomics of 
sulfate respiration in Desulfovibrio.  In Microbial Sulfur Metabolism. C. Dahl and C.G. 
Friedrich (eds.), Springer-Verlag Berlin, Heidelberg, New York, pp. 1-12. 

3. Giles, B.J., H.-C. B.Yen, and J.D. Wall. 2008. Characterization of pyruvate fermentation by 
Desulfovibrio desulfuricans G20, Desulfovibrio vulgaris Hildenborough and their 
cytochrome c3 mutants.  108th Gen Meet Amer Soc Microbiol. Q-297.   
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Phenylpropanoid metabolism in Arabidopsis: the role of REF4 
 
Clint Chapple, Principal Investigator  
Department of Biochemistry, Purdue University, 175 South University Street, West Lafayette, IN 47907 
Email: chapple@purdue.edu;  Web: www.biochem.purdue.edu/faculty/chapple/index.html  

Collaborators:  Dr. Alan Qi, Department of Statistics, Purdue University 
Overall research goals: We have identified a number of reduced epidermal fluorescence 

(ref) mutants of Arabidopsis with alterations in the sinapate esters found in leaves. The focus of 
this study is the ref4 mutants which exhibits substantial reductions in the levels of all 
phenylpropanoids, including flavonoids, sinapate esters, and lignin, suggesting that REF4 is 
essential for normal secondary metabolism and cell wall biosynthesis. We have cloned the 
REF4 gene and have found that it encodes an apparent integral membrane that belongs to a 
novel, plant-specific family. The Arabidopsis genome encodes one additional member of this 
family that we have named RFR1 for REF4-Related1. The objectives of our work is to analyze 
knock out and site-directed mutants of REF4 and RFR1, identification of genes involved in the 
ref4 phenotype, and identification of REF4-interacting proteins.  

Significant achievements in 2007-2008: We have generated a number of essential basal constructs 
with which to complete this objective. First we have generated REF4 and RFR1 entry clones for site 
directed mutagenesis and subsequent Gateway based binary construct generation. Second, we have 
generated REF4 promoter and RFR1 promoter binary Gateway constructs that will be used to drive 
expression of site-directed mutant REF4 and RFR1 genes. Wild-type versions of these constructs 
have been generated, and site directed mutagenesis is underway. 

To most effectively identify the genes that are mis-regulated in the ref4 mutant, we have established 
a collaboration with Alan Qi, a new faculty member in the Departments of Computer Science and 
Statistics at Purdue University. An exciting result of this new collaboration is that Dr. Qi was 
successful in obtaining funding from Microsoft Corporation to develop new algorithms for the 
identification of gene networks using preliminary data on the ref4 mutant. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 (left). Venn-type diagram representing the number of genes called present by Affymetrix software in wild-type, 
ref3, ref4-1, ref4-3 and ref8 plants that are up-regulated in the mutants relative to the wild type. Squares are coded to 
represent the mutants, or combinations thereof, in which the given number of genes is up-regulated. Thus, the squares 
designated 41, 43, and 4143 represent the number of genes up-regulated in ref4-1, ref4-3 and both ref4-1 and ref4-3, 
respectively. Figure 2 (center) Alignments of portions of the REF4 and homologous protein sequences near the ref4 
mutations.  Figure 3 (right). Alignments of the conserved portions of the REF4 and homologous protein sequences that 
contain the putative tyrosine phosphorylation sequence RX3D/EX3Y.   

asp602

substituted in
ref4 -1 and ref4 -2

701 805710 720 730 740 750 760 770 780 790(701)
VLLVGISPIDCVHIFSLHGVVPLLAGALMPICEAFGSGVPNITWTLPTGELISSHAVFSTAFTLLLRLWRFDHPPLDYVLGD--VPPVGPQPSPEYLLLVRNCRLAt2g48110(593)
VVIVGIGSVDSIQIFSLHGMVPQLACSLMPICEEFGSYTPSVSWTLPSGEAISAYSVFSNAFTLLLKLWRFNHPPIEHGVGD--VPTVGSQLTPEHLLSVRNSYLAt3g23590(629)
VIVTGISPVDYVPIFSFHGLIPELAAALMAICEVFGSLSPSVSWSPRTGEEISAHTVFSNAFILLLRLWKFNHPPLEYCVMGDGAPVGSQLTPEYLLLLRNSQVVOs07g11000(589)
ALLLGISYGDAIHIISLYGMVPDVAAALMPICEVFGSIPPPSNHKPAIVGEISVYSVFSCAFLCLLRLWKFYKPPQEYCLAGRGGSVRLELTLDYLLLMRNNHIDOs07g48350(640)
ALISGISSIDVVHILSMYGLVPELAAILMPLCEIFGSL-PSSDHRNCSFEEASVYSVFSCAFLCLLRLWKFHRPPVEYALSKHGVFVCSEISLDFLLLLRNSHFAOs05g24690(465)
VLLVGIATVDIVQIFSLHGLVPHLAGALMPICEVFGSCSPKISWSLTTGEEINAHAVFSNAFTLLLKLWSFDHTPIEQ-TMGDVPSVASQ---------------Beta_vulgaris (85)
VILTGISPVDYAPIFSFHGLVPELATVLMAICEVYGCLSPSVSWTLGAGEEISAHTVFSNAFILLLRLWKFNHPPLEYCIMGDGAPVGSQLTPEYLLLLRNSQVLHordeum_vulgare (56)
VLLVGIAPVDCVQIFSLHGMVPQLAASSMTICEVFGSCAPNISWTLTTGEDISVHAV------------------------------------------------Lycopersicon_esculentum (86)
VLLIGISSVDSVQIFSLHGAVPLLAAALMPICEAFGSCVPSVSWTAATGEKLSC---------------------------------------------------Medicago_truncatula(105)
VILSGISAVDYAPIFSFHGLIPELAAALMAICEVFGCLSPSVSWTLRTGEEISAHTVFSNAFILLLRLWKVLKPKF-----------------------------Saccharum_officinarum(114)
VILSGISAVDYAPIFSFHGLIPELAAALMAICEVFGSLSPSVC--------------------------------------------------------------Sorghum_bicolor (58)
AILLGVSYVDAVHIFSLYGMVPDVAAALMPLCEAFGSMPPPSNHRSTIVDETSVYSVFSCAFLCLLRLWKFYKPPQEY---------------------------Triticum_aestivum (39)

gly338

substituted in
ref4 -3

383 488390 400 410 420 430 440 450 460 470(383)
LVQRERDPIEGPVPRTDTFLCVLLSVTPLAVANIIEEEESQWIDQ-----TSSSPSNQWKEKKGKCRQGLINSLQQLGDYESLLTPPRSVQSVANQAAAKAIMFISAt2g48110(328)
LVQRERDPIEGPIPRLDTRLCMSLCIVPLVVANLIEEGKYE-------------------SVMEKLRDDLVTSLQVLGDFPGLLAPPKCVVSAANKAATKAILFLSAt3g23590(378)
LVQRAREPLEGPIPHLDSRLCMLLALIPLSIGAILKEETDV--------------HGAQGSKSLPKTSGLVSSLQDLIQYSGLLVPPSSVVNAANAAASKAAAFKAOs07g48350(383)
LVQREREPIEGPVPHLDTRVCMLLSITTLAIVDIIEESDSE---M--------NSNWKEKRTSDDLRKELMLSLQTLGDYESLLVPPPCIISVANQAASKAAMFVSOs07g11000(332)
LGSIDRGIPEGPFPHLHSRLCMLLAIVPLSIASILKEESDK----------------IEGGMVSVRRGELLSSLQVLGQFFGLLSPPPAVVQSANIAARKALVALSOs05g24690(217)
VCFQERDPIEGPMPRLDTRLCMLLSITTLVVSDLIEDEESL--------SQNNINCQTTQTCKENRRMELVSSLQSLDDYQTLLTPPXAVIAAANXAAARAMMIISHelianthus (18)
LVQRERDPIEGPVPRLDTRLCMLFSIITLVIADLIEEEESEACDE----IESSIGRHMKKQVEGTRRGDVVSCLQNLGDYQSLLTPPQAVTTAANQAAAKAMMFRSSolanum_tuberosum (37)
LVQRERDPIEGPMPHLETRLCMLLCIIPLVVANFIEEDEEEEQTTIDEKDGDPTDQWKEKRFPGKCRNDLVSSLQVLGDYQSLLTPPQSVIAAANQAAAKAMLFISMedicago_truncatula (23)
LVQREREPIEGPVPHLDTRLCMLLSITTLAIADIIMEADSLCNET------ELNSHVNGKKAIGNLRNELMLSLQILGDYESL-----------------------Saccharum_officinarum (32)

asp602

substituted in
ref4 -1 and ref4 -2

701 805710 720 730 740 750 760 770 780 790(701)
VLLVGISPIDCVHIFSLHGVVPLLAGALMPICEAFGSGVPNITWTLPTGELISSHAVFSTAFTLLLRLWRFDHPPLDYVLGD--VPPVGPQPSPEYLLLVRNCRLAt2g48110(593)
VVIVGIGSVDSIQIFSLHGMVPQLACSLMPICEEFGSYTPSVSWTLPSGEAISAYSVFSNAFTLLLKLWRFNHPPIEHGVGD--VPTVGSQLTPEHLLSVRNSYLAt3g23590(629)
VIVTGISPVDYVPIFSFHGLIPELAAALMAICEVFGSLSPSVSWSPRTGEEISAHTVFSNAFILLLRLWKFNHPPLEYCVMGDGAPVGSQLTPEYLLLLRNSQVVOs07g11000(589)
ALLLGISYGDAIHIISLYGMVPDVAAALMPICEVFGSIPPPSNHKPAIVGEISVYSVFSCAFLCLLRLWKFYKPPQEYCLAGRGGSVRLELTLDYLLLMRNNHIDOs07g48350(640)
ALISGISSIDVVHILSMYGLVPELAAILMPLCEIFGSL-PSSDHRNCSFEEASVYSVFSCAFLCLLRLWKFHRPPVEYALSKHGVFVCSEISLDFLLLLRNSHFAOs05g24690(465)
VLLVGIATVDIVQIFSLHGLVPHLAGALMPICEVFGSCSPKISWSLTTGEEINAHAVFSNAFTLLLKLWSFDHTPIEQ-TMGDVPSVASQ---------------Beta_vulgaris (85)
VILTGISPVDYAPIFSFHGLVPELATVLMAICEVYGCLSPSVSWTLGAGEEISAHTVFSNAFILLLRLWKFNHPPLEYCIMGDGAPVGSQLTPEYLLLLRNSQVLHordeum_vulgare (56)
VLLVGIAPVDCVQIFSLHGMVPQLAASSMTICEVFGSCAPNISWTLTTGEDISVHAV------------------------------------------------Lycopersicon_esculentum (86)
VLLIGISSVDSVQIFSLHGAVPLLAAALMPICEAFGSCVPSVSWTAATGEKLSC---------------------------------------------------Medicago_truncatula(105)
VILSGISAVDYAPIFSFHGLIPELAAALMAICEVFGCLSPSVSWTLRTGEEISAHTVFSNAFILLLRLWKVLKPKF-----------------------------Saccharum_officinarum(114)
VILSGISAVDYAPIFSFHGLIPELAAALMAICEVFGSLSPSVC--------------------------------------------------------------Sorghum_bicolor (58)
AILLGVSYVDAVHIFSLYGMVPDVAAALMPLCEAFGSMPPPSNHRSTIVDETSVYSVFSCAFLCLLRLWKFYKPPQEY---------------------------Triticum_aestivum (39)
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VLLIGISSVDSVQIFSLHGAVPLLAAALMPICEAFGSCVPSVSWTAATGEKLSC---------------------------------------------------Medicago_truncatula(105)
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AILLGVSYVDAVHIFSLYGMVPDVAAALMPLCEAFGSMPPPSNHRSTIVDETSVYSVFSCAFLCLLRLWKFYKPPQEY---------------------------Triticum_aestivum (39)

gly338

substituted in
ref4 -3

383 488390 400 410 420 430 440 450 460 470(383)
LVQRERDPIEGPVPRTDTFLCVLLSVTPLAVANIIEEEESQWIDQ-----TSSSPSNQWKEKKGKCRQGLINSLQQLGDYESLLTPPRSVQSVANQAAAKAIMFISAt2g48110(328)
LVQRERDPIEGPIPRLDTRLCMSLCIVPLVVANLIEEGKYE-------------------SVMEKLRDDLVTSLQVLGDFPGLLAPPKCVVSAANKAATKAILFLSAt3g23590(378)
LVQRAREPLEGPIPHLDSRLCMLLALIPLSIGAILKEETDV--------------HGAQGSKSLPKTSGLVSSLQDLIQYSGLLVPPSSVVNAANAAASKAAAFKAOs07g48350(383)
LVQREREPIEGPVPHLDTRVCMLLSITTLAIVDIIEESDSE---M--------NSNWKEKRTSDDLRKELMLSLQTLGDYESLLVPPPCIISVANQAASKAAMFVSOs07g11000(332)
LGSIDRGIPEGPFPHLHSRLCMLLAIVPLSIASILKEESDK----------------IEGGMVSVRRGELLSSLQVLGQFFGLLSPPPAVVQSANIAARKALVALSOs05g24690(217)
VCFQERDPIEGPMPRLDTRLCMLLSITTLVVSDLIEDEESL--------SQNNINCQTTQTCKENRRMELVSSLQSLDDYQTLLTPPXAVIAAANXAAARAMMIISHelianthus (18)
LVQRERDPIEGPVPRLDTRLCMLFSIITLVIADLIEEEESEACDE----IESSIGRHMKKQVEGTRRGDVVSCLQNLGDYQSLLTPPQAVTTAANQAAAKAMMFRSSolanum_tuberosum (37)
LVQRERDPIEGPMPHLETRLCMLLCIIPLVVANFIEEDEEEEQTTIDEKDGDPTDQWKEKRFPGKCRNDLVSSLQVLGDYQSLLTPPQSVIAAANQAAAKAMLFISMedicago_truncatula (23)
LVQREREPIEGPVPHLDTRLCMLLSITTLAIADIIMEADSLCNET------ELNSHVNGKKAIGNLRNELMLSLQILGDYESL-----------------------Saccharum_officinarum (32)
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LIVEACIARNILDMSAYSWPGYAt3g23590 REF4 homolog
LIVEACISRNLLDTSAYLWPGFREF4

LIVEACIARNLVDTSVYFWPSYOs05g24690
LIVESCISRNLLETSVYYWPGYOs07g11000
LIVEACISRNLIDTSSYLWPGYOs07g48350
LIVEICISRGLLDASAYLWPGYSelaginella REF4 homolog
LIVEACISRNLLDTSAYLWPGYMedicago
LIVEACIARNLLDTSAYVWPGYGossypium
LIVEACIARNLLDTSAYFWPGYcitrus
LIVEACIARNLLDTSAYFWSGYpotato
LIVESCISRQLLDTSAYYWPGYmaize
LIVEACISRNLIDTTAYLWPGYtriticum
LIVEACIARNLIDTSAYFWPGYmalus
LIVEACISRNLLDTSAY WPGYConsensus

43



 
 

We have completed a two-hybrid screen for proteins that interact with REF4. Predicted non-
membrane-spanning domains of REF4 were fused to the Gal4 DNA-binding domain and used as 
bait using the Invitrogen Gateway-based two hybrid system. Although potential interacting partners 
were identified, none of these passed the rigorous tests that are designed to eliminate false-positives. 
As an alternative approach, we have generated the constructs necessary for REF4 to be screened 
using the split-ubiquitin yeast 2-hybrid assay. This analysis is being conducted collaboratively in the 
lab of Dr. Wolf Frommer at the Carnegie Institute of Washington at Stanford University who is 
funded by an NSF 2010 project to determine the membrane protein interactome 
(http://www.associomics.org/). 

Science objectives for 2008-2009:  

• Our microarray analysis (Fig. 1) suggests that the decreases in lignin, flavonoids, and sinapate 
esters in the ref4 mutants may be the result of the increased expression of pathway repressors 
(AtMYB4 and possibly AtMYB7) and decreased expression of pathway activators (AtERF108). 
Our data also indicates that at least seven additional genes are uniquely up-regulated in the ref4 
mutants, but it is not clear whether their enhanced expression is a result of, or a cause of, the ref4 
phenotype. To test the hypothesis that over-expression of AtMYB4 is critical for 
phenylpropanoid pathway down-regulation in ref4, we will generate double mutants between 
ref4-3 and AtMYB4 loss-of-function alleles. Similar experiments will be conducted using T-
DNA insertional alleles of the other genes up-regulated in both ref4 mutants to determine 
whether they are required for ref4 phenotypes, and whether mutations in these genes 
independently lead to phenotypes observed in ref4 mutants, or any other phenotypes of interest.  

• Mutations corresponding to the D602N and G338S substitutions in our dominant ref4 mutants 
(Fig. 2) will be engineered into the RFR1 ORF by site-directed mutagenesis, and introduced into 
the rfr1-1 knock-out line under the control of the RFR1 promoter. If the resulting plants display 
ref4 phenotypes, we would conclude that RFR1 likely acts in the same genetic pathway as 
REF4; whereas, if the phenotype of the transgenics is distinct from those of ref4 plants, they may 
shed light on the pathways in which the REF4 homologue is involved.  

• REF4, RFR1 and putative orthologs from a range of species contain a conserved 22 amino acid 
sequence which contains an absolutely conserved tyrosine phosphorylation consensus motif 
RX3D/EX3Y (Fig. 3). To test the hypothesis that tyrosine phosphorylation regulates or is 
required for REF4 function, we will generate wild-type and ref4 mutant alleles in which this 
tyrosine is mutated to a phenylalanine residue. If phosphorylation at this site is required for the 
activity of the dominant ref4 alleles, we would predict that transformation of wild type or ref4-4 
knock out plants with constructs containing the Y491F and D602N (ref4-1 and ref4-2) or G338S 
(ref4-3) mutations would not lead to phenylpropanoid phenotypes. Conversely, if 
phosphorylation of REF4 is required to negatively regulate REF4 activity, we might expect that 
the double mutant alleles would be even stronger suppressors of phenylpropanoid metabolism.  

References to work supported by this project 2007-2008: 
1. Stout J, Romero-Severson E, Ruegger MO, Chapple C (2008) Semi-dominant mutations in Reduced 

Epidermal Fluorescence 4 reduce phenylpropanoid content in Arabidopsis. Genetics 178: 2237-2251 
2. Sinlapadech T, Stout J, Ruegger MO, Deak M, Chapple C (2007) The hyperfluorescent trichome 

phenotype of the brt1 mutant of Arabidopsis is the result of a defect in a gene encoding a sinapic acid: 
UDPG glucosyltransferase.  Plant J 49: 655-668 
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Quantitative Analysis of Carbon and Nitrogen Allocation in Developing Seeds  
Jorg Schwender, Principal Investigator  
Biology Department, Brookhaven National Laboratory (BNL), Upton, NY 11973 
Email: schwend@bnl.gov;  Web: http://www.biology.bnl.gov/plantbio/schwender.html   

Collaborators:  Dr. Alistair Rogers, Environmental Sciences Department, Brookhaven National 
Laboratory (BNL), Upton, NY 11973 

Overall research goals: Although quite abundant data on the genetic and molecular makeup of 
plants are available, the understanding of the functioning of plants at a molecular level is still 
limited. For example, in developing seeds which produce storage compounds, the mechanisms that 
govern partitioning of common carbon and nitrogen precursors into the synthesis of storage oil, 
protein or starch are still an enigma. With such knowledge, plants could be manipulated to produce 
more of a desired storage product. The overall goal of this project is to understand the simultaneous 
formation of seed storage products in the oil crop Brassica napus (also called rapeseed, canola) at 
the level of the biochemical reaction network of central metabolism from a systems biology point of 
view. This includes construction of computational models of plant cellular metabolism and 
validation of these models with experimental data. In order to model and understand how carbon 
precursors are processed by growing seeds into different storage products, embryos are cultured 
under different nutritional conditions that allow for storage synthesis. Parallel measurement of 
metabolic fluxes, extractable activity of multiple enzymes of central metabolism and of metabolite 
levels provides the metrics necessary to characterize the adaptation of central metabolism to 
different nutritional conditions.  

Significant achievements in 2006-2008: By feeding 13C-labeled isotope tracers (glucose) to canola 
embryos growing in culture, metabolic fluxes were measured dependent on different nitrogen 
sources present in the culture medium. By comparison of the different resulting flux distributions, 
re-routing of carbon flow was observed (Figure1), documenting the metabolic adjustments taking 
place to use the different nitrogen sources for protein production in the seed. In parallel, 21 enzyme 
activities related to central metabolism were determined. In general, the changes in activities of 
enzymes of central metabolism were small. At the same time all the measured enzyme activities 
where higher by up to three orders of magnitude than the measured associated in-vivo net fluxes 
(Junker et al., 2007). Therefore it is unlikely that genetic top-down regulation has the main control 
over the observed metabolic adjustments. It rather appears that metabolic regulation, i.e. self-
regulation of the biochemical reaction network, is sufficient to accomplish the flux adjustements 
seen in Figure 1. In conclusion, the experimental approach described here proved to be very well 
suited for development of predictive models of plant / seed central metabolism. 

Science objectives for 2008-2009:  

• Additional flux, metabolite and enzyme profiles will be measured. 

• In an integrative approach, using the flux maps, metabolite levels, and enzyme kinetic data, we 
will construct and validate kinetic models, able to predict the behavior of the system upon 
change in environmental conditions or due to genetic perturbation. 

• Flux analysis of seeds of different A. thaliana mutants severely impaired in seed storage 
formation. 

• A stoichiometric model of metabolism will be used to explain the behavior of central 
metabolism in terms of optimality.  

• Based on the models, strategies for genetic engineering of carbon partitioning in seeds will be 
generated and tested.  
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Figure 1. Visualization of net Fluxes related to lower glycolysis and the citrate cycle in developing B. napus embryos 
during formation of storage lipids (TAG) and storage proteins (represented by Alap, Aspp, …Thrp). Fluxes were 
determined by flux parameter fitting after steady state labelling with 13C-labeled glucose: (A) Embryos grown with 
Gln/Ala as nitrogen source and labeled with a combination of several 13C-and 15N- labeling experiments (flux values 
taken from Schwender et al., 2006). Embryos were also grown with NH4NO3 (B), alanine (C) or glutamine (D) as sole 
nitrogen source. Arrow thickness is scaled to net carbon flux, except for fluxes between triose phosphates, PEP, Pyr and 
FAS for which arrow thickness is downsized about 5 times. TAG, triacylglycerol; PEP, phosphoenol pyruvate; pyr, 
pyruvate; OAA, oxaloacetate; KG, ketoglutarate. The index p denotes protein-bound amino acids. 

References to work supported by this project 2006-2008: 
1. J. Schwender, Y. Shachar-Hill, and J. B. Ohlrogge, “Mitochondrial metabolism in developing embryos of 

Brassica napus,”  J. Biol. Chem. 281, 34040-34047 (2006).  
2. B. H. Junker, J. Lonien, L. Heady, A. Rogers, and J. Schwender, “Parallel determination of enzyme 

activities and in vivo fluxes in Brassica napus embryos grown on organic or inorganic nitrogen source,” 
Phytochemistry 68, 2232-2242 (2007).  

3. J. Schwender “Metabolic flux analysis as a tool in metabolic engineering of plants,” Curr. Opin. 
Biotechnol. 19, 131-137 (2008). 
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Proteasomes and Post-translational Modification of Haloferax volcanii Proteins 
 
Julie A. Maupin-Furlow, Principal Investigator 
Guangyin Zhou, Postdoctoral Research Associate and  
Matthew A. Humbard, Graduate Research Assistant 
University of Florida, Department of Microbiology and Cell Science, PO Box 110700, Bldg. 981, 
Museum Rd. Gainesville, FL  32611-0700. Tel:  (352) 392-4095; Fax: (352) 392-5922;  
Email:  jmaupin@ufl.edu; Web: http://microcell.ifas.ufl.edu/personnel/faculty/maupin.shtml 
 
Overall research goals: 
      Microbes that thrive in extreme environments (e.g. high temperature, high salinity, low water 
availability, extreme pH) are useful for biotechnology applications of DOE mission including the 
production of renewable fuels and chemicals.  Many of these extremophilic organisms are classified to 
the domain Archaea, one of the least characterized in terms of the biological networking systems used 
to respond to the environment.  Recent advances in systems biology reveal post-transcriptional 
mechanisms are important in modulating protein levels as archaeal cells respond to environmental cues.  
Regulatory proteases, such as proteasomes, are likely to be central to the quality control and regulated 
turnover of proteins during these cellular responses.  The objectives of this research project are to 
identify native protein substrates that are specifically targeted for turnover by regulatory proteases and, 
ultimately, elucidate the roles these proteases play in archaeal cell physiology.  
 
Significant achievements in 2006 – 2008:   

Using the extremophilic haloarchaeon Haloferax volcanii as a model, recent evidence in our lab 
suggests protein phosphorylation plays an important role in proteasome-mediated substrate recognition 
and/or turnover in archaea, where ubiquitin is absent.  This evidence has led us to perform a 
comparative analysis of the proteomes and, more specifically, the phosphoproteomes of wild-type and 
isogenic proteasome mutant strains of this archaeon.  Comparative proteomic analyses have also been 
conducted using wild-type cells treated with an irreversible inhibitor of proteasomes, clasto-lactacystin-
β-lactone (cLβL).  Thus far, a sizeable list of over 100 putative substrates of proteasomes have been 
identified using various methods of phosphopeptide and phosphoprotein enrichment (i.e. fluorescent 
affinity labeling of O-modification sites, immobilized metal affinity chromatography, and metal oxide 
affinity chromatography) coupled with multidimensional protein identification technology (MudPIT), 
2D-PAGE, and tandem mass spectrometry (ESI-QTOF and LTQ linear ion trap MS/MS).  Many of the 
differential proteins identified were related in primary structure to those functioning in: phosphate 
assimilation, polyphosphate biosynthesis, translation, cell division, DNA replication and repair, protein 
phosphorylation, signal transduction, and central metabolism [e.g. dihydroxyacetone kinase- (DHAK-) 
linked phosphoenolpyruvate: protein phosphotransferase (PTS) system].  A number of phosphosites 
were also identified with supporting MS/MS spectra, including those reproducibly exclusive or more 
abundant in a proteasome-activating nucleotidase A (panA) mutant (e.g. pyruvate kinase, Cdc6, 
Cdc48).  Pulse-chase was performed with custom-made antibodies to determine the half-lives of a 
subset of differential proteins in wild-type and proteasome mutant strains.  Using this approach, 
proliferating cell nuclear antigen (PCNA) was shown to be stabilized by deletion of the panA gene with 
an increase in protein half-life from less than 10 min to over 1 h.  This combined use of global methods 
(proteomics, transcriptomics) with traditional biochemical approaches has and will continue to provide 
greater insight into the roles proteasomes play in the archaea.  
 
Science objectives for 2008 – 2010:  The proposed DOE renewal remains focused on our long-term 
goal to identify protein substrates and pathways regulated by Hfx. volcanii proteasomes.  To achieve 
this goal, the following specific tasks/aims will be performed:   
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• global transcript levels of proteasome (panA) mutant, cLβL-treated, and wild type cells will 
be compared using high-density microarrays recently developed and optimized for Hfx. 
volcanii,  

• half-lives and phosphorylation status of candidate substrate proteins will be determined 
using substrates defined via comparison of the proteomic and microarray studies, and 

• transcriptome- and proteome-guided phenotypic and biochemical analyses of proteasome 
mutant and wild type cells will be performed.  This latter task will include:  a) determining 
the global rate of protein synthesis and degradation as well as overall oxidation and 
aggregation state of proteins, b) determining the level and types of polyphosphate polymers, 
c) assessing the sensitivity of cells to osmotic, oxidative and DNA damaging stresses and 
the types of proteins interacting with proteasomal components under these conditions, and 
d) evaluating carbon flux through and interacting components of a proposed DHAK-linked 
PTS system.  Isogenic proteasome mutant strains available include:  panA, panB, psmA (α1), 
psmC (α2), and psmC panB.   

 
References to work supported by this project 2006 – 2008: 

1. Humbard, M. A., S. Stevens Jr., and J. A. Maupin-Furlow. 2006.  Post-translational 
modification of the 20S proteasomal proteins of the archaeon Haloferax volcanii.  J. Bacteriol. 
188:7521-30. 

2. Bab-Dinitz, E., H. Shmuely, J. Maupin-Furlow, J. Eichler and B. Shaanan. 2006.  Haloferax 
volcanii PitA:  An example of functional interaction between the Pfam chlorite dismutase and 
antibiotic biosynthesis monooxygenase families?  Bioinformatics 22:671-675. 

3. Kirkland, P. A., J. Busby, S. Stevens, and J. A. Maupin-Furlow. 2006.  Trizol-based method for 
sample preparation and isoelectric focusing of halophilic proteins.  Anal. Biochem. 351: 254–
259. 

4. Gil, M. A., K. E. Sherwood, and J. A. Maupin-Furlow. 2007. Transcriptional linkage of 
Haloferax volcanii proteasomal genes with non-proteasomal gene neighbors including RNase P, 
MOSC domain and SAM-methyltransferase homologs. Microbiology 153: 3009-3022. 

5. Kirkland, P. A., C. J. Reuter, and J. A. Maupin-Furlow. 2007. Effect of proteasome inhibitor 
clasto-lactacystin-β-lactone on the proteome of the haloarchaeon Haloferax volcanii.  
Microbiology 153: 2271-2280. 

6. Kirkland, P. A., M. A. Gil, I. M. Karadzic, and J. A. Maupin-Furlow. 2008. Genetic and 
proteomic analyses of a proteasome-activating nucleotidase A mutant of the haloarchaeon 
Haloferax volcanii.  J. Bacteriol. 190:193-205.  

7. De Castro, R. E., D. M. Ruiz, M. I. Giménez, M. X. Silveyra, R. A. Paggi, and J.A. Maupin-
Furlow. Gene cloning and heterologous synthesis of a haloalkaliphilic extracellular protease of 
Natrialba magadii (Nep).  Extremophiles (online - in press). 

8. Bidle, K. A., P. A. Kirkland, J. Nannen, and J. Maupin-Furlow. 2008. Proteomic analysis of 
Haloferax volcanii reveals up-regulation of the transcriptional activator PspA in response to salt 
stress.  Microbiology 154:1436-1443. 

9. Kirkland, P. A., M. A. Humbard, C. J. Daniels and J. A. Maupin-Furlow.  2008.  Shotgun 
proteomics of the haloarchaeon Haloferax volcanii.  J. Proteome Res. (in press). 
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Regulation of Actin Filament Ends: The Role of Capping Protein in Plant Growth and 
Lipid Signaling 

Christopher J. Staiger, Principal Investigator  
Dept. of Biological Sciences, Purdue University, West Lafayette IN 47907-2064 
Email: staiger@purdue.edu;  Web: www.bio.purdue.edu 

Collaborators:  Dr. Laurent Blanchoin, CEA/CNRS/UJF, Grenoble, France 
Dr. David McCurdy, Newcastle University, New South Wales, Australia 

Overall research goals: Our  major research objective is to understand whether the heterodimeric 
capping protein (CP) is a major regulator of actin filament dynamics in plant cells.  Specifically, we 
will test the hypothesis that AtCP is responsible for maintaining a large pool of unpolymerized actin 
subunits, by preventing the assembly of profilin-actin complex, and functions to limit the dynamic 
behavior of actin filaments. We will also test whether this filament end-binding protein is regulated 
by specific phospholipids, like phosphatidic acid.   
 

 Significant achievements in 2006-2008: A reverse-genetic approach, taking advantage of T-DNA 
insertion lines available in the community, has been initiated.  CPA and CPB are single genes in 
Arabidopsis. Six insertion lines, representing putative disruptants for both subunits of the CP 
heterodimeric complex were obtained from ABRC.  These were genotyped to verify the insertion 
and backcrossed 1 or 2 times. Initial characterization of the homozygous mutant plants indicated 
that several disruptants (e.g. b1, b3) had modest effects on seed germination and root growth.  
Immunoblotting with affinity-purified antisera against both subunits suggested a marked reduction 
in protein levels for several of these lines (e.g. a1, b3 and b1).  Because of the low levels of 
endogenous CP heterodimer, we can not be certain that we have eliminated or reduced levels of CP 
below 10% of wild-type.  Methods are being developed to accurately determine CP protein levels in 
wild-type and homozygous mutant cp lines, using quantitative immunoblotting.   However, RT-
PCR of these lines suggests that none of them are true knock-outs.  Consequently, we decided it 
would be prudent to construct double mutants, disrupted for both subunits (A and B, or α and β) of 
the heterodimer to further reduce levels of functional protein.  Doubles containing the a1, b1 and b3 
alleles have been constructed, genotypes verified by PCR, and transcript levels quantified. The 
a1;b3 and a1;b1 doubles have transcript levels for each subunit that are reduced by 50–80% 
compared to wild-type and the β subunit protein appears to be completely absent on 
semiquantitative immunoblots.   Both doubles (as well as the singles) are being analyzed for defects 
in actin-based function, like cell and tissue expansion, cell morphogenesis and response to biotic 
and abiotic stimuli.  In parallel, we are generating overexpression lines that produce both subunits as 
well as putative dominant-negative constructs missing the actin-binding C-terminal 'tentacle'. 

Work is also underway to test whether the cpa/cpb double mutants have altered cytoskeletal 
organization or actin filament levels. Our prediction is that actin filament levels will increase in 
these lines due to the availability of actin filament ends for polymerization from the huge pool of 
profilin–actin.  This is being examined by localization of actin filaments with rhodamine phalloidin 
or anti-actin antibodies and confocal fluorescence microscopy  If semi-quantitative differences in 
average pixel intensity are observed, we will adapt our previous method for bulk analysis of actin 
filament levels on intact tissues using fluorescent phalloidin and the fluorimeter.   Finally, GFP-
fABD2, the best available reporter of actin filament in live plant cells, has been crossed into the 
cpa/cpb mutant lines. We have recently adapted a novel imaging technique, variable-angle 
epifluorescence microscopy (VAEM), and demonstrated that it is ideally suited for examining the 
dynamic behavior of cortical cytoskeletal events in live plant cells, particularly the epidermal cells 
of hypocotyls.  Timelapse images of single actin filaments reveal that they have a chaotic or random 
organization, as opposed to the transversely-oriented and parallel arrays of microtubules in the same 
cells visualized with GFP-TUB5.  Moreover, the dynamic behavior of filaments is incredibly fast, 
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with polymerization rates at the barbed ends of 1.7 µm/sec and prolific severing activity rapidly 
destroying newly-created filaments.  Consequently, most individual filaments have lifetimes < 30s, 
whereas bundles appear to be rather stable.  We believe that such single filament dynamics have 
only rarely been observed in any eukaryotic cell. Moreover, the stochastic dynamics of single 
filaments is not consistent with the prevailing view of actin filament turnover by treadmilling. 
Pertinent to CP protein function, we observe that very few ends (one or two events for every 
thousand seen) grow after they have been severed.  This suggests that newly-created ends are 
rapidly capped following severing.  We predict this is due either to abundant capping protein or the 
activity of a villin, which  remains bound to filament barbed ends subsequent to severing.  Single 
actin filament dynamics in cpa/cpb double mutants will be quantitatively examined using VAEM 
and the GFP-fABD2 reporter.  

Science objectives for 2008-2009:  

• Expand the analysis of actin filament dynamics in vivo to relevant mutant backgrounds to test 
molecular mechanisms underpinning rapid growth rates, high severing frequency and capping of 
available filament ends. 

• Adapt the existing TIRFM platform for multicolor, fast (ms) image acquisition and analysis of 
actin filament interactions with other key components of the cortical cytoplasm (e.g. 
microtubules, ER, secretory vesicles). 

• Continue the reverse-genetic and phenotypic analysis of CP insertion lines, as well as 
overexpression and dominant-negative plants. 

• Identify the subcellular localization of CP with antibodies, fluorescent fusion protein reporters 
and subcellular fractionation.  

References to work supported by this project 2006-2008: 
 
1. Huang, S., Gao, L., Blanchoin, L., and Staiger, C.J. (2006). Heterdimeric capping protein from 

Arabidopsis is regulated by phosphatidic acid. Mol. Biol. Cell 17, 1946-1958. 
2. Staiger, C.J., and Blanchoin, L. (2006). Actin dynamics: old friends with new stories. Curr. Opin. Plant 

Biol. 9, 554-562. 
3. Chang, J., Myeni, S.K., Lin, T.L., Wu, C.C., Staiger, C.J., and Zhou, D. (2007). SipC multimerization 

promotes actin nucleation and contributes to Salmonella-induced inflammation. Molecular Microbiology 
66, 1548-1556. 

4. Choi, Y., Lee, Y., Jeon, B.W., Staiger, C.J., and Lee, Y. (2008). Phosphatidylinositol 3- and 4-phosphate 
modulate actin filament reorganization in guard cells of day flower. Plant, Cell and Environment 31, 366-
377. 

5. Zhang, C., Mallery, E.L., Schlueter, J., Huang, S. Fan, Y., Brankle, S., Staiger, C.J., and Szymanski, D.B. 
(2008). Arabidopsis SCARs function interchangeably to meet actin-related protein 2/3 activation 
thresholds during morphogenesis. Plant Cell 20, 995-1011. 

6. Staiger, C.J., Sheahan, M.B., Khurana, P., McCurdy, D.W., and Blanchoin, L. (2008) Actin filament 
dynamics are dominated by rapid growth and prolific severing activity in the Arabidopsis cortical array. J. 
Cell Biol., submitted. 
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Structure, function and regulation of the enzymes in the starch biosynthetic pathway.  
James H. Geiger 
Michigan State University Chemistry Department 320 Chemistry, East Lansing MI  48824 
Email: geiger@chemistry.msu.edu 

Collaborators:  Dr. Jack Preiss, Michigan State University MB&B Department 

Overall research goals: The research goals of this project are to use high-resolution structural 
information to provide an understanding of the structure, mechanism and specificity of the starch 
biosynthetic enzymes. 

Significant achievements in 2006-2008:  The lab is working on all three of the enzymes required for 
the biosynthesis of starch in plants and glycogen in bacteria, as the pathway is the same.  The three 
enzymes are ADP-glucose pyrophosphorylase, which is responsible for the formation of the ADP-
glucose building blocks from ATP and Glucose-1-phosphate; Glycogen or starch synthase, which 
elongates the starch or glycogen chain by adding glucose units from ADP-glucose to the 4-position 
of the growing starch chain; Branching enzyme, which breaks the α−1-4-linkages and re-adds them 
to the 6-position of the starch or glycogen molecule to produce the very important branching chains.  
Our group published the 1st structure of an ADP-glucose pyrophosphorylase and the 1st structure of 
a branching enzyme.  We have recently determined the structure of E. coli glycogen synthase 
(EcGS) in its catalytically active, closed conformation that for the 1st time shows the bonafide active 
site of the enzyme.  We have also determined the structure of EcGS bound to ADP, glucose and the 
sugar acceptor mimic Heppso.  We have also determined the structure of EcGS in its open 
conformation when not bound to any substrates.  We have in addition determined the structure of a 
catalytically inactive EcGS mutant (E377A EcGS) bound to a malto-oligoside.  This structure 
shows how a glycan acceptor binds the active site of a glycogen or starch synthase.  Together these 
structures provide a detailed picture of many of the steps of the starch or glycogen synthase catalytic 
cycle.  We are able to make significant insights into the mechanism and specificity of the enzyme as 
well. 

We have very recently also determined the structures of branching enzyme bound to several 
oligomaltoside substrates.  These structures identify completely novel glycan binding sites on the 
surface of the enzyme that are likely involved in determining the specificity of the branching 
enzymes.  Three distinct glycan binding sites have been identified, some as far as 20 Å from the 
active site of the enzyme.  Together, these structures give us critical information regarding the role 
of Branching Enzyme’s surface in its specificity and activity.   

We are also making progress in our efforts to determine the structure of potato tuber ADP-glucose 
pyrophosphorylase in its catalytically active conformation.  We are developing an improved 
protocol for the overexpression and purification of the enzyme using a novel expression vector we 
are developing that combines the utility of the Sumo protein tag for specific cleavage with the 
superior expression and solubility of the maltose binding protein.  This will allow us to express 
higher levels of the pyrophosphorylase and to remove the purification tag using the very specific 
and active Sumo Protease.  Though we have produced crystals of pyrophosphorylase in the absence 
of its inhibitor sulfate or phosphate, We have been hampered by the low expression levels of the 
protein using older methods.  The new system has significantly improved the expression of a 
number of proteins in our lab and we are hopeful that it will significantly help in the production of 
Potato tuber Pyrophosphorylase.    

  
 

Science objectives for 2008-2009:  
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• Crystallize and determine structures of a number of EcGS mutants that will add further to our 
mechanistic insights into the enzyme.  These include the E377Q mutant which is completely 
inactive even though Gln is isosteric with Glu and would seem to be able to provide much of the 
function of the Glu in the structure.  We will also determine structures of the wild-type enzyme 
bound to malto-oligosaccharides, as we are able to soak these molecules into our crystals.  We 
will attempt to produce intermediates using quick soak/freeze protocols similar to work done for 
other similar enzymes.  This may allow us to produce a well-resolved intermediate in the active 
site of the enzyme. 

•  With significantly higher amounts and better purified, Potato ADP-glucose pyrophosphorylase 
in hand, we will improve our crystals and determine the structure of the enzyme in the absence 
of the allosteric inhibitors Sulfate and phosphate.  This will provide us with critical information 
into the nature of the allosteric regulation of the enzyme.   

• We will make mutants of Branching enzyme based on the structures we have determined to 
understand the effects our glycan binding sites have on the activity and specificity of the 
enzyme.  We will also continue to work on crystallizing a full-length branching enzyme and a 
branching enzyme from a plant source.   

References to work supported by this project 2006-2008(style=Stand alone text heading): 
1. F. Sheng, A. Yep, J. Preiss and J. H. Geiger; “Crystal structures of the open and catalytically competent 

closed forms of E. coli Glycogen Synthase.  J. Biol. Chem.  Submitted,in revision (2008). 
2. F. Sheng, J. Preiss, A. Yep, James H. Geiger, “Oligosaccharide binding in E. coli Glycogen Synthase” in 

preparation (2008). 
3. L. Fang, Jack Preiss, James H. Geiger, “The recognition of oligosaccharides on the surface of E. coli 

Branching Enzyme in preparation (2008). 
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CBL10 alternative splicing regulates salt tolerance in Arabidopsis 
 
Karen S. Schumaker, Principal Investigator 
Shea M. Monihan, Ph.D. student; YongSig Kim, Postdoctoral Research Associate 
Department of Plant Sciences, Forbes 303, University of Arizona, Tucson, AZ 87521 
   
Collaborators: Dr. Yan Guo, National Institute of Biological Sciences, Beijing, China 
     Dr. José M. Pardo, Instituto de Recursos Naturales y Agrobiologia 

Consejo Superior de Investigaciones Cientificas, Sevilla, Spain 
 
Overall research goals:  
Calcium ions (Ca2+) have emerged as an essential component of many pathways in plants, underlying 
growth and development by linking perception of physiological and environmental cues to cellular 
responses. Models for specificity in Ca2+-mediated signaling suggest it may reside in the array of 
molecules that sense alterations in Ca2+ levels (Ca2+ sensors). We are continuing our studies to 
understand how one member of the Calcineurin B-Like (CBL) family of Ca2+ sensors in Arabidopsis, 
CBL10, interprets changes in cellular Ca2+ levels and participates in the generation of specificity 
during plant growth in saline conditions.   
 
Significant achievements in 2006-2008:  Several CBL family members are involved in signal 
transduction in response to environmental stresses. To determine if CBL10 is important for the 
response of the plant to salt stress, growth of a CBL10 mutant (cbl10-1) was characterized in the 
presence and absence of NaCl. Roots of cbl10-1 did not show any reduction in growth in response to 
NaCl. However, growth of aerial portions of mutant plants was reduced and leaves developed 
chlorosis at concentrations of NaCl as low as 100 mM. The severity in the reduction in leaf growth 
and of the chlorosis increased with higher concentrations of NaCl. When cbl10-1 was transformed 
with a construct containing the CBL10 promoter and whole genomic fragment, a wild-type response 
to salt was restored indicating that disruption of full-length CBL10 expression is responsible for the 
salt-sensitive phenotype in the cbl10-1 mutant. These results suggest that CBL10 serves as a positive 
regulator of salt tolerance in aerial portions of the plant.   
 
When CBL10 expression was determined in wild-type Arabidopsis grown in control conditions (no 
NaCl) using RT-PCR, an additional band appeared above the expected size of the CBL10 cDNA. The 
bands were isolated and cloned and cDNAs were sequenced. A variant of CBL10 mRNA with a 
retained intron was found and was analyzed based on its deduced amino acid sequence. This cDNA 
(CBL10LA) contains a premature termination codon likely resulting in a truncated protein with one 
less Ca2+-binding motif (EF-hand) than the full-length CBL10 protein. The expression of CBL10LA 
appears to be significantly reduced during salt stress. Based on the response of wild-type Arabidopsis 
to growth in salt and the salt-sensitive phenotype of the cbl10-1 mutant, we have proposed the 
following working model: in control conditions, CBL10LA is present and interacts with but does not 
activate a downstream target of CBL10, the protein kinase Salt-Overly-Sensitive2 (SOS2); the result 
is a reduction in the effective concentration of CBL10. During salt stress, CBL10LA is degraded so 
that CBL10, the major transcript that remains, encodes a full-length, functional protein. The full-
length CBL10 protein then interacts with SOS2 to initiate a response to salt stress. 
 
Science Objectives for 2008-2009:  We will focus our studies on the following experiments to test 
our model. 
1. As a direct test of our model, we have generated wild-type plants over-expressing CBL10LA 
(CBL10LA under the control of the Cauliflower Mosaic Virus 35S promoter). Our hypothesis is that 
over-expression of CBL10LA will result in the continued production of the truncated CBL10 protein 
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in wild type leading to a reduction in the ability of the plant to respond to salt and to increased salt 
sensitivity. We have tested twenty independent transformed lines and 17 show increased sensitivity 
to salt when grown on 200 mM NaCl. Preliminary experiments examining CBL10 expression in 
several of the lines suggests that over-expression of CBL10LA does not induce silencing of the 
endogenous CBL10 gene. Experiments will be performed to confirm CBL10 expression in the 
transformed lines and to verify CBL10LA overexpression.  
 
2. Another important prediction of our model is that CBL10LA does not code for a functional protein. 
To test this, we have taken CBL10 cDNA encoding the full-length CBL10 protein and CBL10LA 
cDNA under the control of the CBL10 promoter and transformed them into the cbl10-1 mutant. 
Phenotypic assays will be performed to determine if: (1) full-length CBL10 cDNA is sufficient to 
confer salt tolerance and (2) if CBL10LA can complement the salt-sensitivity of cbl10-1. If, as we 
expect, full-length CBL10 alone is able to fully complement the mutant phenotype and CBL10LA is 
unable to do so, the conclusion that CBL10LA likely serves to regulate CBL10 activity will be further 
supported. 
 
3. One method that has been used to demonstrate Arabidopsis CBL10 function involves a yeast Na+ 
transport mutant that is unable to grow on media with salt due to an inability to remove Na+ from its 
cells. When CBL10 was expressed in this mutant in combination with the Arabidopsis proteins SOS1 
(a plasma membrane Na+/H+ exchanger) and SOS2, the SOS pathway was activated; SOS1 
transported Na+ out of the yeast cells and growth of the yeast on media with salt was restored. We are 
collaborating with Dr. José Pardo (IRNASE/CSIC) to determine if CBL10LA interferes with CBL10 
activity by introducing CBL10LA into these yeast Na+ transport mutants in combination with CBL10, 
SOS2, and SOS1. Our model is that CBL10LA will compete with CBL10 for interaction with SOS2, 
reducing the effective concentration of CBL10, preventing activation of the SOS pathway and 
preventing yeast growth on salt. 
 
4. As part of our studies to understand how CBL10LA regulates CBL10 activity, we have performed 
yeast two-hybrid assays with CBL10, CBL10LA and SOS2. These studies indicate that both CBL10 
and CBL10LA are able to interact with SOS2. In vitro pull down assays will be performed to verify 
this interaction. 
 
References to work supported by this project 2006-2008: 
 
Batelli G, Versules PE, Agius F, Qiu Q, Songqin FH, Schumaker KS, Grillo S, Zhu J-K. 2007. SOS2 
promotes salt tolerance in part by interacting with the vacuolar H+-ATPase and upregulating its 
transport activity. Molecular and Cellular Biology 27, 7781-7790. 
  
Fulsang AT, Guo Y, Cuin TA, Qiu Q, Song C, Kristiansen KA, Bych K, Schulz A, Shabala S, 
Schumaker KS, Palmgren MG, Zhu J-K. 2007. Arabidopsis protein kinase PKS5 inhibits the plasma 
membrane H+-ATPase by preventing interaction with 14-3-3 protein. Plant Cell 19, 1617-1634. 
 
Zhao J, Zhang W, Zhao Y, Gong X, Guo L, Zhu G, Wang X, Gong Z, Schumaker KS, Guo Y. 2007. 
SAD2, an importin B-like protein, is required for UV-B response in Arabidopsis by mediating 
MYB4 nuclear trafficking. Plant Cell 19, 3805-3818.  
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Control of energy metabolism and carbon catabolite repression in the bacterial 
nitrogen-fixing symbiont Sinorhizobium meliloti 
Daniel Gage, Principal Investigator 
University of Connecticut 
Department of Molecular and Cell Biology 
91 N. Eagleville Rd. 
Storrs, CT 06268 
Email: daniel.gage@uconn.edu; Web: http://web.uconn.edu/gage 
 
Background: The industrial production of nitrogenous fertilizers is energetically 
expensive, and the wide-spread application of fertilizers to agricultural sites often has far-
reaching, negative, impacts on the environment. Problems include eutrophication, the 
formation of anoxic dead-zones in estuaries, and the formation of reactive nitrogen 
species and greenhouse gases. Biological nitrogen fixation provides a way to lessen 
dependence on industrially produced nitrogenous fertilizers. Many agriculturally 
important legumes are able to fix nitrogen in conjunction with symbiotic nitrogen-fixing 
bacteria (Rhizobia) from the genera Sinorhizobium, Rhizobium, Bradyrhizobium and 
Mesorhizobium. Intercropping using legumes, and using legumes to amend soil or 
provide “green fertilizer”, can lessen the environmental impacts associated with 
application of industrial ammonia-based fertilizers. 
 
Overall research goals: Those Rhizobial activities which are not uniquely required to 
establish a productive symbiosis, but are still important for symbiosis, are research areas 
of on-going interest. Our work is designed to further understanding of one of these key 
processes: global control of gene expression and physiology by succinate-mediated 
catabolite repression (SMCR). Rhizobia are able to utilize a large variety of compounds 
for growth, but succinate, and other C4-dicarboxylic acids, are important carbon sources 
during both free-living and symbiotic states. C4-dicarboxylic acids are used to fuel 
nitrogen fixation, they support high growth rates, and they are used in preference to many 
other (secondary) carbon sources . In bacteria, catabolite repression controls carbon 
utilization patterns and many other physiological traits including cell division, virulence 
and biofilm formation. Our long term goal is to identify how SMCR is established in S. 
meliloti and to identify the molecular mechanisms that connect SMCR to global 
regulation of gene expression and physiology. 
 
Progress toward understanding SMCR: 
1. We have developed tools and protocols which allow the study of SMCR. Raffinose 
and lactose are transported into S. meliloti by proteins encoded by the melA-agp and lac 
operons respectively. These operons, tools derived from them, and the protocols 
developed to use them, have been instrumental in dissecting SMCR. 
2. We have shown that SMCR operates, in part, by preventing secondary carbon 
sources from entering the cell (inducer exclusion). 
3. We have shown S. meliloti uses an incomplete PTS system to regulate SMCR. 
Phosphotransferase systems (PTS) transport sugars and regulate gene repression in E. coli 
and many other well-studied bacteria. S. meliloti is missing genes required to assemble a 
complete PTS. Even though the partial PTS of S. meliloti cannot transport carbon 
sources, it has been retained as a signal transduction system. We have shown through 
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genetics and physiological experiments that the PTS regulates: SMCR, other aspects 
carbon metabolism, exopolysaccharide synthesis and cell viability. 
4. We have shown that Hpr kinase (HprK) regulates SMCR and symbiotic function. 
The protein kinase HPrK, phosphorylates the PTS protein Hpr, and regulates global gene 
expression and physiology in many Gram positive bacteria, but is lacking in most Gram 
negative bacteria. It is, however, encoded in the genome of S. meliloti and other α-
proteobacteria. We have found that in S. meliloti HprK is an important regulator of 
SMCR. hprK mutants exhibit abnormally strong catabolite repression, altered expression 
of carbon utilization genes and very slow growth. In addition, hprK mutants can induce 
and occupy root nodules, but cannot fix nitrogen. 
5. We have identified a 2-component system that regulates catabolite repression and 
energy metabolism. A genetic screen designed to isolate mutants defective in SMCR 
identified the gene sma0113 as a regulator of SMCR in S. meliloti. sma0113 encodes a 
histidine kinase with five PAS domains. The gene immediately downstream, sma0114, 
encodes a CheY-like response regulator. Deletion mutants of sma0113 show a relief of 
catabolite repression, compared to wild-type. Dye reduction experiments with sma0113 
mutants show that sma0113 mutants have excess reducing capacity during exponential 
growth. We believe that this 2-component system may use sensory information about 
redox levels, or energy state, gathered from the PAS domains of Sma0113 to control 
phosphorylation of Sma0114, which in turn regulates catabolite repression, directly or 
indirectly, via protein-protein interactions. 
6. Protein purification. We have cloned and His-tagged: the PTS proteins of S. meliloti, 
Sma0113 and Sma0114. We have also constructed site-directed mutants of many of 
these.  
 
Future work 
1. Biochemistry of phosphotransfer using purified components of the PTS and the 
Sma0113/114 pair. 
2. Structural characterization of PTS proteins and the Sma0113/0114 pair 
3. Biochemical and genetic analysis of the 5 tandem PAS domains of Sma0113. 
4  Understand the connection between redox/energy metabolism and Sma0113/0114. 
5. Identification of downstream partners of Sma0114 and the key PTS protein Hpr. 
 
Papers 
•Arango Pinedo, C. and Daniel J. Gage (2008). HPrK regulates succinate-mediated catabolite repression in 
the Gram negative symbiont Sinorhizobium meliloti. (submitted) 
•Garcia, P.P., Bringhurst, R.M., and D. J. Gage (2008). Characterization of a two-component regulatory 
system which regulates succinate-mediated catabolite repression in Sinorhizobium meliloti (submitted) 
•Arango-Pinedo, C., Bringhurst, R.M. and D. J. Gage (2008). Sinorhizobium meliloti mutants lacking 
phosphotransferase system enzyme HPr or EIIA are altered in diverse processes, including carbon 
metabolism, cobalt requirements, and succinoglycan production. J. Bacteriol. 190:2947 
•Cardon, Z. G. and D. J. Gage (2006) Resource exchange in the rhizosphere – molecular tools and the 
microbial perspective. Ann. Rev. Ecology, Evolution and Systematics 37: 459-488  
•Bringhurst, R. M. and D. J. Gage (2002) Inducer exclusion/expulsion plays a key role in succinate-
mediated catabolite repression in Sinorhizobium meliloti. J. Bacteriology 184:5385-5392 
•Bringhurst, R. M., Cardon, Z., and D. J. Gage (2000). Galactosides in the rhizosphere: utilization by 
Sinorhizobium meliloti and development of a biosensor. Proc. Nat. Acad. Sci. 98:4540-4545 
•Bringhurst, R. M., and D. J. Gage (2000) An AraC-like transcriptional activator is required for induction 
of genes needed for a-galactoside utilization in Sinorhizobium meliloti. FEMS Microbiol. Letters 188:23-27 
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 Plant Response to LCO/CO Signals 

Gary Stacey, PI 
Kiwamu Tanaka, Postdoctoral Research Associate  
271E C.S. Bond Life Sciences Bldg., University of Missouri, Columbia, MO   65211 
Email: staceyg@missouri.edu;  Web: http://psu.missouri.edu/staceylab/index.htm 

Collaborators:  Dr. J.C. Hong, Gyeongsang University, Jinju, Korea 
 
Overall research goals: Chitooligosaccharide (CO) signals, produced by pathogenic fungi, trigger a 
strong plant defense response. In contrast, structurally similar lipo-chitooligosaccharide (LCO) signals, 
produced by beneficial symbiotic bacteria, initiate de novo organogenesis on legume plants. Our long 
term goal is to understand how such similar signals can elicit such different plant responses. In recent 

work, we identified the plant CO receptor. The proposed work 
focuses on understanding the mechanism of CO recognition and 
the downstream signaling processes. The proposed research 
relates to the mission of DOE since it impacts plant yield and 
biomass. Elicitors also play a major role in modulating the 
expression of many plant secondary product pathways, some of 

which have important uses. The work is also pertinent to an understanding of the infection mechanism of 
rhizobia on legume plants leading to biological nitrogen fixation. The work is also relevant to 
understanding and controlling symbiotic (i.e., mycorrhizal) and pathogenic fungal infection of plants. 
 
Significant achievements in 2006-2008: In the past year, we made a major breakthrough by identifying 
the AtLYK1 (LysM RLK) as the major chitin receptor in Arabidopsis (Wan et al., 2008). This now 
opens the way for a full analysis of the chitin signaling pathway.  

 LysM receptor-like kinases play a critcal role in the perception of lipo-chitin (LCO) nodulation 
signals essential for the establishment of the legume-rhizobium symbiotic interaction. The LysM domain 
is a peptidoglycan-binding module originally identified in bacterial enzymes that hydrolyze the 
peptidoglycan component in bacterial cell walls. Peptidoglycan is a chitin-like polymer. Interestingly, 
LysM RLKs are also found in non-legume plants. Due to the structural similarity between chitin, LCO 
Nod signals and peptidoglycan, it was reasonable to hypothesize that some LysM RLKs may also play a 

Figure 1. The AtLYK1 mutant does 
not respond to chitin elicitation, as 
shown by the lack of gene expression 
in the presence of the chitin octamer. Chitin responsive 
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Figure 2. The network constructed from tested yeast two-
hybrid data using chitin responsive transcription factors as 
bait, as well as three MAP kinases.  
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role in chitin signaling.  
We screened mutants defective in each of the five LysM RLK genes in the Arabidopsis genome. 

Three of these genes were shown to be significantly induced by chitin, but mutations in only one of 
these genes (AtLyk1) led to loss of the response to chitin elicitation (Figure 1). As would be expected, 
loss of the chitin response also led to increased susceptibility to fungal infection.  AtLYK1 is only the 
third pattern recognition receptor (PRR) identified in plants. The other two PRRs are both leucine-rich 
repeat receptor-like kinases (LRR RLKs). Therefore, our findings also add a new class of proteins to the 
family of PRRs. 

In other work, using a yeast 2-hybrid (Y2H) approach, we identified a large, interacting network of 
transcripton factors that control the chitin response (Figure 2). In addition, we showed direct interaction 
between some of these transcription factors and MAP kinases known to mediate the chitin response. 
Y2H experiments are also being used to define interacting partners with the AtLYK1 protein. Mutants in 
these interacting partners are showing the expected phenotypes of altered response to chitin elicitation 
and fungal infection. The net effect of this work will be define in full detail the signalling pathways 
operable during chitin elicitor action.  

Science objectives for 2008-2009: We will continue our work to define the chitin signaling pathway in the 
model plant Arabidopsis thaliana. However, we also plan to extend this work into crop plants, including 
those (e.g., soybean) used for biofuel production. Specific objectives include: 

• Confirm using other methods (such as co-immunoprecipitation) the protein-protein interactions identified 
by yeast two hybrid methods 

• Examine the phenotypes of plant mutants defective in those genes identified using Y2H methods. This 
will include an examination of chitin and fungal response. 

• Examine the role of AtLyk1 orthologues in selected crop plants. 

References to work supported by this project 2006-2008: 
1. Wan, Jinrong, Xuecheng Zhang, and Gary Stacey (2008) Chitin signaling and plant disease resistance. 

Plant Signaling and Behavior, 3 (10): 1-3. 
2. Wan J, Patel A, Mathieu M, Kim S-Y, Xu D, Stacey G (2008) A lectin receptor-like kinase is required for 

pollen development in Arabidopsis. Plant Mol. Biol. 67: 469-482 
3. Jinrong Wan, Xuecheng Zhang, Katrina M. Ramonell, Steve Clough, Sung-yong Kim, Minviluz Stacey, 

and Gary Stacey (2008) A LysM receptor-like kinase mediates chitin perception and fungal resistance in 
Arabidopsis. Plant Cell 20: 471-481.  

4. Zhang X-C, Wu X, Findley S, Wan J, Libault M, Nguyen HT, Cannon SB, Stacey G (2007) Molecular 
evolution of LysM type receptor-like kinases in plants Plant Physiol. 144: 623-636. 
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Hsp100/ClpB Chaperone Function and Mechanism 
 
Elizabeth Vierling, Principal Investigator 
Ung Lee, Postdoctoral Research Associate 
Minsoo Kim, PhD Candidate 
Department of Biochemistry & Molecular Biophysics, University of Arizona, Tucson, AZ  85721 
Email: vierling@u.arizona.edu;  Web: http://www.biochem.arizona.edu/vierling/ 
 
Collaborators: Dr. Ralph Bock, Max Planck Institute for Molecular Plant Physiology, Potsdam/Golm, 
Germany.  Dr. Stephen Tonsor, University of Pittsburgh, Pittsburgh, PA 
 
Overall research goals: The proposed research will use genetic and molecular approaches to investigate 
the Hsp100/ClpB proteins, including studies of both cytosolic Hsp101 and chloroplastic ClpB-p, using 
the model plant Arabidopsis thaliana. The ultimate goal is to define mechanistically how these 
chaperones influence plant growth, development, stress tolerance and productivity. The chaperone 
activity of the Hsp100/ClpB proteins clearly impacts how “plants generate and assemble 
components” as well as “allowing for their self repair”.  Furthermore, Hsp100/ClpB protein 
function in plants is directly required for optimal “utilization of biological energy”, and is involved 
in “mechanisms that control the architecture of energy transduction systems”.   

Significant achievements in 2006-2008: We have previously shown that the cytosolic molecular chaperone 
Hsp101 is essential for the ability of plants to acclimate to high temperatures. We have made progress on 
multiple fronts to determine how Hsp101 facilitates stress protection. The homologous proteins, ClpB-p, 
which is found in the chloroplast, is essential for normal chloroplast development and plant growth. Data 
from gene and protein expression studies is beginning to reveal how this chaperone promotes proper 
assembly of chloroplast structures. 

Cytosolic Hsp101:  To define the role of different domains of the Hsp101 protein, N- and C-
terminal deletions of cytosolic Hsp101 have been introduced into Arabidopsis plants that are null for Hsp101. 
Results of heat stress tests indicate that neither of these domains are essential for heat tolerance at the seedling 
stage of growth. Further quantitative analysis of these plants as well as tests of defects in other phenotypes 
will be carried out on homozygous lines. 

To identify potential substrates or partners in Hsp101 action, transgenic plants have been generated with an 
N-and C-terminal affinity tag attached to Hsp101. These constructs are expressed well in the transgenic 
plants and preliminary data indicate that they rescue the heat sensitivity of the Hsp101 null. Therefore these 
plants can be used for affinity studies. 

Progress has been made towards producing plants with N- and C-terminal GFP fusions for protein 
localization studies. We are also generating plants with an inducible dominant-negative allele of Hsp101. 

Four extragenic suppressors of a dominant-negative mutant allele of Hsp101 are being characterized. One, 
shot1, we previously cloned and found it to be a member of the “mitochondrial transcription factor related 
proteins” (mTERFs) family. Genetic analysis has now shown that shot1 can suppress the heat sensitive 
phenotype of other mutants, distinct form Hsp101. Therefore, shot1 appears to be a general suppressor of 
some function that results in plant heat sensitivity. The other three extragenic suppressors are being subjected 
to further genetic analysis to separate them from the Hsp101 mutant allele and determine if they are dominant 
or recessive.  

To investigate the connection of Hsp101 to drought and heat tolerance we have collected samples across 
different accessions and treatments, and will quantify hsp101 expression. Dr. S. Tonsor at University of 
Pittsburgh will perform ANOVA and other analyses to determine if there is any relationship with Hsp101 
expression level and plant growth and seed production.  

Chloroplast ClpB-p: ClpB-p null mutants must be grown initially on sucrose-containing media at 
low light, but can eventually transferred to soil, where they will continue to grow as plae plants, producing 
little or no normal seeds. Microarray analysis of chloroplast gene transcripts was performed comparing clpB-
p and wt plants after they reached the 10 leaf stage. Results show that clpB-p mutants have no defect in 
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transcription, and even produce elevated levels of some transcripts, including ribosomal protein and Ndh 
transcripts. Precise measurements of rRNAs indicate the mutant accumulates fewer chloroplast ribosomes 
than the wt. Western analysis indicates that there are severe defects in accumulation of photosystem proteins, 
although clpP and Ndh proteins appear to accumulate like wt. Rubisco protein is also very low in the mutant, 
despite normal mRNA levels. Possible explanations for these results are that there is either selective 
translation of transcripts, or assembly and degradation of proteins complexes are differentially affected in the 
mutant.   

Science objectives for 2008-2009: 

• To complete analysis of the phenotypes of plants expressing N- and C-terminal deletion mutants of 
Hsp101. Phenotypes of growth and development in addition to heat tolerance at different stages of 
development will be tested.  

• To finalize generation of other transgenic plants carrying 101:GFP translational fusions, an inducible 
dominant-negative allele of Hsp101, and constructs investigating if the chloroplast ClpB-p protein 
can complement the Hsp101 mutant. 

• To utilize affinity tagged Hsp101 transgenic plants to search for biochemical partners or substrates of 
Hsp101.  

• To complete basic genetic analysis of other extragenic suppressors of Hsp101. 

• To investigate the potential function of the Hsp101 suppressor SHOT1 in organelle gene expression 
or function. 

• Complete analysis of relationship between Hsp101 expression and whole plant phenotypes in 
response to drought and heat. 

• To complete polysome analysis of chloroplast gene expression in clpB-.p 
 

References to work supported by this project 2005-2008: 
1) Tonsor, S.J., C. Scott, I. Boumanza, T.R. Liss,  J.L. Brodsky, E. Vierling. Heat shock protein 101 
effects in Arabidopsis thaliana: Genetic variation, fitness and pleiotropy in controlled environments. 
Mol. Ecol., 17: 1614-1626 (2008). 
 
2) McClellan, C.A., T.J. Turbeyville, E.M. K. Wijeratne, A. Kerschen, E. Vierling, C. Queitsch, L. 
Whitesell, A.A. Gunatilaka. A rhizosphere fungus enhances Arabidopsis thermotolerance through 
production of an Hsp90 inhibitor. Plant Physiol 145: 174-182 (2007). Highlighted in Science Stke  
http://stke.sciencemag.org/cgi/content/abstract/sigtrans;2007/403/tw333 
 
* 3) Kotak, S., J. Larkindale, U. Lee, P. von Koskull-Döring, E. Vierling, K-D. Scharf. Complexity of 
the heat stress response in plants. Curr. Opin. Plant Biol., 10:310-316 (2007). 
 
4) Lee, U., I. Rioflorido, S-W. Hong, J. Larkindale, E. R.Waters, E.Vierling. The Arabidopsis 
ClpB/Hsp100 family of proteins: Chaperones for stress and chloroplast development. Plant Journal 
49:115-127 (2007). 
 
5) Lee,U., C. Wie, M. Escobar, B. Williams, S.-W. Hong, E. Vierling. Genetic analysis reveals domain 
interactions of Arabidopsis Hsp100/ClpB and cooperation with the sHsp chaperone system. Plant Cell, 
17:559-571 (2005). 
  
* 6) Larkindale, J., Mishkind, M., E. Vierling. Plant responses to high temperature: In: Plant Abiotic 
Stress. M. A. Jenks and P. M. Hasegawa, eds. Blackwell Publishing. pp.100-144 (2005). 
   * Reviews that include work supported by other funding in addition to DOE funds. 
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Energetics and Structure of the ZIP Metal Transporter 
 

Dax Fu (PI) and Paul Freimuth (co-PI) 
Biology Department, Brookhaven National Laboratory 

Email: dax@bnl.gov, Web: http://www.biology.bnl.gov/structure/fu.html 
 

Overall research goals:  
 
Chloroplasts represent one of the most metal-enriched organelles in all life systems. Plants 
employ a host of metal transport proteins that acquire metal ions from the soil, and then move 
them to the chloroplast sink where metal ions are incorporated into photosynthetic apparatus as 
catalytic/structural co-factors. The long-term goal of our research is to understand the 
fundamental chemical principles governing selective binding and energized movement of metal 
ions mediated by metal transporters. We will use direct biophysical measurements to 
characterize the kinetic process of metal transport in millisecond timescale, and use x-ray 
crystallography to reveal the molecular architecture of metal transporters in atomic detail. As an 
important step toward these goals, the current proposed research will focus on ZIP (ZRT, IRT-
like Protein) metal transporters, a family of ubiquitous membrane proteins found in bacteria, 
plants and mammals. At present, only a bacterial ZIP homolog, ZupT from Escherichia coli, 
can be purified in sufficient quantities for structural analysis.  Thus, we will use ZupT as a 
model protein to study the energetics and structure of the ZIP transporter. The proposed studies 
may reveal how structures of metal transporters are built around metal coordination chemistry, 
thereby facilitating protein engineering of metal transport systems that play a critical role in the 
biogenesis and function of photosynthetic apparatus. 

Significant achievements in 2008: 

This is a newly funded BES program stating from 7/1/2008. A post-doc has been recruited and 
experiments have been initiated.  

Science objectives for 2008-2009:  

• Over-express and purify ZupT  

• Reconstitute the purified ZupT into proteoliposomes and characterize its transport kinetics.    

• Begin crystallization of ZupT 

References to work supported by this project 2007-2008: 
 
Lu M. and Fu D. Structure of the zinc transport YiiP. Science, 317: 1746-8 (2007).   
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Engineering Interactive Biological/Material Interfaces with Nanotechnology  
Jay T. Groves, Principal Investigator  
Matt Francis, Carolyn Bertozzi, Rich Mathies, Caroline Ajo-Franklin, Co-Principal Investigators   
Chemistry Department, UC, Berkeley National Laboratory (LBNL), Berkeley, CA 94720 
Email: JTGroves@lbl.gov@lbl.gov;  Web: http://groveslab.cchem.berkeley.edu)  

Collaborators:  Dr. Joe Gray, Berkeley National Laboratory (LBNL) 
Dr. Berend Smit, Berkeley National Laboratory (LBNL) 
Dr. Dan Fletcher, Berkeley National Laboratory (LBNL) 

Overall research goals: The fundamental goal of this program is to tap the world of biological 
nanotechnology by constructing molecular level, functional interfaces between living systems and 
synthetic materials. The key to domesticating life at the cellular and molecular level is 
communication. Living cells have tremendous ability to follow directions and perform functions on 
demand. In order to effectively communicate with cells, we must be able to produce synthetic 
materials that present the signals necessary to elicit technologically useful behaviors from cells. 
Progress within this program over the last funding cycle is advancing towards this goal. This 
program seeks to develop basic scientific understanding and synthetic capabilities to ultimately 
direct the behavior of cells down to the molecular level. 

Significant achievements in 2006-2008: At the inception of this program, the supported membrane 
platform was chosen as the primary strategy for interfacing synthetic substrates with living cells 
based on its successful application in studies of the T cell immunological synapse (Grakoui, 
Bromley et al. 1999). Functional signaling interfaces have been successfully established between 
three different live cell systems and appropriately functionalized inorganic substrates in 2005 and 
2006.  These include the repatterning of the T cell junction using electron beam patterned substrate 
constraints (Mossman, et al. 2005), induction of synaptogenesis in neurons(Pautot et al. 2005; 
Baksh et al. 2005), a general strategy for the surface-bound display of soluble signaling molecules 
(Nam et al. 2006).  Our collective progress in this general area was recognized through an invitation 
to write a perspective for Science’s STKE (Science’s STKE 2005, 301, pe45: “Learning the 
chemical language of cell surface interactions”, Jay T. Groves).  A more recent development, 
introduces the use of photocaged peptides to fabricate optically patternable surfaces.  The key to this 
development is that substrates can be patterned in real time, while they are interacting with living 
cells.  We refer to this technique as ‘in vivo photolithography’, and see it emerging as a critical new 
capability in controlling the interface between living cells and inorganic substrates.  Our most recent 
work extends this line of investigation to the use of nanometer scale “molecular mazes” to probe the 
processes and mechanisms behind protein transport and sorting in cell membranes (DeMond et al. 
2008).  
 
The generation of synthetic surfaces that can direct cellular behavior requires a diverse repertoire 
of  signaling. Thus general strategies of generating these ligands, most of which are proteins, in 
forms that enable linkage to membranes is an essential component of this program. Nickel-
chelating lipids are general tools for anchoring polyhistidine-tagged proteins to supported 
membranes. The ease of preparing histidine-tagged proteins makes chelator lipids an appealing 
tool for supported membrane functonalization, but a stable surface anchor is necessary for most 
realistic applications. Significant controversy exists over the stability and ultimate utility of this 
protein lipid attachment strategy. Therefore we have undertaken a systematic study of the  
desorption kinetics of decahistidine-tagged proteins from supported membranes containing nickel-  
chelating lipids (Nye and Groves 2008). Our results demonstrate that even low concentrations of 
chelator lipid (1%) are sufficient for building protein-functionalized surfaces, and that a range of 
protein surface densities are obtainable with a single concentration of chelator lipid. Supported 
membrane bound species exist in multiple association states, from monovalently to polyvalently 
bound. Significantly, our results revealed that equilibrium is unlikely to be reached under any 
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usual experimental circumstances, providing a possible explanation for discrepancies in the 
literature. The polyvalently bound species are quite stably associated with the substrate and the 
total surface density of these can be kinetically controlled during incubation. We have developed 
quantitative models of these binding kinetics that agree with experimental observations and provide 
a predictive framework for supported membrane functionalization. This system serves as the 
backbone of many of our exploratory experiments and has replaced the use of genetically-encoded 
GPI linkages used in earlier experiments. 
 

 
Figure 1. Generating artificial self-organizing boundaries between different cell types through surface patterning. 

Science objectives for 2008-2009(style=Stand alone text heading):  

• One fundamental goal of this is to develop a library of membrane anchoring motifs that lead to 
differing degrees of dynamic clustering of their tethered cargo in supported membranes. This 
library should contain anchors leading to mutual association as well as mutual avoidance, thus 
spanning the full spectrum of organizational behaviors observed in vivo. Such a library of 
anchors would aid the implementation of multiple signaling systems into a single supported 
membrane by providing control over how the signaling ligands interact. 

• Another goal of this program is to create surfaces displaying patterns of signals that direct 
multiple cell types to assemble into complex configurations with tissue-like levels of order, but 
following a designed plan of our choosing (see Figure 1). Applications for such capabilities 
include using cells to deliver cargo to specified locations with high spatial and orientational 
precision. It may also be possible to hijack the internal organization of the cell to, for example, 
arrange a series of nanoparticle devices on the nanometer scale. One very important challenge, 
which may be solvable by this strategy, is the oriented assembly of solar-electric and solar-fuel 
converting nanoparticles into macroscopic functioning devices.  

Selected references to work supported by this project 2006-2008 
1. Nam, J.-M., P. Nair, et al. 2006. “A fluid membrane based soluble ligand display system for live cell assays.” 

ChemBioChem. 7:436-440. 
2.  Nye, J. A. and J. T. Groves. 2008. “Kinetic control of histidine-tagged protein surface density on supported lipid 

bilayers. Langmuir 24:4145-4149.” 
3. Parthasarathy, R., C.-H. Yu, et al. 2006. Curvature-modulated phase separation in lipid bilayers membranes. 

Langmuir. 22:5095-5099. 
4. Paulick, M. G., M. B. Forstner, J. T. Groves, and C. R. Bertozzi. 2007. “A chemical approach tounraveling the 

biological function of the glycosylphosphatidylinositol anchor.” Proc Nat Acad Sci USA. 104:20332-20337. 
5. DeMond, A.L., K.D. Mossman, T. Starr, M.L. Dustin, and J.T. Groves. 2008. “T cell receptor 

microcluster transport through molecular mazes reveals mechanism of translocation.” Biophys J. 
94:3286-3292. 

6. Paulick, M. G., A. R. Wise, M. B. Forstner, J. T. Groves, and C. R. Bertozzi. 2007. “Synthetic analogues 
of glycosylphosphatidylinositol-anchored proteins and their behavior in supported lipid bilayers”. J Am 
Chem Soc. 129:11543-11550. 
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Syntrophy: Lifestyle of The thermodynamically Challenged  
Michael J. McInerney, Principal Investigator 
University of Oklahoma, 770 Van Vleet Oval, Norman, OK 73019  
Email: mcinerney@ou.edu ; Web: http://www.ou.edu/cas/botany-micro/faculty/mcinerne.html 

 Collaborators:  Dr. Robert P. Gunsalus, UCLA, Los Angeles, CA 
Dr. Rachel R. Ogorzalek Loo, UCLA, Los Angeles, CA 
Prof. Dr. Matthais Boll, University of Leipzig, Germany 
Dr. Mark Nanny, University of Oklahoma, Norman, OK 

Overall research goals: We wish to understand an essential but poorly characterized process critical 
for carbon cycling called syntrophy and how bacteria operate at free energy changes close to 
equilibrium The specific objectives of project are to determine: (1) the membrane complexes 
involved reverse electron transport, (2) the components involved in hydrogen and formate 
production, and (3) the membrane components involved in acyl-CoA oxidation. 

Significant achievements in 2006-2008: The genomes of Syntrophus aciditrophicus, 
Syntrophomonas wolfei, and Syntrophobacter fumaroxidans have been sequenced, manually 
annotated, and deposited in GenBank. These genomes are the first, completely sequenced and 
gapped-closed genomes for syntrophic metabolizers that require reverse electron transport. An 
inventory of expressed proteins of S. aciditrophicus grown in pure culture with crotonate and with 
crotonate plus benzoate suggests that novel strategies are used for benzoate reduction and ATP 
synthesis. Proteins for a novel benzoyl-CoA reductase and acetyl-CoA synthase (ADP-forming), 
the typical route from for ATP synthesis in acetate-forming archaea, were detected. The proteome 
lacked proteins for acetate kinase and phosphotransacetylase, the typical route for ATP synthesis 
from acetyl-CoA in bacteria. We found that S. aciditrophicus forms a diene intermediate from 3-
fluorobenzoate. In collaboration with Prof. Boll, the cyclohex-1,5-diene-1-carboxyl-CoA hydratase 
from S. aciditrophicus was heterologously expressed in Escherichia coli and its activity confirmed. 
Our data show that a two-electron reduction occurs during aromatic ring reduction in strict 
anaerobes. 

We discovered that S. aciditrophicus forms benzoate and cyclohexane-1-carboxylate from crotonate 
and elucidated the main metabolic steps in the pathway. Cyclohexane-1-carboxylate formation 
represents one of the few cases in biology where a saturated ring compound is made from a straight-
chain organic acid. The pathway for cyclohexane-1-carboxylate from crotonate appears to be a 

reversal of the benzoate degradation pathway. This suggests 
that the direction of metabolism is controlled by 
thermodynamic regimes and operates at high efficiency. We 
discovered that benzoate is respired by S. aciditrophicus 
(Fig. 1). The increase in molar growth yield with crotonate 
and benzoate and the formation of [ring-13C]-cyclohexane-
1- carboxylate from [ring-13C]-benzoate in the presence of 
crotonate are consistent with benzoate serving as an electron 
acceptor. Diverse fates for benzoate metabolism exist in 
methanogenic environments including syntrophic 
metabolism, fermentation, and respiration. 

Figure 1. Metabolism of crotonate in the presence of 
benzoate by S. aciditrophicus pure cultures. Symbols: , 
crotonate; , benzoate; , acetate; , cyclohexane 
carboxylate; , cyclohex-1-ene carboxylate. The data are 
averages ± standard deviations of triplicate cultures. 
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Science objectives for 2008-2009:  

• The mechanism of interspecies electron transfer, e.g., by the transfer of hydrogen, formate, or 
other molecules, or directly by electrically conductive filaments, will be determined for fatty- 
and aromatic acid-degrading syntrophic consortia. We will determine if inhibitors of 
hydrogenase and formate dehydrogenases affect the rate of syntrophic fatty and aromatic acid 
metabolism. We will also determine the effect of other potential extracellular redox carriers on 
the rate of syntrophic metabolism. 

• Membrane complexes potentially involved in reverse electron transport will be identified. We 
will use blue native gel electrophoresis to identify membrane protein complexes differentially 
expressed during syntrophic fatty aromatic acid metabolism.  

• We will determine which of the multiple hydrogenase and formate dehydrogenase genes are 
expressed and whether candidates for reverse electron transport such as fix, rnf, and genes for a 
novel iron-sulfur protein complex are expressed differentially during syntrophic metabolism. We 
will use RT-PCR and QRT-PCR to measure expression when syntrophic cocultures are growtn 
with butyrate, benzoate and cyclohexane carboxylate (conditions that require reverse electron 
transport) compared to crotonate-grown cocultures (conditions that do not require reverse 
electron transport). 

References to work supported by this project 2006-2008: 
1. M. Folmsbee, K. E. Duncan, S. O. Han, E. Jennings, D. P. Nagle and M. J. McInerney. Re-identification 

of the biosurfactant-producing Bacillus licheniformis strain JF-2 as Bacillus mojavensis strain JF-2. 
System. Appl. Microbiol. 29:645-649 (2006) 

2. C. L. Musslewhite, D. Swift, J. Gilpen, and M. J. McInerney. Spatial variability of sulfate reduction in a 
shallow aquifer. Environ. Microbiol. 9(11):2810-2819 (2007) 

3. M. J. McInerney, L. Rohlin, H. Mouttaki, U. Kim, R. Krupp, L. Rios-Hernandez, J. Sieber, C. G. 
Struchtemeyer, A. Bhattacharyya, J. W. Campbell, R. P. Gunsalus. Genome of Syntrophus 
aciditrophicus: lifestyle at the thermodynamic limit of microbial growth. Proc. Nat. Acad. Sci. (USA) 
104: 7600-7605 (2007). 

4. H. Mouttaki, M. A. Nanny, and M. J. McInerney. Cyclohexane carboxylate and benzoate formation from 
crotonate in Syntrophus aciditrophicus. Appl. Environ. Microbiol. 73: 930-938 (2007) 

5. F. Peters, Y. Shinoda, M. J. McInerney, and M. Boll. Cyclohex-1,5-diene-1-carbonyl-coenzyme A 
hydratases of Geobacter metallireducens and Syntrophus aciditrophicus: evidence for a common 
benzoyl-CoA pathway in facultative and obligate anaerobes. J. Bacteriol. 189: 1055-1060 (2007) 

6. M. J. McInerney, C. G. Struchtemeyer , J. Sieber, H. Mouttaki , A. J. M. Stams, B. Schink, L. Rohlin, R. 
P. Gunsalus. Physiology, ecology, phylogeny and genomics of microorganisms capable of syntrophic 
metabolism. Ann. NY Acad. Sci. 1125:58-72 (2007). 

7. H. Mouttaki, M. Nanny, and M. J. McInerney. Use of benzoate as an electron acceptor by Syntrophus 
aciditrophicus grown in pure culture with crotonate. Environ. Microbiol. in press (2008) 

8. K. Kuntze, Y. Shinoda, H. Moutakki, M. J. McInerney, C. Vogt, H.-H. Richnow and M. Boll. 6-
Oxocyclohexene-1-carbonyl-CoA hydrolases from obligately anaerobic bacteria: characterization and 
identification of its gene and development of a functional marker for aromatic compounds-degrading 
anaerobes. Environ. Microbiol. (published on line, Feb. 28) 10.1111/j.1462-2920.2008.01570.x (2008). 

9. D. Z. Sousa, M. Balk, M. Alves, B. Schink, M. J. McInerney,  H. Smidt, C. M. Plugge and A. J.M. Stams. 
Degradation of long-chain fatty acids by sulfate-reducing and methanogenic communities. In: K. N. 
Timmis, V. de Lorenzo, T. McGenity, and J. R. van der Meer (eds.): Handbook of Hydrocarbons, Oil, 
Lipids, and Derived Compounds, Springer-Verlag GmbH, Heidelberg, Germany. Submitted.  

10. J. R Sieber, M. J. McInerney, C. M. Plugge, B. Schink, and R. P. Gunsalus. Methanogenesis: syntrophic 
metabolism. In: K. N. Timmis, V. de Lorenzo, T. McGenity, and J. R. van der Meer (eds.): Handbook of 
Hydrocarbons, Oil, Lipids, and Derived Compounds, Springer-Verlag GmbH, Heidelberg, Germany. 
Submitted. 
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The Plant Cell Wall – The First Line of Defence  
Shauna Somerville, Principal Investigator 
Energy Biosciences Institute, University of California, Berkeley, CA 94720-5230 
Email: SSomerville@berkeley.edu   
Collaborators:  Dr. Antonio Molina, E.T.S., Madrid, Spain 
             Dr. Chris Somerville, Energy Biosciences Institute, Berkeley, USA 

Overall research goals: We have used mutational analysis to identify host plant factors that are 
required for optimal powdery mildew infections. A majority of the mutations cause changes in the 
host cell wall highlighting the importance of the cell wall as an important barrier to pathogen 
ingress. Our goal is to determine the nature of the specific changes in the plant cell wall that occur 
in these mutants and understand why these changes influence pathogen success on its host plant.   

Significant achievements in 2006-2008:  
Pectins represent some of the most compositionally complex and diverse polysaccharides in the 
plant cell wall (Somerville et al. 2004). Albersheim and colleagues proposed that some of the 
complexity in cell wall polysaccharides and glycoproteins serves a reservoir of latent signalling 
molecules (Darvill et al. 1994, Hahn et al. 1981). These signalling molecules, oligosaccharins, 
may be released by plant polysaccharide degrading enzymes to affect development or by 
pathogen-derived enzymes to elicit plant defence responses (Darvill et al. 1994).   
Plants are able to perceive oligogalacturonide elicitors and respond with the number of defence-
associated processes (e.g., increased Ca++ flux, alkalinization of the medium, production of 
phytoalexins, induction of defence-related gene expression) (Vorwerk et al. 2004). Other 
features of the plant cell wall that could influence plant-pathogen interactions include its 
rigidity, porosity and ionic charge, which could affect penetration and the movement of 
pathogen- or plant-derived elicitors or effectors through the wall. The pectin fraction is a major 
determinant of these properties via the degree of esterification and cross-linking of pectin 
components (Vinken et al. 2003, O’Neill et al. 2001).  
The Arabidopsis pmr5 (powdery mildew resistant 5) mutant affects cell wall pectin composition 
and result in resistance to the fungal pathogen, powdery mildew, suggesting that these mutants 
will provide the genetic materials to study the role of pectins as signalling molecules and/or 
determinants of wall properties in plant-pathogen interactions (Vogel et al. 2004).   
PMR5 is annotated as a plant-specific expressed protein of unknown function and contains a 
domain of unknown function (DUF231) in the terminal third of the predicted amino acid 
sequence. The first 22 amino acids are predicted to serve as a signal sequence targeting PMR5 
to the endoplasmic reticulum. PMR5 is a member of a large gene family in Arabidopsis (n~45). 
Mutations in at least one other gene family member displayed increased resistance to powdery 
mildew. Our rationale for surveying additional gene family members is that a common change 
in the cell wall may be suggested by the changes in all of the mutants of PMR5-like genes.  
One hypothesis we have is that the changes in cell wall in the pmr5 and pmr6 (a pectate-lyase-
like gene) mutants may lead to the activation of defence responses via a novel signal 
transduction pathway, and these defence responses are responsible for the powdery mildew 
resistant phenotype of the mutants. Among the 54 genes that are constitutively elevated in pmr5 
and pmr6 relative wild type are a number of potential defence-related genes. Thus, although the 
well-known defence pathways, salicylic acid and ethylene/jasmonic acid, do not seem to 
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contribute to pmr5- or pmr6-resistance, it is possible that defence responses are activated via a 
novel pathway in these mutants. 
In the pmr5-suppressor screen, a mutagenized population was screened directly for restoration 
of powdery mildew susceptibility. Twenty suppressor mutants were recovered (p5s1 to p5s20), 
some of which affect both stature and disease resistance and others that affect disease resistance 
only. The richness of pmr5 suppressor mutant collection suggests that this is a promising source 
of new tools for understanding the role of PMR5 in cell wall biogenesis and the role of the plant 
cell wall in powdery mildew disease resistance.  
References Cited: 
Darvill, A., et al., Oligosaccharins involved in plant growth and host-pathogen interactions. Biochem 

Soc Symp, 1994. 60: p. 89-94. 
Hahn, M.G., A.G. Darvill, and P. Albersheim, Host-pathogen interactions: XIX. The endogenous 

elicitor, a fragment of a plant cell wall polysaccharide that elicits phytoalexin accumulation in 
soybeans. Plant Physiol, 1981. 68(5): p. 1161-1169. 

O'Neill, M.A., et al., Requirement of borate cross-linking of cell wall rhamnogalacturonan II for 
Arabidopsis growth. Science, 2001. 294(5543): p. 846-9. 

Somerville, C., et al., Toward a systems approach to understanding plant cell walls. Science, 2004. 
306(5705): p. 2206-2211. 

Vincken, J.P., et al., If homogalacturonan were a side chain of rhamnogalacturonan I. Implications for 
cell wall architecture. Plant Physiol, 2003. 132(4): p. 1781-9. 

Vogel, J.P., et al., Mutations in PMR5 result in powdery mildew resistance and altered cell wall 
composition. Plant J, 2004. 40(6): p. 968-78. 

Vorwerk, S., S. Somerville, and C. Somerville, The role of plant cell wall polysaccharide composition in 
disease resistance. Trends Plant Sci, 2004. 9(4): p. 203-9. 

Science objectives for 2008-2009:  

• To determine specific changes in the cell walls and their properties from the pmr5 mutant. 

• To determine a biochemical role for the PMR5 protein. 

• To clone and initiate characterization of at least one of the pmr5 suppressor genes.  

 References to work supported by this project 2006-2008: 
1. C. Consonni, M.E. Humphry, H.A. Hartmann, M. Livaja, J. Durner, L. Westphal, J. Vogel, V. 

Lipka, B. Kemmerling, P. Schulze-Lefert, S.C. Somerville, and R. Panstruga, “Conserved 
requirement for a plant host cell protein in powdery mildew pathogenesis,” Nature Genet. 38, 716-
720 (2006). 

2. S. Vorwerk, C. Schiff, M. Santamaria, S. Koh, M. Nishimura, J. Vogel, C. Somerville, S.C. 
Somerville, “EDR2 negatively regulates salicylic acid-based defenses and cell death during 
powdery mildew infections of Arabidopsis thaliana,” BMC Plant Biol. 7, 35 (6 July 2007).  

3. C. Hernández-Blanco, D.X. Feng, J. Hu, A. Sánchez-Vallet, L. Deslandes, F. Llorente, M. 
Berrocal-Lobo, H. Keller, X. Barlet, C. Sánchez-Rodríguez, L.K. Anderson, S. Somerville, Y. 
Marco, and A. Molina, “Impairment of cellulose synthases required for Arabidopsis secondary cell 
wall formation enhances disease resistance,” Plant Cell 19, 890-903 (2007).  

4. C.A. Voigt, and S.C. Somerville, “Callose in biotic stress (pathogenesis),” In: (1-3)-β -Glucans and 
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eds.), Elsevier Publishing, New York (in revision). (2008).  
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Structural Studies of Complex Carbohydrates of Plant Cell Walls 

Alan Darvill, Principal Investigator 
Michael G. Hahn, Co-Principal Investigator 
Malcolm A. O’Neill, Co-Principal Investigator 
William S. York, Co-Principal Investigator 
 
Complex Carbohydrate Research Center, University of Georgia, 315 Riverbend Road, 
Athens, GA  30602-4712 
 
Email:  adarvill@ccrc.uga.edu;  Web:  www.ccrc.uga.edu 
 

Much of the solar energy captured by land plants is converted into the polysaccharides 
(cellulose, hemicellulose, and pectin) that are the predominant components of plant cell 
walls.  These walls, which account for the bulk of plant biomass, have numerous roles in 
the growth and development of plants, as well as in the plants’ interactions with their 
environment.  Moreover, these walls have a major impact on human life, as they are a 
renewable source of biomass, a source of diverse commercially useful polymers, a 
major component of wood, and a source of nutrition for humans and livestock.  Thus, 
understanding the molecular mechanisms that lead to wall assembly and modification, 
and how cell walls and their component polysaccharides contribute to plant growth and 
development, is essential to improve and extend the productivity and value of plant 
materials.  We develop and apply advanced analytical and immunological techniques to 
study specific changes in the structures and interactions of the hemicellulosic and pectic 
polysaccharides that occur during differentiation and in response to genetic modification 
and chemical treatments that affect wall biosynthesis.  These techniques make it 
possible to accurately characterize minute amounts of cell wall polysaccharides, so that 
subtle changes in structure that occur in individual cell types can be identified and 
correlated to the physiological or developmental state of the plant. 

References to work supported by this project: 
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Darvill AG, York Ws, Ye, Z-H (2005) Arabidopsis Fragile Fiber8, which encodes a 
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Plant Cell 17: 3390-3408. 

Ye Z-H, York WS, Darvill AG (2006) Important new players in secondary wall synthesis.  
Trends Plant Sci. 11: 162-164. 
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H (2007) Arabidopsis irregular xylem8 and irregular xylem9: implications for the 
complexity of glucuronoxylan biosynthesis.  Plant Cell 19: 549-563. 
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xyloglucans synthesized by hornworts and vascular plants.  Glycobiology.  Accepted 
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Probing Lignin Primary Structure and Assembly:  An Overdue Approach 

Norman G. Lewis, Principal Investigator 
Laurence B. Davin, Michaël Jourdes, Dhrubojyoti Laskar, Syed Moinuddin, Team Members 
Institute of Biological Chemistry, Washington State University, Pullman, WA 99164-6340 
Email: lewisn@wsu.edu   
Collaborators:  William S. Lane, Microchemistry & Proteomics Analysis Facility, Harvard 

University, Cambridge, MA 02138 
Overall research goals: The research objectives are: to develop and apply methodologies for 
determination of lignin primary sequences (structures) in selected wild type, mutant and transgenic 
plant lines; to apply further a proteomics/metabolomics approach to study lignifying plant cell 
walls; to identify and characterize the enzymes/proteins involved in cell-wall assembly(ies) proper.  
Significant achievements in 2006-2008: Our earlier metabolic flux analyses established that 
carbon allocation to the monomers resulting in formation of lignins were essentially (normally) 
regulated in three distinct ways: phenylalanine supply, and the two hydroxylation steps at C4- 
and C-3, respectively, leading to the monolignols, p-coumaryl, coniferyl and sinapyl alcohols. 
Additionally, the biochemical pathway to phenylalanine in plants has only recently been 
determined with discovery/characterization of arogenate dehydratases.  
While representing nature's second most abundant organic natural products, however, the study 
of lignin primary structure and assembly proper has essentially only now begun.   Much of the 
long standing confusion regarding lignin structure/assembly has resulted from the serious 
deficiencies in current lignin analytical protocols and quantification, as well as in the general 
lack of experimental approaches/design to probe lignin primary structure(s).  Our development 
and application of new biophysical/analytical chemical technologies to distinct cell wall and/or 
tissue types of the vascular apparatus have begun to yield incisive information on both lignin 
structure and assembly processes.  For example, using laser micro-dissection (Figure 1), 
together with various chemical analyses, of specific cell wall/tissue types in Arabidopsis, alfalfa 
and poplar stem vascular tissues from wild-type, mutant and transgenic plant lines, we have 
established  a very limited substrate degeneracy during the proposed template polymerization 
leading to lignification.  We also summarize herein the new chemistries that have been 
developed to begin to fragment/structurally define lignin biopolymer primary structure(s).  
These data also provide important evolutionary insights into the lignification process, and why 
monolignols and not other phenylpropanoids are used to biosynthesize lignins.  Moreover, the 
data obtained is in stark contrast to the proposed combinatorial chemistry and random assembly 
that others have proposed for lignification.   

In addition, the effects on overall growth/development/cell wall properties of various plant lines 
modified in lignin contents/compositions are discussed from several different angles; these 
include effects on tensile strength properties in the stem vascular apparatus, in differing effects 

Figure 1 An example of laser capture 
microdissection of Arabidopsis.  The 
vascular bundles (a) were laser excised (b) 
and isolated (c), as were the interfascicular 
fiber regions from the base of the stem of a 
wild type inflorescence stem at 26 dpg for 
subsequent chemical and proteomic analyses.  
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on growth/ development under distinct environmental conditions, as well as on cell wall 
assembly processes themselves leading to, for example, different anatomical defects.   
In related studies, the proteomes for the initial stages of vascular development (protoxylem and 
metaxylem), as well as for later stages (including vascular bundles and interfascicular fibers) 
have been determined. These data, in turn, are now beginning to shed light on both early and 
late stages of vascular development/lignification and the precise metabolic processes involved. 

Science objectives for 2008-2009: To continue establishing lignin primary sequences; to further 
apply proteomic/metabolomic approaches to study specific forms of lignifying plant cell walls, and 
to identify and characterize the enzymes/proteins involved in cell-wall assembly(ies) proper. 
Selected references (14 out of 21) to work supported by this project 2006-2008: 
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1765–1780 (2006). 

2. K.-W. Kim, V. R. Franceschi, L. B. Davin, and N. G. Lewis, "ß-Glucuronidase as Reporter Gene:  
Advantages and Limitations," in Methods in Molecular Biology, Eds. J. Salinas and J. J. Sanchez-
Serrano, Totowa, NJ: Humana Press, pp. 263-273 (2006). 

3. D. D. Laskar, M. Jourdes, A. M. Patten, G. L. Helms, L. B. Davin, and N. G. Lewis, “The 
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of Lignification,” Plant J., 48, 674-686 (2006). 

4. D. G. Vassao, D. R. Gang, T. Koeduka, B. Jackson, E. Pichersky, L. B. Davin, and N. G. Lewis, 
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Group with NAD(P)H-Dependent Reduction,” Org. Biomol. Chem., 4, 2733-2744 (2006). 

5. B. Youn, R. Camacho, S. G. A. Moinuddin, C. Lee, L. B. Davin, N. G. Lewis, and C. Kang, 
“Crystal Structures and Catalytic Mechanism of the Arabidopsis Cinnamyl Alcohol Dehydrogenases 
AtCAD5 and AtCAD4,” Org. Biomol. Chem., 4, 1687-1697 (2006). 

6. M.-H. Cho, O. R. A. Corea, H. Yang, D. L. Bedgar, D. D. Laskar, A. M. Anterola, F. A. Moog-
Anterola, R. L. Hood, S. E. Kohalmi, M. A. Bernards, C. Kang, L. B. Davin, and N. G. Lewis, 
“Phenylalanine Biosynthesis in Arabidopsis thaliana:  Identification and Characterization of 
Arogenate Dehydratases,” J. Biol. Chem., 282, 30827-30835 (2007). 

7. M. Jourdes, C. L. Cardenas, D. D. Laskar, S. G. A. Moinuddin, L. B. Davin, and N. G. Lewis, “Plant 
Cell Walls are Enfeebled when Attempting to Preserve Native Lignin Configuration with poly-p-
Hydroxycinnamaldehydes:  Evolutionary Implications,” Phytochemistry, 68, 1932-1956 (2007). 

8. A. M. Patten, M. Jourdes, E. E. Brown, M.-P. Laborie, L. B. Davin, and N. G. Lewis, “Reaction 
Tissue Formation and Stem Tensile Modulus Properties in Wild Type and p-Coumarate-3-
Hydroxylase Downregulated Lines of Alfalfa, Medicago sativa (Fabaceae),” Am. J. Bot., 94, 912-
925 (2007). 

9. H. J. Bohnert, H. T. Nguyen, and N. G. Lewis, Bioengineering and Molecular Biology of Plant 
Pathways, pp. 455, Oxford: Elsevier, (2008). 

10. L. B. Davin, M. Jourdes, A. M. Patten, K.-W. Kim, D. G. Vassão, and N. G. Lewis, “Dissection of 
Lignin Macromolecular Configuration and Assembly:  Comparison to Related Biochemical 
Processes in Allyl/Propenyl Phenol and Lignan Biosynthesis,” Nat Prod. Rep., (in press) (2008). 

11. L. B. Davin, A. M. Patten, M. Jourdes, and N. G. Lewis, "Lignins:  A 21st Century Challenge," in 
Biomass Recalcitrance.  Deconstructing the Plant Cell Wall for Bioenergy, Ed. M. E. Himmel, 
Oxford, UK: Blackwell Publishing, pp. 213-305 (2008). 

12. D. D. Laskar, M. Jourdes, L. B. Davin, and N. G. Lewis, “Cinnamyl Alcohol Dehydrogenase 
downregulation in Tobacco: Reassessment of Red Lignin,” Phytochemistry, (in press) (2008). 
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L. B. Davin, and N. G. Lewis, “Probing Native Lignin Macromolecular Configuration in 
Arabidopsis thaliana Using Laser Microdissection:  The Lignins of ref8, fah 1-2 and C4H::F5H and 
Biological Constraints,” (Manuscript submitted) (2008). 

14. D. G. Vassão, L. B. Davin, and N. G. Lewis, "Metabolic Engineering of Plant Allyl/Propenyl Phenol 
and Lignin Pathways: Future Potential for Biofuels/Bioenergy, Polymer Intermediates and Specialty 
Chemicals?," in Advances in Plant Biochemistry Molecular Biology, Eds. H. J. Bohnert and H. T. 
Nguyen, Oxford: Elsevier, pp. 383-426 (2008). 
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Transcription Regulation of the Cellulase System of Clostridium thermocellum 
J.H. David Wu, Principal Investigator  
University of Rochester, Room 206 Gavett Hall, Rochester, NY 14627 
Email: davidwu@che.rochester.edu;  Web: 

Overall research goals: The overall goal of the project is to study the structure and regulation of the 
cellulase system of C. thermocellum at the molecular level.  Specifically, we propose to identify 
transcription factors controlling key cellulase components by EMSA, MALDI-TOF, 
nanoLC/MS/MS, and in vitro transcription analysis. 

Significant achievements in 2007-2008: We profiled system level changes in C. thermocellum 
cellular protein expression using two-dimension separation and analysis on the ProteomeLabTM 
PF2D platform, a 2D chromatographic technique (ion exchange + hydrophobic interaction) 
established at the University of Rochester.  Separation with PF2D is analogous to traditional 2-D 
gels, but is superior in effective resolution, sensitivity, reproducibility, and ease of follow up 
analysis by mass spectrometry platforms. In pilot experiments, C. thermocellum was grown on 
cellobiose or cellulose. Fig. 1 shows virtual 2-D gels generated from the chromatograms of PF2D 
resolving cellular proteins from each culture at the exponential growth phase.  The central “gel” 
represents differentially detected protein peaks.  Blue bands indicate proteins expressed on cotton 
and green bands indicate those on cellobiose. Comparison of the protein expression profiles 
indicates more genes are expressed on cotton (note the prevalence of blue “bands” in “Differential 
Expression” analysis).  One of the few examples of a protein whose expression is down-regulated 
by cotton is highlighted by a red box.  The fractions of interest can be subject to mass-spectrometer 
based analysis to identify proteins such as Proteins 1 and 2.  Further analysis of fractions of interest 
with FT-MS gives the added ability to identify post-translational modifications (PTMs). These 
proteins will be identified with an emphasis on finding the transcription factors and their expression 
profile related to carbon source and cellulase production. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1. PF2D analysis of 2.5 mg total cellular proteins from cells grown on cellobiose or cotton. 

Science objectives for 2008-2009:  

• We will continue to identify the cellular proteins species that are expressed under different 
culture conditions with an emphasis on identifying transcription factors. 
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• We will continue to determine the transcription factors that bind to the promoter regions of the 
genes encoding key cellulase components.  

References to work supported by this project 2007-2008: 
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Cellulosome (in serial Molecular Anatomy and Physiology of Proteinaceous Machines edited by Vladimir 
Uversky), Ed. I. Kataeva, pp. 261-270. New York: Nova Science Publishers (2006). 

 
3. M. Newcomb, and J.H.D. Wu, “Induction of the Clostridium thermocellum CelC operon by 
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Proc.  Int. Symp. Extremophil. & Appl. 2005 (2007), 80-83 (2007). 
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Ferredoxin-Dependent Plant Metabolic Pathways 
 
David B. Knaff, Principal Investigator 
Masakazu Hirasawa, Senior Research Scientist 
Jung-Sung Chung, Postdoctoral Research Associate 
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, Texas 
79409-1061 
Email: david.knaff@ttu.edu 
 
Collaborators: Dr. Pierre Sétif, C.E.A. Saclay, France 
  Dr. James Allen, Arizona State University, Tempe, Arizona 
  Dr. Michael K. Johnson, University of Georgia, Athens, Georgia 
  Dr. Javier Florencio, University of Sevilla, Sevilla, Spain 
  Dr. Sabeeha Merchant, U.C.L.A., Los Angeles, California 
  Dr. Marcellus Ubbink, Leiden University, Leiden, The Netherlands 
  Dr. Patrick Farmer, University of California, Irvine, Irvine, California 
 
Overall Research Goals: To study the mechanisms of ferredoxin-dependent enzymes in 
oxygenic phototrophs and map the interactions between ferredoxin and its target 
enzymes.  
 
Significant Achievements in 2006-2008: The interaction domain on the [2Fe-2S] 
ferredoxin from the cyanobacterium Synechocystis sp. PCC 6803 for the 
ferredoxin:thioredoxin reductase (FTR) from the same species was mapped using NMR 
spectroscopy. The use of a ferredoxin derivative in which the native [2Fe-2S] cluster was 
replaced by a single non-paramagnetic Ga2+ eliminated the paramagnetic broadening of 
NMR signals arising from 21 amino acids close to the iron-sulfur cluster and allowed the 
first complete mapping of an enzyme-binding domain on a plant-type ferredoxin. 
 
All eight tryptophan residues present in spinach nitrite reductase were replaced, one at a 
time, by both non-aromatic and aromatic amino acids using site-directed mutagenesis.  
The effects of these replacements on steady-state kinetic parameters with ferredoxin 
serving as the electron donor and on activity with the non-physiological electron donor, 
reduced methyl viologen, were measured.  The effects of these substitutions on Kd’s for 
substrate binding and on the redox properties of the enzyme’s prosthetic groups were also 
measured.  Acrylamide fluorescence quenching measurements were carried out to assess 
the solvent accessibility of tryptophan residues.  The results of this study indicate that 
none of the tryptophan residues is directly involved in electron transfer. 
 
Spinach glyceraldehyde-3-phsophate dehydrogenase (GAPDH) was crystallized for the 
first time without NADP+ bound at the active site.  A comparison of the structure for this 
form of the enzyme to a form containing bound NADP+ revealed that significant 
conformational changes in the enzyme result from co-factor binding. 
 
The oxidation-reduction properties of FAD and two disulfide/dithiol couples in Erv1, a 
sulfhydryl oxidase that functions in the import of cysteine-rich proteins in the 
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mitochondrial intermembrane space of Saccharomyces cerevisiae, were measured. Erv1 
forms a 1:1 complex with cytochrome c, within which reduced Erv1 reduces ferri-
cytochrome c.  Reduced Erv1 also reduces oxygen, generating hydrogen peroxide, which 
is then reduced to water by cytochrome c peroxidase. Oxidized cytochrome c peroxidase 
is then reduced by the cytochrome c that had been reduced by Erv1.  
 
Science Objectives for 2008-2009: 
 
• To use NMR spectroscopy to characterize the ternary complex between 

ferredoxin, thioredoxin and ferredoxin:thioredoxin reductase (FTR) and to 
determine the solution structure of a Ga-substituted ferredoxin. 

 
• To use site-directed mutagenesis to identify amino acid residues in nitrite 

reductase involved in substrate binding. 
 
• To explore the specific role(s) of different chloroplastic ferredoxins in the green 

alga Chlamydomonas reinhardtii. 
 
• To use flash photolysis and nitrite analogs to identify reaction intermediates in the 

reaction catalyzed by nitrite reductase. 
 
• To characterize the complex formed between ferredoxin and phycobilin reductase.  
 
References to work supported by this project 2006-2008: 
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2. A. Cámara-Artigas, M. Hirasawa, D. B. Knaff, M. Wang, and J. P. Allen, 

“Crystallization and Structural Analysis of Glyceraldehyde-3-Phosphate 
Dehydrogenase from Spinacia oleracea in a New Form,” Acta Cryst. F62, 1087-1092 
(2006). 

 
3.  X. Xu, S.-K. Kim, P. Schürmann,  M. Hirasawa, J. N. Tripathy, J. Smith, D. B. Knaff, 

and M. Ubbink, “Synechocystis Ferredoxin/Ferredoxin-Thioredoxin Reductase 
Complex: Complete NMR Mapping of the Interaction Site on Ferredoxin by Gallium 
Substitution,” FEBS Lett. 580, 6714-6720 (2006). 
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Photosynth. Res. 94. 1-12 (2007). 
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76



Hyperthermophilic Multiprotein Complexes and Pathways  
for Energy Conservation and Catalysis 

 
Michael W. W. Adams, Principal Investigator 
Department of Biochemistry & Molecular Biology, University of Georgia, Athens, GA 30602 
Email: adams@bmb.uga.edu;  Web: http://adams.bmb.uga.edu/  

Overall research goals:  The focus of this research is non-covalent multiprotein complexes that are 
involved in novel mechanisms of energy conservation and catalysis.  The protein complexes under 
study have the remarkable property of being synthesized (self-assembling) at temperatures near 
100°C in so-called hyperthermophilic microorganisms. Moreover, they are involved in the 
conversion of low potential reducing equivalents into gaseous end products with the concomitant 
conservation of energy in the form of ion gradients.  The conversion of low potential reductant to a 
useable form of energy is a fundamental issue in all reaction systems that utilize light to produce 
biofuels.  
 
Significant achievements in 2006-2008:  The model organism for the proposed studies is 
Pyrococcus furiosus (Pf), which grows optimally at 100°C.  Pf obtains carbon and energy for 
growth by fermenting carbohydrates and by producing H2 or by reducing elemental sulfur (S°) to 
H2S. Pf has a respiratory metabolism in which a ferredoxin-dependent, membrane-bound 
hydrogenase (MBH) catalyzes the production of H2 and couples this to the pumping of protons 
(and possibly Na+ ions).  The membrane potential that is generated is utilized by ATP synthase 
to synthesize ATP (Figure 1).  Using DNA microarray, PCR and biochemical analyses we have 
shown that when S° is added to a growing Pf culture, the biosynthesis of MBH is halted within 
minutes and instead the synthesis is induced of a highly homologous membrane complex termed 
MBX.  MBX is proposed to oxidize ferredoxin and reduce NADP (Figure 1) and, like MBH, to 
conserve energy in the form of a proton (Na+) motive force.  MBX and MBH are both integral 
multiprotein, metal-containing complexes of ~300 kDa, each encoded by at least 13 genes.  The 
addition of S° to Pf also induces the synthesis of a cytoplasmic flavoprotein termed NADPH 
sulfur reductase (NSR). This multiprotein complex of 100 kDa is proposed to be responsible for 
oxidizing the NADPH generated by MBX and for reducing S° to H2S in a coenzyme A-
dependent reaction.  The sulfide that is produced by NSR is thought to be sequestered by a novel 
protein termed SipA, which exists as a large homomultimeric complex of ~600 kDa.  S° appears 
to enter the cell by another membrane complex termed HST (~120 kDa) and this complex may 
facilitate the interactions of S° both with coenzyme A and with a key regulatory protein, PF0095, 
which appears to mediate the primary transcriptional response of Pf to S°.   
Science objectives for 2008-2009:  

• To characterize the novel energy conserving complex MBX using both native and recombinant 
sub-complexes, including mechanisms of catalysis, bioenergetics and self-assembly 

• To characterize the novel S°-reducing enzyme NSR and to determine the role of CoASH in 
catalysis 

• To determine the mechanisms by which insoluble S° becomes an enzyme substrate (for NSR) and 
an intracellular signal (for PF0095). 

The results of this research will provide a fundamental understanding of how the metabolism of S° 
leads to energy conservation and biological syntheses in Pf using novel catalytic mechanisms.   
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Figure 1.  Bioenergetics and 
proposed pathways of  
electron flow from reduced 
ferredoxin (Fdred) either to  
protons to produce H2 or to  
elemental sulfur (S°) to  
produce H2S in P. furiosus. 
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Photoproduction of Hydrogen: Biological Hydrogenase Gene Expression and Artificial Biomimetic
                                                            Systems  

Maria L. Ghirardi, Principal Investigator 
National Renewable Energy Lab, 1617 Cole Blvd., Golden, CO 80401 
Email: maria_ghirardi@nrel.gov; 
Web: http://www.nrel.gov/basic_sciences/technology_staff.cfm/tech=16/ID=6 

Collaborators:  Dr. Michael Seibert, NREL, Golden, CO 
Dr. Matthew Posewitz, Colorado School of Mines, Golden, CO 
Dr. Patrice Hamel, Ohio State University, Columbus, OH 

Overall research goals: The potential light conversion efficiency to H2 by biological organisms is 
theoretically about 10%. One of the limitations to meeting this efficiency is the low availability of reductants 
to the hydrogenase due to the existence of competing metabolic pathways such as CO2 fixation.  The 
objective of this proposed research is to continue to develop fundamental understanding about the regulation 
of partitioning of photosynthetic reductants (at the level of ferredoxin) between the H2-production and the 
CO2-fixation pathways.  Our analysis of C. reinhardtii mutant libraries in the previous funding periods for 
strains having attenuated H2 production has led to the discovery of maturation proteins that are required for 
the proper assembly of hydrogenases, of the STA7 isoamylase protein, and of the putative 3-hydroxybutyrate 
dehydrogenase gene, reflecting the importance of starch and lipid metabolic pathways for H2 production.  We 
have recently shown the presence of heme-binding, FixL-like proteins in C. reinhardtii.  Such proteins likely 
play a role in the O2-sensing mechanism and may mediate components of the anoxic regulatory response.  
The proposed work will continue to (a) determine what other protein factors may be required for optimal 
hydrogenase expression and activity, (b) identify O2-sensor proteins in C. reinhardtii that regulate the 
expression of the reversible hydrogenase, (c) conduct analyses of the promoter regions for HYDA1 and 
HYDA2 genes, encoding the two algal hydrogenases; and (d) understand the simultaneous or complementary 
regulation of the competitive CO2 fixation pathway under anaerobic conditions. 

Significant achievements in 2006-2008: The flanking DNA for three attenuated hydrogen 
production mutants have been obtained and the disrupted genes appear to include: 1) a putative 3-
hydroxybutyrate dehydrogenase (3-HBD); 2) a potential quinone oxidoreductase; and, 3) a disruption 
neighboring a potential transcriptional regulator, ferredoxin, or kinase.  A mutation in 3-HBD indicates 
that lipid metabolism is involved in H2 production, a finding that could correlate with chloroplast 
membrane lipid degradation upon sulfur deprivation and ensuing H2 production in C. reinhardtii.  The 3-
HBD mutant has attenuated hydrogen production in early to mid exponential growth phase, but normal 
H2 production in older cultures.  PCR and reverse transcription PCR assays indicate a duplication of the 
3-HBD gene during insertion mutagenesis.  One of the duplicated genes is disrupted by the insert, while 
the other gene appears to be intact, with mRNA for 3-HBD at approximately wild-type levels.  

In a second research area, C. reinhardtii proteins with homology to PAS O2-sensing proteins 
were identified by our lab. Analysis of the Chlamydomonas reinhardtii genome indicates a number 
of closely-related homologs to eubacterial FixL proteins.  Nine of these FixL like homologs (FXL) 
have a core PAS domain that is homologous to the FixL O2-sensing PAS domains of the nitrogen-
fixing bacteria Bradyrhizobium japonicum, Sinorhizobium meliloti and Rhizobium leguminosarum. 
Two of the Chlamydomonas FixL heme-binding domains were cloned as truncated genes and the 
corresponding expressed proteins in E. coli were shown to coordinate heme. Each of the nine 
putative homologs has multiple transmembrane-spanning domains, which are typical of the 
bacterial FixL homologs.  Additional homology includes conserved α-helical loops, β-sheet 
structures, and critical residues required for binding a heme moiety transmitting the presence of 
heme-bound O2 to an autophosophorylation site of a conserved histidine residue within a 
neighboring histidine kinase domain. However, the Chlamydomonas FixL homologs do not have 
the typical histidine autophosphorylation site. 

An intriguing aspect of Chlamydomonas metabolism is how the cell senses O2 levels and 
initiates the appropriate transcriptional and translational responses. As Chlamydomonas is capable 
of generating significant quantities of photosynthetic O2, the expression of O2-sensitive proteins 
must be tightly controlled to ensure that cellular energy is not expended on the inappropriate 
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synthesis of highly O2-intolerant proteins.  For example, the [FeFe]-hydrogenases are irreversibly 
inhibited by O2. Similar challenges are faced by N2-fixing Rhizobia, some of which use the heme-
based O2-sensing FixL proteins to detect O2 levels and initiate signal transduction events that ensure 
nitrogen fixation proteins are synthesized only when O2 levels are sufficiently low to prevent 
enzyme inactivation. 

 

Science objectives for 2008-2009:  
• Back-cross the putative 3-hydroxybutyrate dehydrogenase mutant 5-29 against a wild type cell line prior 

to further analysis of hydrogen production. An additional library of insertion ApaH paromycin 
mutants is being created in order to streamline some of the difficulties encountered in the 
original library of mutants having attenuated levels of hydrogen production.  These experiments 
will help to further define the biochemical pathways required for H2 production in C. reinhardtii.  

• Identify the promoter regions and transcriptional elements activating the expression of 
hydrogenase in C. reinhardtii. 

• Test the ligand binding characteristics of the FXL PAS domains to determine the effects of O2 
coordination.  These data will be correlated with the transcriptional level of the FixL homologs 
resulting from exposure to O2 and other gases during culture.  Analysis of these FixL 
homologous genes may prove invaluable for understanding the regulation of fermentative 
metabolism and the production of H2 under conditions of low O2 tension.  

References to work supported by this project 2006-2008: 
1. Bock, A., P.W. King, M. Blokesch and M.P. Posewitz. 2006. Maturation of Hydrogenases. Adv. Microb. 
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2. Ghirardi, ML, MC Posewitz, PC Maness, A Dubini, J Yu and M Seibert. 2007. Hydrogenases and 

hydrogen photoproduction in oxygenic photosynthetic organisms.  Ann. Rev. Plant Biol. 58, 71-91. 
3. Nagy, LE, JE Meuser, S Plummer, M Seibert, ML Ghirardi, PW King, D Ahmann and MC Posewitz. 

2007.  Application of gene-shuffling for the rapid generation of novel [FeFe]-hydrogenase libraries.  
Biotechnol. Lett. 29: 431-430. 
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Fundamental Aspects of Microbial Cellulose Utilization 
DOE Grant DE-FG02-02ER15350 
 
Lee Lynd, Principal Investigator 
Nicolai Panikov, Co-Principle Investigator (2007-present) 
Herb Strobel, Co-Principle Investigator (through 2004) 
Julie Paye, Post Doctoral Associate 
Thayer School of Engineering 
Dartmouth College 
Hanover, NH 03755 
Email: Lee.Lynd@Dartmouth.edu 
 
Collaborators: Several informal collaborators, none are cofunded by this grant however. 
 
Overall research goal: Advance fundamental understanding of cellulose utilization by 
Clostridium thermocellum, and in the future perhaps other cellulolytic microorganisms.  
A particular focus is examination of features operative during microbially-mediated 
cellulose solubilization that are not operative during cellulose solubilization by enzymes 
acting independently of microorganisms.  Such features include, among several, 
bioenergetics, catalytic efficacy of the cellulosome, and consequences of cell adherence 
to cellulose. 
 
Significant achievements in 2006-2008.   
 
Cell-enzyme synergy in Clostridium thermocellum was investigated.  Specific cellulose 
hydrolysis rates (g cellulose/g cellulase/h) were shown to be substantially higher (2.7 to 
4.7-fold) for growing cultures of Clostridium thermocellum as compared to purified 
cellulase preparations from this organism in controlled experiments involving both batch 
and continuous cultures.  This “enzyme-microbe synergy” requires the presence of 
metabolically active cellulolytic microbes, is not explained by removal of hydrolysis 
products from the bulk fermentation broth, and appears due to surface phenomena 
involving adherent cellulolytic microorganisms. Results support the desirability of 
biotechnological processes featuring microbial conversion of cellulosic biomass to 
ethanol (or other products) in the absence of added saccharolytic enzymes.  Our results 
are the first quantitative demonstration of enzyme microbe synergy known to us.   
 
A new functionally based kinetic model for enzymatic hydrolysis of pure cellulose by the 
Trichoderma cellulase system was presented. The model represents the actions of 
cellobiohydrolases I, cellobiohydrolase II, and endoglucanase I; and incorporates two 
measurable and physically interpretable substrate parameters: the degree of 
polymerization (DP) and the fraction of β-glucosidic bonds accessible to cellulase, Fa 
(Zhang and Lynd, 2004). Initial enzyme-limited reaction rates simulated by the model are 
consistent with several important behaviors reported in the literature, including the effects 
of substrate characteristics on exoglucanase and endoglucanase activities; the degree of 
endo/exoglucanase synergy; the endoglucanase partition coefficient on hydrolysis rates; 
and enzyme loading on relative reaction rates for different substrates. This is the first 
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cellulase kinetic model involving a single set of kinetic parameters that is successfully 
applied to a variety of cellulosic substrates, and the first that describes more than one 
behavior associated with enzymatic hydrolysis. 
 
Additional achievements during the reporting period include reporting a method for 
synthesis of radiolabeled cellodextrins using cellobiose and cellodextrin phosphorylase 
from C. thermocellum.  This method has potential utility in investigation of the substrate 
capture hypothesis (below).  A paper also appeared on proteomic analysis of C. 
thermocellum from Herb Strobel’s group, formerly a co-P.I.  Finally, a substantial book 
chapter was written and published that summarizes recent progress in understanding 
microbial cellulose utilization, frames new challenges for investigationand examines 
similarities and differences between adhered cellulolytic microbes and biofilms on inert 
surfaces. 
 
Science objectives for 2008-2009. 
 
1) Test the substrate capture hypothesis for cellulose utilization by C. thermocellum – that 
is, the hypothesis that most cellulose solubilization products are consumed by cellulose-
adhered cells without leaving the boundary layer surrounding biomass particles. 
 
2) Demonstrate a functional gene knockout system in C. thermocellum. 
 
3) Use the gene knockout system to investigate the importance of individual cellulosome 
components in microbial cellulose utilization by C. thermocellum. 
 
Publications acknowledging support (2006-2008). 
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2. Lu, Y., Zhang, Y.-H. P., L.R. Lynd. Enzyme microbe synergy during cellulose 
hydrolysis by Clostridium thermocellum. PNAS 103:16165-16169 (2006). 
 
3. Zhang, Y.-H. P., L.R. Lynd. A functionally based model for hydrolysis of 
cellulose by fungal cellulase. Biotechnol. Bioeng. 94: 888-898 (2006). 
 
4. Lu, Z., H.J. Strobel, J.C. Combs, B.C. Lynn.  Proteomic analysis of Clostridium 
thermocellum using two-dimensional liquid chromatography separation and tandem mass 
spectrometry.  Appl. Microbiol. Biotechnol. 74:422-432 (2007). 
 
5. Lynd, L.R., P.J. Weimer, G. Wolfaardt, Y.-H.P. Zhang.  Cellulose hydrolysis by 
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Cellulosome. Molecular Anatomy and Physiology of Proteinaceous Machines" (Uversky 
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Dissection and Manipulation of LRR Domains in Plant Disease Resistance Gene Products  
Andrew Bent 
With current/former lab members Wenxian Sun, Laura Helft, Mark Dunning and Kristin Jansen 
University of Wisconsin - Madison, 1630 Linden Drive, Madison, WI  53706 
Email: afbent@wisc.edu;  Web: http://www.plantpath.wisc.edu/people_detail.php?id=afb  

Collaborators:  Drs. Simon Gilroy, Eric Shusta and George Phillips, Univ. Wisconsin – Madison 
Dr. Thomas Boller, University of Basel, Switzerland 

Overall research goals: This research addresses the following overlapping research questions:  
- How do leucine-rich repeat (LRR) proteins recognize their cognate ligands?   
- How do plants resist disease?   
- What are the intra- and inter-molecular transitions that occur that cause transmembrane LRR 

proteins of the plant immune system to switch from off to on? 
- Can we synthetically evolve new LRR proteins for biofuel and food crops in order to defend 

against problematic pathogens? 
Rationale: Plant diseases are a consistent energetic and economic drain on plant productivity.  

Proteins carrying leucine-rich repeat domains are a primary target in traditional plant breeding 
because they make substantial contributions to plant health.  LRRs often form specific ligand 
binding sites and they occur in a broad array of proteins, including a few hundred receptor 
types in any individual plant that control development and disease resistance (Kobe and 
Kajava, 2001; Bell et al., 2003; Morillo and Tax, 2006) (Jones and Dangl, 2006; Bent and 
Mackey, 2007).  Hence a general understanding of LRR structure/function relationships, and 
development of new paradigms for study and manipulation of LRR domains, will have 
relevance well beyond plant disease resistance.  FLS2 is one of the best-studied plant 
transmembrane LRR receptor kinases; it directly binds bacterial flagellins or flagellin-derived 
peptides and in response, activates plant defenses.  Our work has touched on a number of 
LRR proteins but focuses in particular on Arabidopsis FLS2.  

Significant achievements in 2006-2008:  
 We recently published a paper describing a combined phylogenetic and mutational 
dissection of the LRR domain of FLS2 (Dunning et al. 2007).  The paper provided information 
about FLS2 diversity across the Brassicaceae, and identified the probable binding site for 
flagellin.  A high-throughput survey of over 1200 mutant alleles altered at specific surface-
exposed residues identified residues at which variation does or does not alter flagellin 
responsiveness.  The paper also described a relatively rapid approach to scanning the concave 
face of the LRR domain to find functional sites that merit further study.  This can be done in the 
absence of a known/purified ligand or a receptor crystal structure, making it a widely accessible 
approach for researchers studying other LRR proteins.    
 We have subsequently developed a LRR conservation mapping program that can be 
used to identify functional sites in silico.  Our approach has been validated using data for LRR 
proteins for which ligand-receptor co-crystals and/or other functional data are available.  An 
example is shown on the next page.  Using this approach, we are currently carrying out further 
dissection of FLS2 and other receptors. 
 We are also studying other structure-function aspects of FLS2 functiion, with 
particular emphasis on the LRR domain.  We have found that FLS2, unlike the analogous LRR-
kinase EFR, is highly tolerant of mutation of putative glycosylation sites.  We have found, in 
general, that mutation of most solvent-exposed residues leaves FLS2 highly functional.  We 
have found that only one of the cysteine-pairs that flank the LRR is crucial to protein function,  
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Figure 2. Conservation mapping highlights areas of functional significance for the auxin receptor TIR1 or for FLS2.  
Conservation is indicated by a heat map from least conserved (purple) to most conserved (dark red).  Residues shown to 
be important for function by crystallography or mutagenesis are marked with asterisks. (a) Comparison of TIR1 with five 
paralogs all shown by crystallography to directly bind auxin or cofactor.  b) Comparison of FLS2 and its ortholog from 
tomato (additional function experiments with FLS2 are in progress). 

and that this cys-pair mutant is unstable but can still function if overexpressed.  We have also 
identified LRR-kinase partners that interact with FLS2 in vivo, and have studied the ligand 
dependence of these interactions. 
 Some of our earlier work (Sun et al. 2006) focused in the ligand that stimulates FLS2.  
In a result with broad implications, we showed that PAMPs such as flagellin are not always a 
broadly conserved epitope detectable by basal immune systems, but rather, can vary between 
strains within a single pathogen species.  For a set of Xanthomonas flagellins with significant 
sequence divergence across the entire protein, we identified the one naturally polymorphic 
amino acid that determines detectability by Arabidopsis FLS2.  We also found that 
Xanthomonas campestris pv. campestris can evade FLS2-mediated defenses as long as the 
FLS2 system has not been activated by previous infections.    
 

Science objectives for 2008-2009:  

• Carry out in vitro evolution of FLS2 toward new ligand specificities.  The goal is to develop 
general methods that target mutagenesis toward functional sites of the LRR domain, vastly 
shrinking the mutational universe of proteins that need to be screened to identify useful variants.    

• Identify functional mechanisms of transmembrane LRR-kinase receptors through further 
structural and functional characterization.  LRR-kinase receptors play a key role in a huge 
diversity of plant functions.  Understanding the structural and functional mechanisms of, for 
example, ligand specificity and interaction with signaling partners, should facilitate our future 
ability to manipulate many aspects of plant growth and development.   

References to work supported by this project 2006-2008: 
1. Dunning, F.M., W. Sun, K.L. Jansen, L. Helft and A.F. Bent, 2007. Identification and mutational analysis 

of Arabidopsis FLS2 Leucine-Rich Repeat domain residues that contribute to flagellin perception. Plant 
Cell. 19:3297-3313.  

2. Sun, W., F.M. Dunning, C. Pfund, R. Weingarten and A.F. Bent, 2006.  Within-Species Flagellin 
Polymorphism in Xanthomonas campestris pv campestris and Its Impact on Elicitation of Arabidopsis 
FLAGELLIN SENSING2–Dependent Defenses. Plant Cell 2006 18:764-779. 

3. Bent, A. and D. Mackey, 2007.  Elicitors, Efectors and R Genes: The new paradigm and a lifetime supply 
of questions.  Annu. Rev. Phytopathol. 45:399-436.   
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Engineering Functional Scaffolds by  

Supramolecular Self-Assembly  
David Lynn, Principal Investigator 
Vincent Conticello, Co-Principal Investigator  
Centre for the Analysis of Supramolecular Self-Assemblies and Centre for Bio-inspired Renewable 
Energy, 1515 Dickey Drive, Departments of Chemistry and Biology, Emory University 
Email: david.lynn@emory.edu;  Web: http://www.chemistry.emory.edu/faculty/lynn/index.html 

Collaborators:  Dr. Pappanan Thiyagarajan, APS, ANL 
Dr. S.V. Pingali, ORNL 

Overall research goals: The overall goal of this fruitful collaboration between the Center for 
Supramolecular Self-assembly at Emory University and the Argonne/Oak Ridge National 
Laboratories has been to development methods to direct the assembly of synthetic oligopeptide 
motifs into nano-scale objects such that the degree of order can emulate and extend that observed in 
biological systems.  

Significant achievements in 2006-2008: Mechanistic understandings of the pathway for self-
assembly of complex multi-component arrays are just beginning to emerge. While this 
understanding with β-sheet arrays may well be critical to the intervention strategies in many of the 
roughly 40 different amyloid diseases, it is the synthetic potential of these pathways that may well 
be most profound and useful. We now have metal switches that regulate the assembly morphology, 
kinetics and thermodynamics of both α-helical and β-sheet arrays, allowing us to construct robust 
fibrils, complex multilayered fibers, ribbons, sheets and vesicles, and nanotubes of well-defined 
cross-sectional area and wall thickness that display unique paracrystalline and catalytic activity. We 
have now shown that metal ions can be arrayed in high densities along the nanotube surfaces at one 
nanometer repeat intervals, that DNA bases can be used to control assembly morphology and 
functionality, and that specific chromophoric entities can be arrayed within the assemblies or 
layered specifically along their surface following assembly.  

We are now positioned to take the critical step of 
organizing antenna complexes on a peptide 
bilayer surface for light harvesting and energy 
transfer. This achievement will constitute the 
critical first step in creating a simple bio-inspired 
self-healing assembly capable of emulating 
critical components of natural photosynthesis. 
Shown at the right is our initial attempt where 
we demonstrate Förster energy transfer between 
synthetically incorporated rhodamine and Alexa 
555 bound specifically along the nanotube 
surface. This ability to both create 2D arrays along the nanotube surface as directed by the amyloid 
assemble and still use the amyloid groves to order other pigments appears very powerful and will be 
further explored and extended. 

Science objectives for 2008-2009:  

• Define methods for creating and processing organized arrays of peptide-based supramolecular 
assemblies that may be interfaced with nano-scale devices.  

• Development of methods to control the incorporation and spatial distribution of functionalized 
substrates within organized arrays.  
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• Combine these unique molecular recognition elements to create highly ordered functional 
assemblies. 

References to work supported by this project: 
1. Dong, J.; Apkarian, R.P.; Lynn, D.G. 2005. Imaging Amyloid β peptide ologomeric particles 
in solution. Bioorg. & Med. Chem. 13: 5213-7. 
2. Dong, J.; Shokes, J.E.; Scott, R.A.; Lynn, D.G. 2006 Modulating Amyloid Self-assembly and 
Fibril Morphology with Zn(II). J. Am. Chem. Soc. 127: 6391-6393.  C&E News Highlight 
March 6, 2006, pg 62. 
3. Dong, J.; Lu, K.; Lakdawala, A.S.; Mehta, A.K.; Lynn, D.G. 2006. Controlling Amyloid 
Growth in Multiple Dimensions. Amyloid, 13: 206-15. 
4. Zimenkov, Y., S. N. Dublin, R. Ni, R. S. Tu, V. Breedveld, R. P. Apkarian, and V. P. 
Conticello. 2006. Rational design of a reversible pH-responsive switch for peptide self-
assembly. J. Am. Chem. Soc. 128:6770-1 
5. Lu, K.; Guo, L.; Mehta, A.K.; Childers, W.S.; Dublin, S.N.; Conticello, V.P.; Thiyagarajan, 
P.; Apkarian, R.P.; Lynn, D.G. 2007 Macroscale Assembly of Peptide Nanotubes, ChemComm. 
2729 – 2731. 
6. Dong, J; Bloom, JD; Goncharov, V; Chattopadhyay, M; Millhauser, GL; Lynn, DG; 
Scheibel, T; Lindquist, S. 2007 Probing the Role of PrP Repeats in Conformational Conversion 
and Amyloid Assembly of Chimeric Yeast Prions. J. Biol. Chem. 382: 34204-34212. 
7. Dong, J; Canfield, JM; Mehta, AK; Stokes, JE; Tian, B; Childers, WS; Simmons, JA; Mao, 
Z; Scott, RA; Warncke, K; Lynn, DG. 2007. Engineering metal ion coordination to regulate 
amyloid fibril assembly and toxicity, Proc Natl. Acad. Sci. USA, 104: 13313-13318. 
8. Zimenkov, Y.; Conticello, V.P.; Guo, L.; Thiyagarajan, P. Tetrahedron 2004, 60, 7237-7246. 
9. Lu, K; Mehta, AK; Childers, WS; Liang, Y; Dublin, S; Dong, J; Snyder, JP; Skanthakumar, 
S; Thiyagerajan, P; Lynn, DG. 2008 Facial Symmetry in Self-assembly, J. Am. Chem. Soc. 130, 
9829-9835. 
10. Liang, Y., S., V. Pingali, A. Jogalekar, J. P. Snyder, P. Thiyagarajan, and D. G. Lynn. 2008. 
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Aβ(16-22). Biochemistry, in press. 
11. Dublin, S.N.; Conticello, V.P. 2008. Design of a Selective Metal Ion Switch for Self-
assembly of Peptide-based Fibrils. J. Am. Chem. Soc., 130:49-51. 
12. Liu, P., A. S. Lakdawala, A. K. Mehta, and D. G. Lynn. 2008. Nucleobase Directed 
Amyloid Nanotube Assembly. J. Am. Chem. Soc., submitted. 
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Genetic Analysis of Hydrogenotrophic Methanogenesis in Methanosarcina Species 
William W. Metcalf, Principal Investigator 

 
Department of Microbiology, University of Illinois, B103 C&LSL, 601 S. Goodwin, Urbana, IL 61801 
Email: metcalf@uiuc.edu;  Web: http://www.mcb.uiuc.edu/faculty/profile/1191 

Overall research goals: The long-term goal of our research is to expand our knowledge regarding 
hydrogen-dependent (hydrogenotrophic) methanogenesis by members of the genus 
Methanosarcina. These studies are predominantly based on recently developed methods for genetic 
analysis of Methanosarcina species; however, physiological, biochemical and molecular 
approaches are also used. A central aspect of the study is examination of the genotypic and 
phenotypic differences between M. barkeri, an organism that grows well on H2/CO2, and M. 
acetivorans, a closely related organism that is incapable of growth on H2/CO2. The differences in 
hydrogen metabolism lie at the center of the energy-conserving electron transport chains of the two 
organisms. Examination of the molecular, genetic, biochemical and physiological traits that 
underpin these differences is expected to deepen our overall understanding of methanogenesis, 
hydrogen production/consumption and anaerobic metabolism; all of which are central themes in the 
DOE Energy Biosciences research program.  

Significant achievements in 2006-2008:  We have made substantial progress in understanding the 
differences in the abilities of the two Methanosarcina species to metabolize hydrogen. In particular, 
our recent data clearly show that hydrogen is a central intermediate in methanogenesis from all 
known growth substrates in M. barkeri, whereas M. acetivorans has evolved to specifically exclude 
hydrogen as an intermediate. Taken together, the data produced in the current grant period 
demonstrate very significant differences in the electron transport chains of the two organisms, 
which we believe reflects the adaptation of these species to freshwater and marine environments, 
respectively.  

Using a variety of mutant strains, we showed that under most growth conditions M. barkeri utilizes 
H2 as obligate electron carrier for methanogenesis regardless of the substrate be used: i.e. all 
substrates are converted to H2 during methanogenesis. H2 is produced in the cytoplasm and then 
diffuses out of the cell where it is reoxidized with transfer of electrons into the energy conserving 
electron transport chain. This “hydrogen cycling” metabolism leads directly to production of a 
proton motive force that can be used by the cell for ATP synthesis. However, M. barkeri does have 
the flexibility to utilize other elecron transport chains, as shown by our construction of mutants that 
lack all five hydrogenases. These mutants are viable, but show a severe growth defect. Our data 
support a model in which the very rapid enzymatic turnover of hydrogenases allows a competitive 
advantage via faster growth rates in this freshwater organism. 

In contrast, M. acetivorans does not express hydrogenase activity despite having a nearly full 
complete set of hydrogenase genes. We showed that the promoters of these genes have been 
specifically inactivated in M. acetivorans, explaining the observed lack of activity. The lack of 
hydrogenase gene expression indicates that M. acetivorans has another mechanism for energy 
conserving electron transport. We showed that at least three novel membrane complexes are 
involved in this hydrogen-independent electron transport chain. Our data suggest that this marine 
organism has evolved to prevent “hydrogen cycling”, possibly to prevent competition with H2-
utilizing sulfate reducers, which are especially abundant in marine systems. 

Finally, we have begun the study of the terminal step in the electron transport chain of 
Methanosarcina, which is catalyzed by hetrodisulfide reductase (Hdr). In contrast to other 
methanogens, Methanosarcina species have two types of Hdr. Our data clearly show distinct roles 
for the two classes of Hdr.  Although one of the Hdr copies (hdrDE) appears to be essential for 
energy conservation and methanogenesis, the other (hdrABC) appears to play a biosynthetic role. 
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Science objectives for 2008-2009:  

• Test whether the M. acetivorans hydrogenases have the capacity to be functional by 
complementation of M. barkeri mutants 

• Further characterization of hydrogen-independent energy-conserving electron transport in M. 
barkei via whole genome microarray experiments 

• Characterization of hydrogen-independent energy-conserving electron transport in M. 
acetivorans via genetic analysis 

• Assess the roles of the multiple heterodisulfide reductase (Hdr) isozymes in M. barkeri and M. 
acetivorans using a combination of genetics, biochemistry and whole genome microarray 
experiments . 

References to work supported by this project 2006-2008: 
1. Mahapatra, A., A. Patel, J.A. Soares, R.C. Larue, J.K. Zhang, W.W. Metcalf and J.A. Krzycki. 

2006. Characterization of a Methanosarcina acetivorans mutant unable to translate UAG as 
pyrrolysine. Mol. Microbiol. 59:56-66. 

2. Patrie S.M., J.T. Ferguson, D.E. Robinson, D. Whipple, M. Rother, W.W. Metcalf and N.L. 
Kelleher. 2006. Top down mass spectrometry of <60 kDa proteins from Methanosarcina 
acetivorans using Q-FTMS with automated octopole collisionally activated dissociation 
(OCAD). Mol. Cell. Proteomics. 5:14-25. 

3. Maeder D.L., I. Anderson, T.S. Brettin, D.C. Bruce, P. Gilna, C.S. Han, A. Lapidus, W.W. 
Metcalf, E. Saunders, R. Tapia and K.R. Sowers. 2006. The Methanosarcina barkeri genome: 
comparative analysis with Methanosarcina acetivorans and Methanosarcina mazei reveals 
extensive rearrangement within methanosarcinal genomes. J. Bacteriol. 188:7922-31. 

4. Mahapatra, A., G. Srinivasan, A. Meyer, K. B. Richter, T. Lienard, J. K. Zhang, G. Zhao, P. T. 
Chang, M. Chan, G. Gottschalk, W.W. Metcalf and J.A. Krzycki. 2007. Class I and class II 
lysyl-tRNA synthetase mutants and the genetic encoding of pyrrolysine in Methanosarcina 
spp. Mol. Microbiol. 64:1306-18 

5. Rother, M., E. Oelgeschläger and W. W. Metcalf. 2007. Genetic and proteomic analyses of CO 
utilization by Methanosarcina acetivorans. Arch. Microbiol. 188:463-472. 

6. Guss, A.M. M. Rother, J.K. Zhang, G. Kulkarni and W.W. Metcalf. 2007. New methods for 
tightly regulated gene expression and highly efficient chromosomal integration of cloned 
genes for Methanosarcina species. Archaea. In press. 

7. Guss, A.M., G. Kulkarni and W.W. Metcalf. 2008. Differences in hydrogenase expression 
between Methanosarcina barkeri and Methanosarcina acetivorans. J. Bact. (in revision)  

8. Guss, A.M., G. Kulkarni and W.W. Metcalf. 2008. Methanosarcina acetivorans Rnf is the 
primary ferredoxin-dependent oxidoreductase during growth on acetate. (in preparation). 
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Mechanisms of Plant Cell Wall Loosening  

Daniel J. Cosgrove, Principal Investigator  
Department of Biology, 208 Mueller Lab, Penn State University, University Park, PA 16802  
Email: dcosgrove@psu.edu;   

Overall research goals: Our long-term goals are to elucidate the molecular controls and mechanisms 
of plant cell wall enlargement, with a special focus on the molecular structure and action of the cell-
wall loosening proteins known as expansins. Expansins were discovered as the major mediators of 
pH-dependent cell wall extension (‘acid growth’) in plants. They are important for plant growth 
(cell enlargement) and other developmental events such as fruit softening, abscission and pollen 
tube invasion of the sigma and style. Their mechanism of loosening the cell wall is still obscure, as 
they lack classical enzymatic activity, but instead 
seem to modulate the noncovalent interactions of 
cellulose and glycan-binding matrix 
polysaccharides. We are combining 
structural, biochemical, imaging, and 
genetic approaches to understand how 
expansins interact with cell walls to 
induce loosening and polymer creep.  
 

 

Figure 1. Plant growth entails cell expansion 
which is physically limited by the surface 
expansion of  the cellulosic cell wall.  In the  
cell wall celllulose microfibrils are tethered 
together by hemicelluloses (red strands) 
such as xyloglucan or arabinoxylan. Expansin 
(purple) induces cell wall creep by allowing the 
cellulose-hemicellulose network to yield to the wall 
stresses generated by cell turgor pressure. 

Significant achievements in 2006-2008: We solved the crystal structure of beta-expansin protein 
from maize pollen (EXPB1), which consists of two small domains tightly packed onto each other to 
form a long planar surface, suitable for binding up to 10 sugar residues of a polysaccharide chain.  

A.     B. 
 

 

 

 

Figure 2. Crystal-based structure of beta-expansin (EXPB1). A: A space-filling model of the protein with an 
arabinoxylan filtted to its surface. The amino-terminal domain (green) has a double-psi -barrel fold with partial 
conservation of the catalytic site found in family-45 glycosyl hydrolases. The carboxy-terminus (cyan) forms an 8-
stranded beta-sandwich (an immunoglobulin-like fold). A strip of highly conserved residues (red) spans the two 
domains, forming an open surface with aromatic and polar resudes suitable for polysaccharide binding. B:  Wire-frame 
model showing the four aromatic residues that form part of the presumptive polysaccharide binding surface.  
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 Maize mutants deficient in pollen beta-expansin (EXPB1) production were identified. The 
mutant phenotype in the pollen included reduced reproductive success of the pollen when 
competed with wild-type pollen at high pollen loads. Microscopic observations indicate that the 
EXPB1-deficient pollen penetrate the stigma and style more slowly than wild type pollen. 
These observations provide an evolutionary explanation for the unusual abundance of beta-
expansins in grass pollen, which is associated with a proliferation of beta-expansin genes in the 
maize genome.  

 A protein named EXLX1 (gene=yoaJ) from Bacillus subtilis has a structure that is homologous 
to beta-expansin (structure analysis was a collaboration with F. Kerff and coworkers at the 
University of Liege). It binds to plant cell walls and has weak cell wall extension activity 
characteristic of beta-expansin, and also lacks lytic activity against bacterial and plant cell wall 
polysaccharides. Deletion of the gene encoding EXLX1 greatly reduced the bacterium's ability 
to colonize maize roots, sugesting that EXLX1 promotes plant surface colonization. The 
presence of EXLX1 homologs in a small but diverse set of plant pathogens further supports a 
role in plant-bacterial interactions. 

Science objectives for 2008-2009:  

 We will use isothermal titration calorimetry (ITC) and other methods to define EXPB1’s target 
polysaccharide and attempt to make crystals of the EXPB1::oligosaccharide complex suitable for 
X-ray analysis and structure solution.  

 We will use fluorescence recovery after photobleaching to assess EXPB1 mobility while bound 
to the cell wall, and use fluorescent derivatives of EXPB1 to localize its target binding sites in 
tissue cross sections. 

 Another major focus will be on bacterial homologs of plant expansins, which we will express in 
E. coli and assess their activity and binding properties.  

References to work supported by this project 2006-2008: 

1. Yennawar N, L.-C. Li, D.M. Dudzinski, A. Tabuchi, and D.J. Cosgrove. 2006. Crystal structure and 
activities of EXPB1 (Zea m 1), a beta-expansin and group-1 pollen allergen from maize. Proc. Natl. Acad. 
Sci. 103: 14664-14671 

2. Wieczorek K., Golecki B., Gerdes L., Heinen P., Szakasits D., Durachko D. M., Cosgrove D. J., Kreil D. 
P., Puzio P. S., Bohlmann H., and Grundler F. M. 2006.  Expansins are involved in the formation of 
nematode-induced syncytia in roots of Arabidopsis thaliana. Plant J. 48: 98-112 

3. Saladie, M., Rose, J.C., Cosgrove, D.J. and C. Catala. 2006.  Characterization of a new xyloglucan 
endotransglucosylase/hydrolase (XTH) from ripening tomato fruit and implications for the diverse modes 
of enzymic action. Plant J. 47: 282-295.  

4. Valdivia E.R., Cosgrove, D.J. and A.G. Stephenson. 2006. Role of accelerated style senescence in 
pathogen defense. American Journal of Botany 93 (11):1725-1729 

5. Sampedro, J.,  Carey, R. E. and D. J. Cosgrove. 2006. Genome histories clarify evolution of the expansin 
superfamily: new insights from the poplar genome and pine ESTs.  J. Plant Res. 119: 11-21 

6. Valdivia E.R., Wu Y., Li L.-C., Cosgrove D.J. and A.G. Stephenson. 2007. A group-1 grass pollen 
allergen influences the outcome of pollen competition in maize.  PloS One  E154 (7 p) 

7. Valdivia E.R., Sampedro J., Lamb C., Chopra S., and Cosgrove, D.J. 2007. Recent Proliferation and 
Translocation of Pollen Group 1 Allergen Genes in the Maize Genome. Plant Physiology 143: 1269-81 

8. Sampedro J. and D.J. Cosgrove. 2008. Genomic History and Gene Family Evolution in Angiosperms: 
Challenges and Opportunities. Genome Dynamics 4:  (in press) 

9. Goulao, L., D.J. Cosgrove, C.M. Oliveira. 2008. Cloning, characterization and expression analyses of 
cDNA clones encoding cell wall-modifying enzymes isolated from ripe applies. Postharveset Biology and 
technology 48: 37-51.  
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Analysis of ABCB phosphoglycoproteins (PGPs) and their contribution to monocot biomass, structural 
stability, and productivity 
 
Angus Murphy, Principal Investigator  Wendy Peer, Senior Research Scientist 
Haibing Yang, Postdoctoral researcher Boosaree Titapiwatanakun, Ph D student  
Anne Knoeller, Ph D. student  
 
Department of Horticulture, Purdue University, 625 Agriculture Mall Drive, West Lafayette IN 47907 
Email: murphy@purdue.edu 
Collaborators: Dr Enrico Martinoia, University of Zurich  Dr. Markus Geisler, University of Zurich 
  Dr. Jiri Friml, University of Gent  Dr. Tatsuya Sakai, RIKEN, Japan  
  Dr. Natasha Raikhel, University of California, Riverside 
  
Overall research goals: To use plants and heterologous systems to elucidate the influx and efflux mechanisms 
of ABCB phosphoglycoproteins at the molecular level. The ultimate objective of this research is to manipulate 
ABCB function to increase useable plant biomass. Specific goals are to: 1) Identify the specific domains and 
residues that confer substrate specificity to ABCB-mediated auxin transport. 2) Determine which functional 
domains regulate the directionality of ABCB-mediated auxin transport 3) Determine which ABCBs regulate 
monocot plant height and form and how they interact.  
Significant achievements 2006-2008 
1. PIN and ABCB auxin transport systems function co-ordinately. Directional transport of the phytohormone 

auxin is established primarily at the point of cellular efflux and is required for the establishment and 
maintenance of plant polarity. Studies in whole plants and heterologous systems indicate that PINFORMED 
(PIN) and P-glycoprotein (ABCB) transport proteins mediate cellular efflux of natural and synthetic auxins. 
We showed that ABCB1 and 19 co-localized with PIN1 in the shoot apex, and with PIN1 and 2 in root 
tissues. Specific ABCB-PIN interactions were demonstrated in yeast two-hybrid and co-immunoprecipitation 
assays. PIN-ABCB interactions enhanced transport activity and substrate/inhibitor specificities. In contrast, 
no interactions between ABCBs and the AUX1 influx carrier were observed. pin abcb mutants exhibited 
phenotypes that are both additive and synergistic, suggesting that PINs and ABCBs characterize 
coordinated, independent auxin transport mechanisms that also function interactively. 

2. ABCB19 characterizes unique membrane microdomains that are distinct from domains characterized by 
ABCB4. Inhibitor and mutant analyses showed thatABCB19 function is not regulated by the dynamic cellular 
trafficking mechanisms that regulate PIN1 in apical tissues. However, endocytosis of the styryl dye FM4-64 
labels diffuse rather than punctuate intracellular bodies in abcb19 (pgp19), aggregations of  PIN1 induced by 
short-term brefeldin A treatment did not disperse after BFA washout in abcb19, and PIN1 plasma membrane 
localisation in abcb19 roots was more easily perturbed by the detergent Triton X-100. ABCB19 was found to 
be stably associated with sterol/sphingolipid enriched membrane fractions containing BIG/TIR3 and partitions 
into Triton X-100 detergent-resistant membrane (DRM) fractions.  In wild type, PIN1 was also present in 
DRMs, but was less abundant in abcb19 DRMs. These data suggest that ABCB19 stabilises PIN1 
localisation at the plasma membrane in discrete cellular subdomains.  

3. Development of an S. pombe system for analyses of recombinant plant transport proteins. Several 
heterologous systems have been developed to study the transport activity of ABCB, PIN, and AUX/LAX 
transporters. Saccharomyces cereviseae can be used for heterologous expression of some, but not all of 
these proteins. Most notably, the major Arabidopsis auxin transport proteins PIN1, AUX1, and ABCB19 
cannot be functionally expressed in S. cereviseae. The lack of cell wall, the necessity of viral transfection, 
and difficulty in performing kinetic assays limits the utility of mammalian systems used for this purpose. Other 
limitations have been found with Xenopus oocyte and insect systems. Schizosaccharomyces pombe has 
plant-like polar sterol-rich membrane domains and more plant-like N-glycosylation activity. S. pombe has 
only 11 ABC transporter genes and single copies of many other transporter genes. We have made an 
extensive effort to develop the S. pombe system for studies of plant transport proteins. This has included 
development of easy to implement gene knockout protocols and knockout lines for all ABC and a number of 
other membrane transporters. We expressed both AtABCB1 and AtABCB19 in S. pombe ABC transporter 
double mutant mam1∆pdr1∆ under the inducible nmt41 promoter. As expected, S. pombe cells expressing 
AtABCB1 and AtABCB19 accumulated less 3H-IAA compared to vector controls. Second, we deleted the 
auxin effluxer like 1 (AEL1) gene using disruption plasmids and expressed PIN proteins in the mutant ael1∆. 
ael1∆ lines expressing PIN1, PIN2 and PIN7 accumulated less 3H-IAA than that controls, consistent with 
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auxin efflux function. We also expressed AUX1 in vat3∆ S. pombe mutants and observed auxin uptake 
activity of AUX1 that was competitively inhibited by 2, 4-D but not NAA, as expected. As a test to determine 
whether the system can be used for non-auxin transport studies, a putative nicotine uptake transporter from 
tobacco was expressed and successfully assayed for activity in the system.  

4. Modeling of ABCB structures. To gain a clearer understanding of how eukaryotic ABCB proteins interact with 
their transport substrates, we developed computer models of plant and human ABCB transporters based on 
the Sav1866 half transporter crystal structure. Sequence and structural comparisons showed that 
characterized plant and mammalian ABCB transporters share a common architecture. Our analysis also 
identified candidate substrate binding sites in the transmembrane domains of the proteins near the inner 
leaflet of the plasma membrane. We proposed a general transport mechanism for ABCB proteins based on 
the predicted substrate binding pockets in the transmembrane domains (TMDs), the reported movement of 
nucleotide-binding domains (NBDs), and the deduced movement of TMDs driven by ATP hydrolysis. Re-
examination of recent mutational analyses indicates that these new structural models are consistent with 
existing experimental data. Furthermore, the conserved “gate” sequences in the animal ABCB1 transporters 
explain their substrate promiscuity, while a divergent “gate” region in plant ABCBs accounts for their 
substrate specificity. Finally, these comparative models suggest potential domains that regulate the 
directionality of the plant ABCB transporters. However, they also suggest that eukaryotic uptake and 
conditional uptake/export transporters are structurally and evolutionarily distinct from prokaryotic uptake 
transporters. Our data provide a significant framework for the experiments in investigation of binding sites 
and directionality for ABCBs. This work will be reported in a commissioned review in TIBS. 

5. Dissecting the function of ABCBs in Arabidopsis using multiple RNAi. In Arabidopsis genome there are 22 
PGP/ABCB genes and in rice there are 17 ABCB genes. In Arabidopsis, ABCB1, ABCB19 and ABCB4 are 
auxin transporters and ABCB14 is a malate uptake transporter in stomatal guard cells.  Among the 
uncharacterized ABCBs, most occur in highly similar clusters suggesting functional redundance.  RNAi 
constructs were designed using the inducible pOpOff system to knock down 1) ABCB2,10;  2) ABCB13,14; 
3) ABCB11,12,13, 14; and 4) ABCB15,16,17,18 and were used to transform Col-0 plants. The homozygous 
lines of ABCB2/10 RNAi are smaller than controls. ABCB2/10 RNAi plants show wavy and skewed root 
phenotypes. ABCB 11/12/13/14 RNAi plants show wavy but not skewing root phenotypes. As expected, 
ABCB 13/14 RNAi plants were like wild type when grown under normal conditions, but are more sensitive to 
water stress. ABCB 15/16/17/18 and ABCB 15/16/17/18 RNAi transformants are currently being analyzed.  

6. Mutational analysis of OsABCB10 rice mutants.We made an extensive screen of putative abcb Tos17 
insertion mutants from the RIKEN collection. Most of the mutations were either misreported or only a single 
allele could be identified. However, multiple alleles of osabcb10 were identified and were extensively 
characterized.OsABCB10 has also been cloned and has been localized in planta by in situ hybridization. 

Science objectives for 2008-2009: 
1. Mutational analysis of predicted binding sites in AtABCB4 and AtABCB19 in S.pombe and in planta  
2. Functional characterization of AtABCB2, AtABCB10, and OsABCB10 in S. pombe.  
3. Completion of phenotypic analyses of RNAi lines described above 
4. RNAi transformation of rice targeting OsABCB14 and 22 putative auxin transporters 

References to work supported by this project 2006-2008: 
Titapiwatanakun B, Blakeslee JJ, Bandyopadhyay A, Sauer M, Mravec J, Cheng Y, Friml J, Peer WA, Murphy 
AS (2007)  Factors modulating physical interactions between PGP19 and PIN1 at the plasma membrane. Plant 
Journal, in press 

Rojas-Pierce M, Titapiwatanakun B, Sohn EJ,  Fang F, Larive CK,  Blakeslee JJ,  Peer WA, Murphy AS, Raikhel 
NV (2007) Inhibition of gravitropism by gravacin is mediated by Arabidopsis P-glycoprotein19.  Chemistry and 
Biology (Cell Press), 14, 1366-1376.   

Blakeslee JJ, Bandyopadhyay A, Lee OR, Sauer M, Mravec J, Titapiwatanakun B, Geisler M, Nagashima A, 
Sakai T, Martinoia E, Friml J, Peer WA, Murphy AS (2007) Interactions among PINFORMED (PIN) and P-
glycoprotein (PGP) auxin transporters in Arabidopsis thaliana.  Plant Cell, 19: 131-147.   

Titapiwatanakun B and Murphy AS (2008) Post-transcriptional regulation of auxin transport proteins: 
cellulartrafficking, protein phosphorylation, protein maturation, ubiquitination, and membrane composition. J. 
Exp. Botany, in press 
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Identification of Proteins Involved in Hydrogen Metabolism during Syntrophic Growth of 
Desulfovibrio.  

 
Principal Investigator:  Dr. Lee R. Krumholz  Co-P.I.s: Dr. Michael McInerney, Dr. Jizhong Zhou. 
Postdoc: Dr. Xiangzhen Li,   University of Oklahoma, Department of Botany and Microbiology, 770 
Van Vleet Oval, Norman, OK 73019   Email: krumholz@ou.edu 
Collaborator:   Dr. Judy Wall, University of Missouri. 

 
Overall research goals: Hydrogen is an important electron carrier used during syntrophic syntrophic 
interactions among bacteria and therefore the production and oxidation of H2 are critical processes 
during the degradation of organic compounds. The goals of this project are to: (a) Identify genes in 
Desulfovibrio desulfuricans G20 involved in mediating H2 

transfer between species; (b) identify and 
characterize proteins in strain G20 that are used for H2 production and/or oxidation; and (c) optimize 
H2 production by strain G20.  

 
Significant achievements in 2006-2008:  
The identities and roles of a number of proteins involved in syntrophic growth and H2 metabolism 
have been addressed during the first part of this study. We first generated a transposon mutant 
library using a mini-Tn10 transposon-bearing plasmid that was shown to mutagenize D. 
desulfuricans G20 efficiently and randomly. The mutant library contained 5760 mutants and 
therefore provided about 1.5 fold coverage of the 3775 candidate protein-encoding genes found in 
the G20 genome. The mutant library was then  screened for mutants unable to grow in syntrophic 
association with Methanospirillum hungatei on lactate as an electron donor. We identified 27 
mutants that were either unable to grow syntrophically or exhibit slow syntrophic growth and 
present a small group of them in Table 1 along with results of growth experiments with them.   
 
Genes within several functional groups were identified and shown to influence syntrophic growth. 
These included genes involved in H2 oxidation (electron transfer for PMF generation), lactate 
oxidation for H2 production, posttranslational modification (maturation of the hydrogenase) and 
signal transduction.  The abundance of genes involved in H2 oxidation suggest that H2 oxidation 
may be an important process for energy production during lactate oxidation when syntrophic 
growth occurs likely allowing continuous electron flux to the methanogen for CO2 reduction. 
However, H2 production was observed for both parent and mutant strains of Desulfovibrio G20 
suggesting that other electron carriers aside from H2 and formate may shuttle the electrons during 
interspecies electron transfer. 

 
Three mutants deficient in hydrogen/formate uptake were obtained through the screening process. 
Mutations were in the cytochrome c3 (cycA), Fe-only hydrogenase (hyd) and molybdopterin 
oxidoreductase (mop) genes. The three mutants exhibit similar phenotypes in that (a) syntrophic 
growth is either completely abolished or slowed; (b) no detectable growth for mop and cycA occurs 
in pure culture with sulfate as the electron acceptor and either formate, H2, or ethanol as the 
electron donor; hyd showed a slow growth rate in above conditions; and (c) low levels of growth 
on pyruvate as the electron donor with sulfate. Complementation of these mutants by 
transformation with a plasmid carrying the intact genes from parent strain allowed recovery of 
growth on H2 and formate, showing that these specific genes are involved in H2 oxidation. We 
hypothesize that these three proteins form an electron transfer chain in which electrons derived 
from formate, H2, pyruvate or ethanol oxidation are transferred to the respiratory proteins involved  
in sulfate reduction. These proteins may be key components responsible for H2 

cycling.  
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Science objectives for 2008-2009:  
• The selected genes will be isolated and recombinant protein products will be purified.  If 

recombinant proteins cannot be produced in E. coli grown anaerobically, they will be purified 
from strain G20.  

• Biochemical characterization of these proteins will be then conducted and protein complexes 
will then be prepared to determine interaction among proteins.  

• mRNAs of functional genes from D. desulfuricans strain G20 grown with lactate either 
syntrophically with M. hungatei or in pure culture will be quantified using microarrays.  This 
will allow identification of additional genes involved in H2 

production or electron transfer.   
• The results from the above experiments will determine the mechanisms for H2 production from 

organic compounds and identify cellular components needed for the reactions. Ultimately, 
parts or all of these enzymes may be used for industrial production of H2. 

 
Table 1. Mutated genes identified and shown to be involved in syntrophic growth along with results of growth 
experiments in pure culture with electron donors in the presence of sulfate. The ability of the mutants to grow 
syntrophically on lactate with M. hungatei and to produce H2 

 during growth on lactate-sulfate (H2 evolution) is given.  

+, grows similarly to the parent strain. ±, grows slower than parent strain. - no detectable growth or negative within a10-d 
incubation at 37 °C. ND Not determined.  

References. 
1. Caffrey SM, Park H-S, Voordouw JK, He Z, Zhou J, Voordouw G (2007) Function of 

Periplasmic Hydrogenases in the Sulfate-Reducing Bacterium Desulfovibrio vulgaris 
Hildenborough. J. Bacteriol. 189:6159-6167  

2. Fauque G, Peck HD, Moura JJ, Huynh BH, Berlier YM, DerVartanian DV, Teixeira M, 
Przybyla AE, Lespinat PA, Moura I (1988) The three classes of hydrogenases from sulfate 
reducing bacteria of the genus Desulfovibrio. FEMS Microbiol. Rev. 4:299-344  

3. Luo Q, Groh JL, Ballard JD, Krumholz LR (2007) Identification of genes that confer sediment 
fitness to Desulfovibrio desulfuricans G20. Appl. Environ. Microbiol. 73:6305-6312  

4. Pohorelic BKJ, Voordouw JK, Lojou E, Dolla A, Harder J, Voordouw G (2002) Effects of 
deletion of genes encoding Fe-only hydrogenase of Desulfovibrio vulgaris Hildenborough on 
hydrogen and lactate metabolism. J. Bacteriol. 184:679-686 

Growth  Locus  Predicted protein  
Syntrophy  Lactate  H2 Format Pyruva  EtOH  H2evol  

Parent strain  +  +  +  +  +  +  +  
Dde_2933  Molybdopterinoxidoreductase, 

molybdopterin-binding 
subunit  

-  +  -  -  ±  -  +  

Dde_3245  iron-sulfur cluster-  
binding protein  

±  ±  +  +  ND  ND  +  

Dde_0082  Fe-hydrogenase small subunit  ±  +  ± ± ±  -  +  

Dde_3775  ferredoxin I ±  ±  ±  ±  ND  ND  +  

Dde_0364  Hydrogenase expression/ 
formation  protein HypD 

±  +  +  +  ND  ND  +  

Dde_0555 (NiFe) hydrogenase 
maturation  protein HypF  

±  +  +  +  ND  ND  +  

Dde_3182  cytochrome c3  -  +  -  -  ±  -  +  
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Center Dr., Ann Arbor, MI 48109-0606 
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University, Menlo Park, CA 94025  

Dr. Carrie Wilmot, Department of Biochemistry, Molecular Biology & 
Biophysics, University of Minnesota, Minneapolis, MN 55455-0215 

Overall research goals: The research objectives are to elucidate and understand the mechanism of 
biological methane synthesis by the nickel metalloenzyme, methyl-SCoM reductase. We are using a 
combination of biochemical and biophysical approaches to isolate and characterize key 
intermediates in the pathway of methane synthesis.  

Significant achievements in 2006-2008: Methyl-coenzyme M reductase (MCR) from methanogenic 
archaea catalyzes the terminal step in biological synthesis of methane. Using coenzyme B (CoBSH) 
as the two-electron donor, MCR reduces methyl-coenzyme M (MeSCoM) to methane and the 
mixed disulfide, CoB-S-S-CoM. MCR contains coenzyme F430, an essential redox-active nickel 
tetrapyrrole at its active site. The active form of MCR (MCRred1) contains nickel in the Ni(I) redox 
state, Ni(I)-F430. The role of nickel in the catalytic cycle is controversial and two catalytic 
mechanisms have been proposed for methane synthesis: one involves an organometallic methyl-
Ni(III) intermediate while the other includes a methyl radical.  

We have trapped the key Ni(I)-F430 and alkyl-Ni(III)-F430 species and characterized them by 
various spectroscopic approaches, and showed that the alkyl-Ni species undergo reactions 
resembling the proposed intermediate steps in methanogenesis and anaerobic methane oxidation (1-
3). Recently, we trapped the active Ni(I) and the methyl-Ni(III) states both in solution and in 
crystals. We also have demonstrated that the methyl-Ni species can be converted to methane (in the 
forward reaction), as well as to methyl-SCoM and active Ni(I)-MCRred1 (in the reverse direction). 
The observation of a methyl-Ni MCR species is thus of considerable significance in terms of both 
biochemistry and bio-organometallic chemistry. We also have trapped a radical intermediate that 
fits the criteria of being a catalytic intermediate in the pathway of methanogenesis. Isotope labeling 
studies indicate that this is a tyrosyl radical, which we surmise to be generated from one of the two 
Tyrosine residues located in the active site directly above the F430 cofactor. We propose a new 
mechanism of methane formation, which involves in successive steps: methyl-Ni(III), methyl 
radical, tyrosyl radical, CoB radical, and CoB-SSCoM radical anion.  

Science objectives for 2008-2009:  

• We will continue to characterize the various intermediates in the catalytic cycle by solution and 
single crystal X-ray absorption methods. This will provide a high-resolution structure of the 
nickel active site in its active states.  

• We will determine the structure of MCR in the active states by X-ray crystallographic studies.  

References to work supported by this project 2006-2008: 
1. Kunz, R. C., Dey, M., and Ragsdale, S.W. (2008) Characterization of the Thioether Product Formed From 

the Thiolytic Cleavage of the Alkyl-Nickel Bond in Methyl-Coenzyme M Reductase Biochemistry 47: 
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P-type ATPase Ion Pumps in Plants  
Jeffrey F. Harper 
Department of Biochemistry, University of Nevada, Reno,  
MS 200, 1664 N. Virginia, Reno, NV 89557  
Email: jfharper@unr.edu  

Overall research goals: The long-range objectives of the research are to understand the biochemistry 
and biological functions associated with different P-type ATPases (ion pumps).  Different 
subgroups of P-type ATPases have different ion translocating specificities, including H+, Ca2+, Na+, 
Zn2+, Cu2+, Cd2+, and lipids.  In eukaryotic cells, these pumps are thought to utilize between 25 -
50% of the cellular ATP. 
 
Significant achievements in 2006-2008:  Of the 46 P-type ATPases in Arabidopsis, 10 belong to 
a subfamily of calcium translocating pumps (ACAs) that are stimulated by calmodulin and 
located in the ER, tonoplast and PM.  Knockouts of these pumps have uncovered important 
functions in plant development, reproduction, and responses to the environment.  For example, 
a loss of function of plasma membrane calcium pump ACA9 results in pollen tubes that grow 
slow and are impaired in their ability to discharge sperm into ovules.  This gene is also crucial 
to the plant’s reproductive success under temperature stress.   A disruption of plasma membrane 
calcium pump ACA10 (in the NO background) results in a reduced floral internode expansion 
defect, providing evidence that this pump functions in regulating cell growth.  A double 
disruption of vacuolar calcium pumps ACA4 and 11 result in a high frequency of necrotic 
lesions and a severe reduction in growth. Preliminary result for a single set of knockout alleles 
for the 3 ER localized calcium pumps, ACA1, 2, 7, suggest that these pumps are also important 
for several aspects of plant growth and development, including pollen fitness.  
 
The Harper lab has begun using pollen as a model cell in which growth and signalling functions 
can be easily quantified by a simple genetic segregation distortion analysis.  Pollen is an 
experimentally accessible plant cell that undergoes a rapid program of desiccation and 
rehydration, and is among the fastest growing plant cells known.  Using pollen fitness as an 
assay for stress sensitivity mutations, we have uncovered stress tolerance functions for multiple 
ion transport pathways, including cyclic nucleotide gated ion channels (CNGCs), a cation-
chloride cotransporter (CCC), P-type Ca Pumps (ACAs and ECAs), and a P-type ATPase lipid 
pump (ALAs).  Our biological focus is on the 4 most significant abiotic stresses:  drought, cold, 
heat, and salt.   

 

Science objectives for 2008-2009:  

• Test the hypothesis that a plant can survive without any of the 4 plasma membrane targeted 
calmodulin-regulated calcium pumps. 

• Test whether a H+-ATPase can piggy back target a Na-antiporter to the plant cell plasma 
membrane through an engineered leucine zipper protein-protein interaction. 

• Identify the Na-ATPases from Dunaliella salina, a salt tolerant (“extremophile”) algae being 
considered as a feedstock for an emerging biofuels industry.  These pumps are hypothesized to 
enable D. salina to grow in saturated solutions of NaCl.   
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Nanopore-supported Phospholipid Bilayers  

Alex I. Smirnov, Principal Investigator 
Campus Box 8204, Department of Chemistry, North Carolina State University, Raleigh, NC 27695 
Email: Alex_Smirnov@ncsu.edu;  Web: www.ncsu.edu/chemistry/facultyPages/ais.html  

Collaborators:  Dr. Oleg G. Poluektov, Argonne National Laboratory, Argonne, IL 
            Dr. Timothy A. Cross, National High Magnetic Field Lab, Tallahassee, FL 

Overall research goals: Further development of substrate-supported lipid nanotube arrays. To attain 
fundamental understanding of effects of nanoscale confinement on the mechanism of self-assembly 
of lipid molecules and membrane proteins into functional and robust hybrid nanostructures that 
could assist in rational design of hybrid nanosystems for biomimetic solar energy conversion and/or 
bioinspired separation technology.  Another significant aspect of our program is in developing new 
biophysical tools to advance structure-function studies of energy-transporting membrane proteins 
and the self-assembly mechanisms of membrane protein complexes.   

Significant achievements in 2006-2008: Studies of structure and dynamics of lipid bilayers confined 
in nanoporous channels of anodic aluminum oxide (AAO) such as shown in Figure 1c have been 
continued.  For lipids confined in nanopores with diameter from 40 to 200 nm the main phase 
transition temperatures determined by either DSC or spin-labeling EPR were found to be essentially 
the same as for unsupported bilayers. Lipids’ rotational dynamics was also unaffected according to 
EPR. The main effect of the nanoscale confinement was found to be in a decreased van’t Hoff 
enthalpy that characterizes lipid bilayer cooperativity properties.  Such a confinement limits the 
growth of ordered domains that are characteristic of liquid crystalline phase.  A calorimetric 
evidence that substrate-supported nanotubular bilayers exhibit a pre-transition suggesting formation 
of a ripple phase has been provided. To the best of our knowledge this is the first observation of the 
ripple phase in substrate-supported bilayers that points to little perturbations in our design. 

Highly efficient protocols for aligning peptide-containing lipid bilayers inside AAO substrates for 
1- and 2-D solid-state NMR studies 
have been developed.  It was shown 
that such bilayers remain fluid and 
highly hydrated with surfaces of the 
both leaflets fully accessible to 
water-soluble molecules. These 
unique features that enable solvent 
flow through lipid nanotube arrays 
have been exploited for the first ever 
structure-function study of 
membrane proteins by solid-state 
NMR using physically the same 
sample. Figure 1a provides a 
demonstration of such NMR 
experiments to ascertain effects of 
ion binding to a model ion channel.  

A method for incorporating a large 
electron-transfer membrane protein 
complex - bacterial reaction center 
(RC) protein from Rhodobacter 
sphaeroides - into substrate-
supported lipid nanotubes has been 
developed.  We described several 

Figure 1.  (a) 17O NMR (19.6 T) 
spectra of 17O-[D-Leu10]-
gramicidin A uniformly aligned 
in DMPC bilayers in the absence 
and presence of KCl (2.4 M)
with a peptide:lipid ratio of 1:16 
and excess hydration in AAO-
aligned nanotubular bilayers. 
(b) Cartoon of a nanotubular 
lipid bilayer. 
(c) SEM image of a nanoporous 
AAO substrate fabricated by the 
PI group at NCSU. 

a 

b 

c 
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incorporation techniques that result in formation of proteonanotubes that retain functionality over a 
period of two months.  We propose that a large number of membrane proteins and their complexes 
could be incorporated into AAO-supported lipid nanotubes.  The macroscopic lipid and protein 
alignment in such structures combined with solvent accessibility would assist structure-function 
studies with variety of spectroscopic techniques such as NMR, EPR, and optical spectroscopy 
without protein crystallization. 

Science objectives for 2008-2009:  

• Investigation of self-assembly of nanopore-confined lipids as a function of the lipid chain length 
with the goals of further tuning properties of the nanostructures formed; expansion of these 
studies to mixed lipid bilayer systems including mixtures of negatively charged lipids, 
cardiolipin (bisphosphatidyl glycerol), sphingolipids and other compositions as needed for 
studying membrane proteins involved in energy transduction.   

• Mapping interfacial electrostatics of substrate-supported lipid bilayers using a series of pH-
sensitive EPR-active lipids and utilization of the obtained knowledge for the rational design of 
the substrate-lipid interface through chemical modification of the nanochannel surface. 

• Development of new types of hybrid nanostructures by investigating lipid polymorphic 
structures constrained by rigid nanopores with specific focus on template-constrained 
polymerizable lipid nanotubes.  

References to work supported by this project 2006-2008: 
1. A. M. Alaouie and A. I. Smirnov, “Confined inside Nanoporous Aluminum Oxide Substrates Observed 
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Understanding Acyl Chain and Glycerolipid Metabolism in Plants 
 
John Ohlrogge, Principal Investigator 
Mike Pollard, Co-PI 
Dept Plant Biology, Michigan State University, East Lansing, MI 48824 
Email: ohlrogge@msu.edu;  Web: www. plantbiology.msu.edu/faculty/faculty-research/john-b-
ohlrogge/ 

Overall research goals:  Plant oils represent the largest source of renewable reduced carbon chains 
available from nature and are a major commodity with an annual value of over $100 billion 
worldwide.  In addition to providing 15% or more of dietary calories consumed by developed 
nations, plant oils provide a variety of non-food industrial products such as lubricants, polymers, 
and surfactants.  These oils are produced in the seed by the fatty acid and glycerolipid pathways that 
are also essential for the assembly of membrane bilayers in all cells. Our lack of clear understanding 
of these pathways is reflected by many unexpectedly minor or unpredicted responses of plants to 
lipid metabolic engineering efforts.  To provide the knowledge needed to better engineer oilseeds, 
we focus on several basic questions which remain as major gaps in our understanding.  1) 
Membrane transport processes control the flux of metabolites between organelles.  We have 
characterized the transport of fatty acids across the plastid envelope and now are identifying the 
initial steps by which acyl chains enter glycerolipid metabolism.  2) Long chain acyl-CoA pools 
turn over rapidly and are dynamic regulators of metabolism and gene expression in animals, fungi 
and bacteria.  We will determine the composition and turnover of acyl-CoA pools, and relate these 
studies to polar lipid turnover and the flux of acyl chains into membrane and storage lipids.   

Significant achievements in 2006-2008:  
 
Incorporation of newly synthesized fatty acids into cytosolic glycerolipids in pea leaves 
occurs via acyl editing. In expanding pea leaves, over 95% of fatty acids (FA) synthesized in 
the plastid are exported for assembly of eukaryotic glycerolipids. It is often assumed that the 
major products of plastid FA synthesis (18:1 and 16:0) are first incorporated into 16:0/18:1 and 
18:1/18:1 molecular species of phosphatidic acid (PA), which are then converted to 
phosphatidylcholine (PC), the major eukaryotic phospholipid and site of acyl desaturation. 
However, by labeling lipids of pea leaves with [(14)C]acetate, [(14)C]glycerol, and 
[(14)C]carbon dioxide, we demonstrate that acyl editing is an integral component of eukaryotic 
glycerolipid synthesis. First, no precursor-product relationship between PA and PC [(14)C]acyl 
chains was observed at very early time points. Second, analysis of PC molecular species at 
these early time points showed that >90% of newly synthesized [(14)C]18:1 and [(14)C]16:0 
acyl groups were incorporated into PC alongside a previously synthesized unlabeled acyl group 
(18:2, 18:3, or 16:0). And third, [(14)C]glycerol labeling produced PC molecular species highly 
enriched with 18:2, 18:3, and 16:0 FA, and not 18:1, the major product of plastid fatty acid 
synthesis. In conclusion, we propose that most newly synthesized acyl groups are not 
immediately utilized for PA synthesis, but instead are incorporated directly into PC through an 
acyl editing mechanism that operates at both sn-1 and sn-2 positions. Additionally, the acyl 
groups removed by acyl editing are largely used for the net synthesis of PC through glycerol 3-
phosphate acylation. 

     Acyl-editing in initial eukaryotic lipid assembly in soybean seeds. To accurately understand the 
synthesis of plant oils we must identify not only the enzymes involved in triacylglycerol (TAG) 
synthesis but also the flow of substrates to each enzymatic step. To determine the flow of acyl 
chains and glycerol into TAG of developing soybeans we utilized an embryo culture system in 
which soybean development closely mimics in planta growth.  Rapid in vivo labeling with 
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[14C]acetate and [14C]glycerol was used to analyze the early kinetics of acyl chain and glycerol 
backbone incorporation into PC, DAG and TAG. Additionally stereochemical and molecular 
species analysis of labeled lipids was used to determine the initial species of each lipid produced 
from de novo synthesis and acyl editing. The major flux of nascent [14C]18:1 FA out of the plastid 
was into the sn-2 position of PC alongside a previously synthesized FA, similar to the acyl editing 
we observed in pea leaves.  Thus, the kinetics of glycerol backbone labeling and the 
stereochemistry of newly synthesized acyl chain labeling indicate that the major flux of acyl chains 
from the plastid in soybean seeds occurs first into PC, rather than into phosphatidic acid.  

Identification and characterization of two Arabidopsis thaliana lysophosphatidyl 
acyltransferases with preference for lysophosphatidylethanolamine. Two Arabidopsis genes, 
At1g80950 and At2g45670, both annotated to encode proteins with acyltransferase regions and 
with sequence similarity to a recently identified lung lysophosphatidylcholine acyltransferase 
(LPCAT) were characterized.  To identify their substrate specificity and biochemical properties, 
the two Arabidopsis acyltransferases, designated AtLPEAT1 and AtLPEAT2 were expressed in 
yeast knockout lines ale1 and slc1, that are deficient in microsomal acyltransferases. 
Lysophosphatidyl acyltransferase activity is almost null in the yeast knockout ale1 and expression 
of AtLPEAT1 in this background exhibited strong acylation activity of 
lysophosphatidylethanolamine (LPE).and lysophosphatidate (LPA) with lower activity on LPC 
and LPS.  AtLPEAT2 was more selective for LPE > LPC > LPS > LPA. Both acyltransferases 
preferred 18:1-LPE over 16:0-LPE as acceptor and preferred palmitoyl-CoA as acyl donor in 
combination with 18:1-LPE.  Both acyltransferases showed no or minor response to Ca2+, despite 
the presence of a calcium binding EF-hand region in AtLPEAT2. AtLPEAT1 was more active at 
basic pH while AtLPEAT2 was equally active between pH 6.0 - 9.0.  These results represent the 
first description of plant acyltransferases with a preference for LPE.  

Science objectives for 2008-2009:  

• Characterize and determine subcellular localization of lysophosphatidylcholine acyltransferase in 
oilseeds 

• Evaluate and test O18 labeling strategies for diagnosis of acyl editing mechanisms in oilseed 
metabolism.  

References to work supported by this project 2006-2008: 
1. Bates PD, Ohlrogge JB, Pollard M. (2007) Incorporation of newly synthesized fatty acids into cytosolic 

glycerolipids in pea leaves occurs via acyl editing. J Biol Chem. 282:31206-16. 
2. Durrett T, Benning C, Ohlrogge J, (2008) Plant Triacylglycerols as Feedstocks for the Production of 

Biofuels. Plant J 54(4):593-607  
3. Schwender, Shachar-Hill, Y. Ohlrogge JB. (2006) Mitochondrial metabolism in developing embryos of 

Brassica napus. J. Biol. Chem. 281:34040-7 
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Physiology of Acetate Conversion to Methane 

 
James G. Ferry, Principal Investigator 
Department of Biochemistry and Molecular Biology, Penn State University, University Park, PA, 16801 
Email: jgf3@psu.edu  

Collaborators:  Dr. Susana Andrade, University of Göttingen, Germany. 

Overall research goals: The conversion of renewable plant biomass to methane as a biofuel involves a 
microbial food chain comprised of at least three metabolic groups of anaerobes.  Acetate is the principal 
intermediate in the food chain from which at least two-thirds of the methane is produced by acetotrophic 
methanogens.  The conversion of acetate to methane is the rate limiting and least reliable step in the process.  
Although much is known concerning carbon transformations in the pathway, little is known of other factors 
that govern growth.  The overall research goals of this research project are to advance an understanding of 
membrane-bound electron transport, energy conservation, and mechanisms of coping with oxidative stress. 

  
 Significant achievements in 2006-2008:  Environmental stress is a major factor that influences the 
physiology of prokaryotes; however, relatively little is known how stress effects acetate-dependent 
growth of methanogens.  A specific goal has been to elucidate the physiology and biochemistry of Isf, an 
iron-sulfur flavoprotein discovered in Methanosarcina thermophila that reduces O2 to water (2).  This 
research lead us to WrbA, a flavoprotein with sequence identity to Isf.  WrbA was first identified in 
Escherichia coli and hypothesized to be involved in regulation of the tryptophan operon; however, our 
research showed that WrbA from E. coli (Bacteria) and Archaeoglobus fulgidus (Archaea) are 
NAD(P)H:quinone oxidoreductases (3).  The enzyme reduces a variety of quinone-like compounds to 
the 2-electron state avoiding reaction of the semiquinone with O2 and production of superoxide.  To 

address the mechanism of WrbA the crystal structure for the E. coli 
enzyme was determined in collaboration  with Susana Andrade 
(University of Göttingen) (1). As shown in the accompanying figure, 
the structure shows a tetramer similar to Isf, the major difference being 
that WrbA lacks an iron-sulfur cluster.  The results also showed that 
WrbA binds substrates at an active site that provides an ideal stacking 
environment for aromatic moieties, having a highly specific binding 
site for at least the ADP part of an NADH molecule in its immediate 
vicinity.  Structures of WrbA in complex with benzoquinone and 
NADH suggest a sequential binding mechanism for both molecules in 
the catalytic cycle.  

Another rationale for the crystal structure was to guide 
research aimed at determining how residues in the FMN 
binding site influence the redox properties of the flavin.  
Initial results show roles for several residues adjacent to 
the flavin binding site in modulation of redox potentials.  
As shown in the accompanying table, replacement of 
several residues adjacent to the FMN binding site with 
alanine perturb the one- and two-electron midpoint 
potentials (mV) relative to the wild-type (EcWT). 

 
Another goal of our research is an improved understanding of acetate conversion to methane 

with a focus on electron transport and energy conservation in the conversion of acetate by 
Methanosarcina acetivorans.  Thus, a flavoredoxin was investigated for its potential electron transport 
role in energy conservation or oxidative stress.  Flavoredoxin is an FMN-containing electron transfer 
protein that functions in the energy-yielding metabolism of Desulfovibrio gigas of the Bacteria domain.  
Although characterization of this flavoredoxin is the only one reported, a database search revealed 

     First Transition    Second Transition 
EcWT      -81 ± 11       -149 ± 3.6   
W98A       35 ± 7.9       -168 ± 1.8   
Y143A      -63 ± 4.3       -196 ± 2.0   
H133A      -104 ± 5.7       -215 ± 2.6   
T78A      -139 ± 2.7       -189 ± 0.5   
T116A      -167 ± 1.2       -203 ± 1.7   
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homologs widely distributed in both the Bacteria and Archaea domains that define a novel family.  A 
flavoredoxin from M.  acetivorans was produced in E. coli and biochemically characterized (4).  The 
subunit molecular mass was 21 kDa and the native molecular mass was 45 kDa suggesting a 
homodimer.  The protein contained one non-covalently bound FMN per monomer.  Redox titration 
showed a Em of -271 mV with n = 2 electrons consistent with no semiquinone observed in the potential 
range studied.  A 2x[4Fe-4S] ferredoxin donated electrons to the flavoredoxin whereas NAD(P)H or 
coenzyme F420H2 were incompetent.  The X-ray crystal structure determined at 2.05Å  resolution 

revealed a homodimer containing one FMN per monomer.  As 
shown in the accompanying figure, the structure showed the 
isoalloxazine ring of FMN buried within a narrow groove ~10Å 
from the positively charged protein surface that is proposed to 
facilitate interaction with the negatively charged ferredoxin.  The 
FMN is bound with hydrogen bonds to the isoalloxazine ring and 
electrostatic interactions with the phosphate moiety.  The structure, 
together with sequence analyses of homologs, indicate a novel FMN 
binding motif for the flavoredoxin family. 
 

  

 

1. Andrade, S. L., E. V. Patridge, J. G. Ferry, and O. Einsle. 2007. Crystal structure of the 
NADH:quinone oxidoreductase WrbA from Escherichia coli. J Bacteriol 189:9101-7. 

2. Cruz, F. C., and J. G. Ferry. 2006. Interaction of iron-sulfur flavoprotein with oxygen and 
hydrogen peroxide. Biochim Biophys Acta 1760:858-864. 

3. Patridge, E. V., and J. G. Ferry. 2006. WrbA from Escherichia coli and Archaeoglobus 
fulgidus is an NAD(P)H:quinone oxidoreductase. J Bacteriol 188:3498-506. 

4. Suharti, K. S. Murakami, S. de Vries, and J. G. Ferry. 2008. Structural and biochemical 
characterization of flavoredoxin from the archaeon Methanosarcina acetivorans. 
Biochemistry in press. 
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A proteomic study of brassinosteroid responses in plants  
Zhiyong Wang, Principal Investigator  
Alma L. Burlingame, Co-Principal Investigator  
Zhiping Deng, Postdoctoral Research Associate 
260 Panama Street, Stanford CA 94305 
Email: zywang24@stanford.edu;  Web: http://carnegiedpb.stanford.edu/research/research_wang.php  

Collaborators:  Dr. Juan A Oses-Prieto, UCSF, San Francisco, CA 94143 

Overall research goals: The research objectives are to identify brassinosteroid-regulated proteins 
using proteomics methods; and elucidate the roles of the brassinosteroid-regulated proteins in plant 
growth regulation.  

Significant achievements in 2006-2008: Using subcellular fractionation followed by two-
dimensional difference gel electrophoresis and mass spectrometry, we have identified a number of 
brassinosteroid (BR)-regulated proteins, including BSKs (BSK1, BSK2, BSK3), BRPP, BRN, and 
DREPP. We have demonstrated important functions of these proteins in BR regulation of plant 
growth and development. 

We have demonstrated that BSKs are essential components of the BR signaling pathway. Loss-of-
function mutation of BSK3 causes a BR insensitive phenotype and overexpression of BSK1, BSK2, 
BSK3 or BSK5 suppresses the bri1 mutants but not the bin2-1 mutant, indicating that BSKs 
function downstream of the BR receptor kinase BRI1 and upstream of the GSK3-like kinase BIN2 
in the BR signaling pathway.  BSKs are phosphorylated by BRI1 in vitro and interact with BRI1 in 
vivo. In contrast to BRI1-BAK1 interaction, which is induced by BR, the interaction between BSK1 
and BRI1 is reduced upon BR treatment, suggesting a mechanism of signal amplification. We 
identified serine 230 of BSK1 as the major site for BRI1 phosphorylation. The study of BSKs fills a 
major gap in the BR signaling pathway and identifies the first signaling substrate of a receptor 
kinase in plants. This work has been recently published in Science. (Functional study of BSKs was 
supported by a grant from NSF).  

We identified BRPP as a BR-regulated phosphatase in the plasma membrane fraction. We have 
shown that BRPP interacts with and dephosphorylates BZR1.  Genetic studies provide evidence for 
an essential role of BRPP in BR signaling. The results together indicate that BRPP is another key 
component of the BR signaling pathway.  

BRN1 is a BR-regulated protein identified in the nuclear phosphoprotein fraction. BRN1 is 
dephosphorylated upon BR treatment, which is similar to BZR1. A T-DNA insertion mutant brn1-1 
shows altered flowering time and branching pattern. Since several BR mutants, such as bzr1-1D, 
also show flowering and branching phenotype, BRN1 is likely to be another nuclear protein that 
mediates BR responses. Mechanism of BRN1 function and its interaction with other BR signaling 
components are being studied.  

DREPP is a BR-regulated plasma membrane-associated protein. We have shown that DREPP 
promotes cell elongation and can partly suppress the BR-deficient mutant phenotypes. The 
sequence of DREPP shares no similarity with any other proteins with known functions. To 
understand the function of this novel protein, we are trying to identify other proteins that interact 
with DREPP. In the meantime, we have found that the expression of DREPP is directly regulated 
by BZR1. BZR1 directly binds to the promoter of DREPP to activate its expression.  

Science objectives for 2008-2009:  

• Complete genetic and transgenic studies of BRPP. Illustrate the role and functional mechanism 
of BRPP in BR signaling. Determine whether BR regulates BRPP or BRPP constitutively 
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dephosphorylates BZR1. Determine the upstream regulator of BRPP in the BR signaling 
pathway.  

• Continue genetic and transgenic studies of the functions of BRN1; identify the kinase and 
phosphatase of the BR signaling pathway that regulate BRN1.  

• Identify proteins that interact with DREPP and understand the biochemical mechanism by which 
DREPP promotes cell elongation.  

• Continue proteomic studies and identify more BR-signaling proteins using improved 
fractionation methods.  

References to work supported by this project 2006-2008: 
1. Wenqiang Tang, Tae-Wuk Kim, Juan A Oses-Prieto, Yu Sun, Zhiping Deng, Shengwei Zhu, Ruiju 

Wang, Alma L. Burlingame, and Zhi-Yong Wang (2008). BSKs mediate signal transduction from the 
receptor kinase BRI1 in Arabidopsis. Science, 321, 557-560.  

2. Wenqiang Tang, Zhiping Deng, Juan A Oses-Prieto, Nagi Suzuki, Shengwei Zhu, Xin Zhang, Alma L. 
Burlingame, and Zhi-Yong Wang (2008). Proteomic studies of brassinosteroid signal transduction using 
prefractionation and 2-D DIGE. Molecular Cellular Proteomics 7, 728-738 

3. Zhiping Deng, Xin Zhang, Wenqiang Tang, Juan A Oses-Prieto, Nagi Suzuki, Joshua M Gendron, 
Huanjing Chen, Shenheng Guan, Robert J. Chalkley, T. Kaye Peterman, Alma L. Burlingame, and Zhi-
Yong Wang (2007). A Proteomic Study of Brassinosteroid Response in Arabidopsis. Molecular Cellular 
Proteomics 6, 2058-2071. 

4. Joshua M. Gendron and Zhi-Yong Wang (2007). Multiple mechanisms modulate Brassinosteroid 
signaling. Current Opinion in Plant Biology 10, 436-441.  

5. Srinivas S. Gampala, Tae-Wuk Kim, Jun-Xian He, Wenqiang Tang, Zhiping Deng, Ming-Yi Bai, 
Shenheng Guan, Sylvie Lalonde, Ying Sun, Joshua M. Gendron, Huanjing Chen, Nakako Shibagaki, 
Robert J. Ferl, David Ehrhardt, Kang Chong, Alma L. Burlingame, and Zhi-Yong Wang (2007). An 
Essential Role for 14-3-3 Proteins in Brassinosteroid Signal Transduction in Arabidopsis. Developmental 
Cell 13, 177-189. 
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Regulation of Proteolysis 
 
Judy Callis, Principle Investigator 
Department of Molecular and Cellular Biology, College of Biological Sciences, University of 
CA-Davis, 1 Shields Ave. Davis, CA 95616 
Email:  jcallis@ucdavis.edu      Web: http://www.mcb.ucdavis.edu/faculty-
labs/callis/?CFID=236658&CFTOKEN=18088719 
 

Overall Research Goals:  Our research objectives are to understand how the levels of 
proteins are regulated in cells.  In addition to transcriptional control, regulated proteolysis is an 
equal partner in controlling protein concentration.  By regulating the levels of key transcription 
factors, signaling molecules and rate limiting enzymes in biosynthetic pathways, the cell 
regulates growth and development.  Plant growth and biomass production is an important area of 
research.  Understanding how plants grow can contribute to plants better able to utilize solar 
energy for biomass production. The current interest in using plants as a renewable resource 
makes it even more imperative that we understand the fundamental mechanisms for plant growth 
and development.  Once we have a better understanding, we may use this information to increase 
productivity, either by optimizing the growth environment or by genetic engineering 
mechanisms. Our lab is focusing on how proteolysis is regulating seedling growth, but what we 
learn is applicable to other phases of the life cycle, such as vegetative growth, flowering, fruit 
development, and seed set, which are other important aspects contributing to plant biomass. 

The major mechanism to regulate protein abundance is by the ubiquitin pathway.  
Ubiquitin is a 76-aa protein that covalently attaches typically to the lysyl amino group of other 
proteins.  The enzymes that catalyze ubiquitin attachment are E1 (ubiquitin activating), E2 
(ubiquitin conjugating or UBC) and E3 (ubiquitin ligase).  E1 and E2 covalently link to ubiquitin 
in a labile thioester linkage.  The third enzyme, E3 or ubiquitin ligase, recognizes the substrate 
protein and also binds to the E2 carrying activated ubiquitin for transfer.  Hence, E3s are key to 
understanding the specificity and can control the ubiquitination pathway.  

One type of E3, called the CRL for cullin-RING-ligase, is a major type of E3 in all 
organisms, including plants, with likely over 700 different ligases of this type in one species.  In 
plants, three different cullins have been described, CULLIN1, CULLIN3a/b and CULLIN4. 
While all share the same E2 binding subunit, the RING protein called RBX, each assembles with 
a different substrate interacting subunit that brings the substrate to be ubiquitinated close to the 
activated ubiquitin-E2.  One major mechanism that serves to activate this ligase superfamily is 
modification of the cullin subunit by the ubiquitin-like protein, RUB for Related to Ubiquitin 
(called Nedd8 in animals). Our lab has focused on understanding the RUB pathway and how 
CULLINs are regulated. There is an E1-like, E2-like and E3-like activity that catalyzes RUB 
attachment. Recently, additional proteins in mammals have been described that regulate the RUB 
pathway. Their role in plants is unknown.  
 
Significant Achievements in 2007-2008: 

Studies on AXL1- In the Arabidopsis predicted proteome, we identified a protein related 
to the known RUB activating enzyme subunit AXR1, called AXL1 (AXR1-like).  Is this an 
active gene and what role does this protein play in the RUB pathway? We developed an in vitro 
activity assay for RUB activation.  We demonstrated that AXL and AXR have the same activity 
in vitro.  To determine in vivo role, we characterized a line with T-DNA insertion in AXL, which 
does not express authentic AXL mRNAs. In contrast to loss of AXR1 alone, loss of just AXL1 
function does not significantly affect gross plant growth-germination, organ size, flowering time, 
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or fertility.  Loss of AXR1 function, in contrast, does have multiple effects on growth, which has 
been reported previously. We crossed axl1 plants to axr1 plants to make a plant lacking both 
proteins. Double homozygous axr1axl seedlings are never produced. Double mutant embryos fail 
to complete embryogenesis.  Some shrunken inviable seed are produced, indicating that arrest 
occurs at various times after fertilization. 
 Mutations in CUL1 C-terminus affect RUB modification- In a study of a CULLIN1 
mutation that we isolated in our laboratory, we discovered that it affected the ratio of RUB-
modified to unmodified CUL1.  This mutation is close to the RUB modification site in CUL1. 
We have determined that this mutant cullin protein, called cul1-7 is capable of being Rub 
modified. However, the unmodified cul-7 protein is degraded more rapidly than wild-type 
CULLIN and does not bind to RBX.  We have discovered that RBX interaction may be 
important in regulating the levels of CULLIN in cells. 

Mass spectrometry of rubylated proteins- During the past year, we have started to 
generate transgenic plant lines that express epitope tagged forms of RUB proteins. Given recent 
papers on the identification of additional Nedd8 modified proteins in mammals, this will be an 
important objective. Are there additional RUB modified proteins in plants besides the CULLIN? 

Degradation of ARF1- We are interested in identifying additional target proteins of the 
ubiquitin pathway and with DOE support have analyzed the degradation of Auxin Response 
Factor 1, and important transcription factor in auxin signaling.  We generated transgenic lines 
expressing tagged forms of ARF1 and measured their degradation rates. Two differently tagged 
ARF1 proteins had the same half-life of 3 hours.  Using deletion derivatives, we were able to 
identify a region of ARF1 required for its observed degradation. Finally, we demonstrated that 
ARF1 degradation requires the proteasome, but did not appear to require CUL1.  This suggests 
that ARF degradation is not mediated by ubiquitylation by a CUL1 type E3 ligase.  This work 
was completed last year and is published (see below). 
 
Science Objectives for 2008-2009:  

• Determine the in vivo role for AXL1 by characterization of additional null alleles alone 
and in combination with the axr1 mutation, and by determining whether AXL can 
substitute for AXR when expressed under control of the AXR1 promoter in an axr1 
mutant background.  

• Determine the role DCN (Defective in Cullin Neddylation) in the plant RUB cycle 
• Identify additional RUB targets using mass spectrometry 
• Characterize the effects of CULLIN1 mutations  

 
References to work supported by this project 2006-2008 
1. Hotton, S and Callis, J. 2008  Regulation of Cullin-based E3 ligases  Annual Review of Plant 

Biology  59: 467-489. 
2. Salmon, J., Ramos, J. and Callis, J.  2008  Degradation of Auxin Response Factor, ARF1. 

Plant J. 54: 118-128. 
3. Gilkerson, J. Hui, J, Brown, J., Jones, A., Sun, T-P. and Callis, J.   2008 Isolation and 

Characterization of cul1-7, a Recessive Allele of CULLIN1 that Disrupts SCF Function at the 
C-terminus of CUL1 in Arabidopsis thaliana  under revision to Genetics. 

4. Bostick, M.L. Hotton, S. and Callis, J  2008   Arabidopsis AXR1 modulates Ethylene 
Synthesis in Seedlings Through Regulating ACC synthase mRNAs and Together With a 
Paralog, AXL1, Fulfills as Essential Role in Embryo Development, manuscript in preparation 
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Control of plant cell wall synthesis by precursor availability and glycosyltransferase activity 
 
Wolf-Dieter Reiter, Principal Investigator. 
University of Connecticut, Department of Molecular and Cell Biology, 75 North Eagleville Road, Storrs, CT 
06269-3125.  E-mail: wdreiter@uconn.edu;   Web: http://reiter.uconn.edu 
 
Collaborators:  William York, CCRC, University of Georgia 
   Malcolm O’Neill, CCRC, University of Georgia 
   Nicholas Carpita, Purdue University 
   Markus Pauly, Michigan State University 
 
Overall research goals:  We are interested in determining whether the synthesis of plant cell wall material is 
limited by the availability of nucleotide sugars, glycosyltransferase activities or both.  During the last couple 
of years we focused our research efforts on the identification of genes involved in nucleotide sugar 
interconversion pathways and genes encoding fucosyl- and galactosyltransferases in the biosynthesis of the 
hemicellulose xyloglucan.  This polysaccharide is partially but not completely galactosylated, which raises 
the question whether the availability of the donor substrate UDP-galactose or the activity of the Golgi-
localized galactosyltransferases XyGAT1 and XyGAT2 limit the degree of galactosylation.  This question 
can be addressed by overexpressing the two galactosyltransferases and increasing the availability of UDP-
galactose in the Golgi lumen followed by structural analysis of xyloglucan from the transgenic plants. 
 
Significant achievements in 2006 – 2008:  To lay the groundwork for the research goals summarized above, 
we functionally expressed several predicted nucleotide sugar interconversion enzymes from Arabidopsis in 
E. coli, and determined their enzymatic activity.  The RHM1 gene was shown to encode an enzyme that 
consists of two domains and catalyzes the conversion of UDP-glucose to UDP-rhamnose (1).  Mutations in 
this gene suppress the root-hair phenotype of lrx1 plants and lead to a reduction in the amount of 
rhamnogalacturonan-II (RG-II) in the root (2).  Overexpression of a mutated form of RHM1 in wild type 
Arabidopsis caused a substantial decrease in the rhamnose content of cell wall material possibly because of a 
dominant negative effect of the mutant protein on two closely related isoforms.  To determine the functional 
significance of the apiose residues in RG-II, virus-induced gene silencing was used to downregulate UDP-
apiose/UDP-xylose synthase activity in N. benthamiana. This genetic manipulation resulted in swollen cell 
walls and disintegration of organelles presumably because of a defect in the assembly of side chains A and B 
of RG-II (3).   
 Using a combination of bioinformatics and reverse genetics, we isolated mutants in the XyGAT2 gene 
of Arabidopsis that is predicted to encode a xyloglucan-specific galactosyltransferase attaching a galactose 
residue to the central xylose residue in the XXXG core structure of xyloglucan.  This gene is a paralog of the 
XyGAT1 (MUR3) gene that encodes a xyloglucan-specific galactosyltransferase that converts the XXXG 
building block to the galactosylated form XXLG.  Null mutations in the XyGAT1 gene cause a stunted 
phenotype that is more severe in xygat1 xygat2 double mutants even though xygat2 single mutants do not 
show any obvious growth abnormalities (Fig. 1). 
 

 
Figure 1: Growth habit of xyloglucan galactosyltransferase mutants of Arabidopsis 

WT xygat1 xygat2 xygat1 xygat2WT xygat1 xygat2 xygat1 xygat2
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We  constructed  transgenic plants that overexpress XyGAT1 and XyGAT2, respectively, and found that 
some of the XyGAT1 overexpressing lines showed an approximately 50% increase in the fucose content of 
their cell wall material.  This could be explained by a substantial increase in the conversion of XXXG to 
XXLG by XyGAT1 followed by fucosylation to XXFG by xyloglucan fucosyltransferase. The structure of 
xyloglucan from the overexpressing lines is currently being analyzed to test this hypothesis. 
 To address the issue of precursor availability for the two xyloglucan galactosyltransferases, we 
characterized the enzymatic properties of the five UDP-glucose 4-epimerase isoforms of Arabidopsis (UGE1 
through UGE5).  UGE2, UGE4 and UGE5 turned out to act almost exclusively on the UDP-Glc/UDP-Gal 
pair whereas UGE1 and UGE3 also interconverted UDP-Xyl and UDP-Ara.  It is therefore reasonable to 
manipulate the expression of one of the first three enzymes to change the availability of UDP-Gal without 
affecting the UDP-Xyl/UDP-Ara pool. 
 
 
Objectives for 2008 – 2009:  
 
• Biochemical characterization of XyGAT2 via heterologous expression in N. benthamiana followed by 

enzyme assays. 
 
• Construction and analysis of plants that overexpress both XyGAT1 and XyGAT2. 
 
• Overexpression of UGE2 and/or UGE4 in the cytosol. 
 
• Transformation of Arabidopsis plants with chimeric proteins where the catalytic domain of UGE2 

and/or UGE4 is fused to Golgi-localization signals. 
 
 
References: 
 
1. Reiter, W.-D. (2008) Biochemical genetics of nucleotide sugar interconversion reactions.  Curr. 

Opin. Plant Biol. 11, 236-243. 
 
2. Diet, A., Link, B., Seifert, G.J., Schellenberg, B., Wagner, U., Pauly, M., Reiter, W.-D., and 

Ringli, C. (2006) The Arabidopsis root hair cell wall formation mutant lrx1 is suppressed by 
mutations in the RHM1 gene encoding a UDP-L-rhamnose synthase.  Plant Cell 18, 1630-1641. 

 
3. Ahn, J.-W., Verma, R., Kim, M., Lee, J.-Y., Kim, Y.-K., Bang, J.-W., Reiter, W.-D., and Pai, 

H.-S. (2006) Depletion of UDP-D-apiose/UDP-D-xylose synthases results in rhamnogalacturonan-
II deficiency, cell wall thickening, and cell death in higher plants.  J. Biol. Chem. 281, 13708-
13716. 

 
 
 
 
 

110



Structural, Functional, and Integration Studies of Solar-Driven, Bio-Hybrid, H2-
Producing Systems 

 
Maria L. Ghirardi, Principal Investigator 
P. W. King, K. Kim, and C. Chang, NREL; D. Gust, A. L. Moore and T. A. Moore, Arizona 
State University, Tempe, AZ; M. J. Heben, University of Toledo; Co-Principal Investigators  
National Renewable Energy Laboratory (NREL), 1617 Cole Boulevard, Golden, CO 80401  
Email: maria_ghirardi@nrel.gov 
 
Collaborators:   Dr. N.J. Tao, Arizona State University, Tempe, AZ USA 
        Dr. T. Furtak, Colorado School of Mines, Golden, CO USA 

Overall research objectives: The overall goal of the project is to advance basic knowledge 
essential for understanding hydrogenase structure-function; integrating hydrogenases with 
(nano)materials and on electrode surfaces; characterizing the performance of biocatalyts in 
artificial photobiochemical devices. The project involves four main areas of research: (i) 
theoretical studies of the electronic and physical structure of the [FeFe] hydrogenase; (ii) 
biochemical and vibrational studies of [FeFe] hydrogenase; (iii) relationship of the physical, 
electrical and catalytic properties of [FeFe] hydrogenases on electrodes and in 
photobiochemical devices; and, (iv) optical and electronic properties of hydrogenase-carbon 
nanotube complexes.   

Significant achievements in 2005-2008: Theoretical investigations of the electronic and 
physical structure of [FeFe] hydrogenase have led to fully parameterized models of the FeS-
clusters. The models allow for more accurate calculations of cluster motion in molecular 
dynamics, effects of redox states on protein dynamics and determination of electron transfer 
mechanisms. NBO based covalency analysis of fully bonded H-cluster has been completed. 
Comparisons between artificial and natural ligand arrangements (assigned based on 
crystallographic and vibrational studies) show the natural configuration has a distinctive 
HOMO-LUMO energy and a balanced bonding of the bridging CO.  

An initial investigation on the interactions between carbon single-wall nanotubes (SWNTs) 
suspended by surfactants in aqueous solutions and [FeFe] hydrogenase led to a recent published 
manuscript. It was discovered that, under appropriate conditions, hydrogenase displaced 
surfactant and adsorbed onto individual SWNTs. The current understanding of the findings is 
that hydrogenase mediated electron injection into nanotubes having appropriately positioned 
LUMO levels when the H2 partial pressure is high.  

Results of [FeFe] hydrogenase immobilization on carbon electrodes, and integration in the PEC 
cell have been recently published. In summary, hydrogenase reversibly adsorbed to carbon 
electrodes, resulting in ‘immobilized’ hydrogenase films. Corrected for the electrochemically 
active surface area, a variety of carbon electrodes gave similar current densities. The 
voltammograms show a pronounced ‘catalytic bias’ towards proton reduction, manifest as 
larger cathodic than anodic currents at all overpotentials. Compared directly to that of Pt-
electrodes under similar experimental conditions, the cathodic current densities for hydrogenase 
(based on the active surface area), were ~40 % of those for Pt. Hydrogenase/carbon felt 
electrode current densities were considerably higher than bulk Pt in terms of the two-
dimensional surface area. In the PEC cell photoanode efficiency depends upon the potential of 
the cathodic H+/H2 redox couple, which influences the occupancy of conduction band/trap 
states in the TiO2, and hence the rate of electron recombination. At negatively imposed 
potentials the electron density in the TiO2 conduction band increases, favoring electron 
recombination with oxidized sensitizer dyes, decreasing photocurrents. Wired to a hydrogenase-
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cathode in a two-electrode configuration, the H+/H2 couple determines the potential and 
electron density in the TiO2 in an analogous manner. Hydrogenase operates near the formal 
potential of the H+/H2 redox couple, with the cathode operating at these negative potentials, the 
TiO2 conduction band was not sufficiently reducing to maintain the diode effect of the 
photoanode. This results in ohmic behavior with the efficiency of the photoanode highly 
sensitive to the accumulation of the H2 product near the cathode.    

Science objectives for 2008-2009:  

• Theoretical investigations will: minimize hydrogenase structures of all relevant redox states 
using molecular mechanics; calculate DFT wavefunctions and electronic coupling of cluster 
pairs to probe for rate determining step(s) in electron transfer and catalysis; simulate the 
dynamic proton-transfer (PT) process; generate reaction coordinate maps and structural features 
of the PT pathway. 

• Investigations on hydrogenases will: seek to determine the electrochemical, biochemical and 
vibrational properties of native and mutant hydrogenases; characterize PT-pathway mutants; 
develop vibrational spectroscopy to interrogate local environmental control of catalytic site 
redox states in native and mutant enzymes. 

• Immobilization studies will: continue to assess the electrochemical and catalytic properties of 
hydrogenases absorbed onto a variety of surface-functionalized carbon and gold electrodes; test 
porous polymer overlayers as a means to alleviate enzyme desorption.  

• Single molecule imaging microscopy will: identify the sites, densities and orientations of 
hydrogenases on electrode surfaces made from a variety materials and attachment chemistries; 
develop techniques to measure electrochemical signals of single-molecules.  

• Conduct time-resolved optical and electronic measurements of hydrogenase-carbon nanotube 
complexes under photoexcitation.   

References to work supported by this project 2005-2008: 
1. Cohen, J.; Kim, K.; King, P.; Seibert, M.; Schulten, K. 2005. Finding gas diffusion pathways in 
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defects. Structure 13(9):1321-29. 
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fold. Biophys. J. 93:3591-600. 

3. King, P. W., Svedruzic, D., Cohen, J., Schulten, K., Seibert, M., and Ghirardi, M. 2006. “Structural 
and functional investigations of biological catalysts for optimization of solar-driven, H2 production 
systems.” Proc. SPIE 6340:Y1-Y6.    

4. Bock, A., King, P.W., Blokesch, M., and Posewitz, M.C. 2006. “Maturation of hydrogenases.” 
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Moore, T. A. 2008. “[FeFe]-Hydrogenase-catalyzed H2 production in a photoelectrochemical biofuel 
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Raman spectroscopy of charge transfer interactions between single wall carbon nanotubes and [FeFe] 
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Overall Research Goals:  
The overall goal of this research proposal is to understand the role that RabA4b-labeled compartments play in 
delivery of cell wall components from the Golgi complex to the plasma membrane and to characterize the molecular 
machinery that allows for the polarized localization of RabA4b membranes to the tips of growing root hair cells. 
 
Significant Achievements in 2006-2008:  
PI-4P displays altered distributions in rhd4-1 mutant root hairs. Membranes labeled by RabA4b display altered 
dynamics in the tips of rhd4-1 root hairs. The rhd4-1 mutation was cloned and identified as the At3g51460 gene 
(AtSAC7) using map-based cloning methods. AtSAC7 is a predicted phosphoinositide phosphatase family protein 
similar to yeast SAC proteins, and we showed this protein contained PI-4P phosphatase activity. Further 
investigation of the mechanisms by which loss of RHD4 function resulted in defects in tip-restricted expansion in 
root hair cells indicated that rhd4-1 had significantly increased PI-4P levels in root tissues.  Visualization of PI-4P 
dynamics in plants stably transformed with the fluorescent PI-4P biosensor, YFP-hFAPP1 by scanning laser 
confocal microscopy, revealed dramatic alteration of the subcellular localization of PI-4P between wildtype and 
rhd4-1 mutant root hairs. We interpreted this as indication that loss of the RHD4 PI-4P phosphatase resulted not 
only in higher cellular PI-4P levels but that PI-4P accumulation occurred in different subcellular compartments, and 
that this altered PI-4P distribution likely contributed to the defects in root hair tip-restricted expansion seen in the 
rhd4-1 mutant plants.  

RabA4d is essential for normal pollen tube growth and guidance. To date, in root hairs we have been unable to 
directly test the requirement for RabA4b activity in tip-organized expansion due to an inability to determine which 
of the 26 RabA GTPase family members are exclusively expressed in this cell type. We showed that RabA4d, which 
is highly similar to RabA4b, was exclusively expressed in pollen and that loss of RabA4d activity in a T-DNA 
insertional mutant resulted in defects in pollination and pollen tube tip-growth. We stably transformed homozygous 
raba4d plants with EYFP-RabA4d under control of the native RABA4D promoter, and showed that expression of 
the EYFP-RabA4d fusion could fully restore normal pollen tube growth, confirming that RabA4d is required for 
normal pollen tube growth in vitro. Further, we identified a defect in the transmission of pollen containing the 
raba4d allele versus WT pollen have shown that in vivo, this transmission defect is associated pollen tube 
morphology and reduced micropyle targeting. 
 
Isolation of temperature-sensitive ltl mutants and initial mapping of ltl1-1. To identify other proteins involved in 
proper localization of RabA4b compartments in root hairs we initiated a mutagenesis screen. An EMS mutagenized 
population of Arabidopsis seedlings homozygous for EYFP-RabA4b was generated and we have so far screened 
>2500 M2 seeds representing ~1/2 of an original population of ~6000 M1 plants. We have identified 33 confirmed 
constitutive loss-of-function mutations.  While most of these do not complement known root hair mutations, we 
identified three new alleles of CSLD3 (cellulose-synthase-like D3), corresponding to the previously characterized 
kjk root hair mutant. In addition to constitutive loss-of-function mutations we have identified four independent ts-
mutants that display normal root hair morphology at 20oC but are unable to form root hairs at 30oC. All four of these 
mutants are distinct and are not new alleles to the previously characterized root hair mutants kjk1-kjk3, scn1, trh1, 
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trh3, srh or rhd1-rhd4.  We are presently mapping ltl1-1 and have narrowed this mutation down to ~90 kilobases of 
chromosome 3 representing ~80 putative open reading frames. Further map-based cloning is underway as well as 
sequencing of candidate genes within this region. 

To more precisely characterize the nature of the temperature-sensitive root hair growth defect we have 
developed a novel imaging technique that allows us to visualize root hair growth using time-lapse video microscopy 
and simultaneously control growth temperatures.  While wildtype root hairs display normal growth rates at both 
permissive and non-permissive temperatures, upon transition to 30oC ltl1-1 root hair elongation became completely 
inhibited within five minutes. 
 
Science Objectives for 2008-2009: 

• To identify cargo contained within the RabA4b membranes and establish the secretory nature of this 
membrane trafficking pathway. 

• To examine the mechanisms by which both PI-4Kb1 and RHD4 control PI-4P levels on RabA4b 
compartments in growing root hairs. 

• To investigate the molecular defect that results in pollen tube bulge formation in raba4b mutant pollen. 
• To identify the locus for the temperature-sensitive ltl1-1 mutation. 
• To further characterize temperature-sensitive mutants, ltl2-1, ltl3-1 and ltl4-1. 

 
References to work supported by this project 2006-2008: 
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PtdIns4P dynamics in living plant cells. The Plant Journal, in press. 
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(eds.) Root Hair Book, Heidelberg, Germany: Springer-Verlag, in press. 
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coordinate vesicle targeting and exocytosis during tip growth. J. Cell Biol., 181, 1155-68. 
6). Thole, J.M., Vermeer, J.E.M, Zhang, Y., Gadella Jr., T.W.J., and Nielsen, E. (2008) RHD4 encodes a Sac1p-like 

PI(4)P phosphatase involved in root hair development. Plant Cell, 20, 381-395. 
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virally encoded fungal toxin KP4 inhibit plant root growth. Planta, 227, 331-339. 
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Regulation, Austin, Texas, USA: Landes Bioscience, in press. 
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Amidase Mediated Modulation of N-Acylethanolamine (NAE) Signaling  
Kent Chapman, Principal Investigator  
Elison Blancaflor, Co-Principal Investigator  
University of North Texas, Department of Biological Sciences, Denton, TX 76203 
Samuel Roberts Noble Foundation, Plant Biology Division, Ardmore OK 73401 
Email: chapman@unt.edu;  eblancaflor@noble.org  
Web: http://www.biol.unt.edu/~chapman  http://www.noble.org/PlantBio/Blancaflor/index.html 

Collaborators:  Dr. Kirankumar Mysore, SR Noble Foundation, Ardmore, OK 
Dr. Barney J. Venables, University of North Texas, Denton, TX 

Overall research goals:  

• N-Acylethanolamines (NAEs) are fatty acid derivatives that vary in acyl chain length and 
unsaturation.  They are neutral in charge with the ethanolamine group amide-linked to the acyl 
moiety.  The metabolism of NAEs is conserved substantially among plants and animals with N-
acylated phosphatidylethanolamines (NAPEs) serving as the precursors for these metabolites.  
NAEs are converted to free fatty acids by fatty acid amide hydrolase (FAAH), and in mammals 
the formation and hydrolysis of NAEs is tightly regulated as part of the “endocannabinoid” 
signaling pathway.  With DOE support, we proposed to use a molecular genetic approach to 
complement our ongoing research on the biochemistry and cell biology of NAE metabolism, in 
an effort to elucidate the functional role(s) of this lipid pathway in higher plants.  Specific 
objectives include the following:  
1. Manipulate NAE metabolism by altering the endogenous expression of FAAH in 

Arabidopsis. 
2. Characterize NAE12:0 sensitivity of Arabidopsis seedlings with altered FAAH expression as 

an index of successful, targeted manipulation. 
3. Determine differences in FAAH expression levels, subcellular enzyme distribution, enzyme 

activity levels, and NAE profiles in transgenics and mutants compared with wildtype. 
4. Examine differences in physiological characteristics and NAE-regulated gene expression in 

plants with altered FAAH expression. 
 
Significant achievements in 2006-2008: NAE metabolism was originally attributed to regulatory 
functions in the vertebrate central nervous system with NAE metabolites binding to cannabinoid 
receptors as endogenous ligands.  Additional work now has revealed a wider array of physiological 
functions for this metabolic pathway including modulating embryo development, immune function, 
cell division, and feeding behavior, some of which are cannabinoid receptor-independent.  In plant 
systems, NAE types generally mirrored the acyl composition of the corresponding tissues.  
Moreover, they appear to be formed from similar N-acylated phospholipid precursors and 
hydrolyzed by an analogous FAAH enzyme activity.   Pharmacological approaches by application 
of NAEs to plants have generally supported a role for these compounds as negative regulators of 
growth, especially in seedlings.  A FAAH homologue of the rat enzyme was identified and 
characterized at the molecular level in several plant species, and manipulation of its expression in 
Arabidopsis has led to interesting insights into the potential roles of this lipid metabolic pathway in 
plant growth, development and responses to environmental stressors.  To date, evidence indicates 
that ectopic overexpression of FAAH in Arabidopsis leads to enhancement of overall plant size, 
resulting in part from increased cell size/expansion.  In addition, there is an accelerated growth 
phenotype that can be measured by timing of leaf and inflorescence development. Interestingly, the 
enhanced growth phenotype that is associated with ectopic overexpression of FAAH also is 
associated with marked hypersensitivity to a number of abiotic and biotic stresses, and molecular 
studies indicate a perturbation in phytohormone signaling in these FAAH overexpression lines.  
Efforts are continuing with strategies to further disrupt endogenous NAE metabolism in Arabidopsis 
(and other plants) to gain a better understanding how this lipid pathway influences the balance 
between plant growth and responses to stress.   
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Science objectives for 2008-2009:  

Work is continuing to identify the mechanisms by which Fatty Acid Amidases participate in the 
regulation of plant growth, development and responses to environmental stresses. Specifically we 
will focus on the following objectives. 

 
1. Probe the Domain Structure/ Function Relationships of Arabidopsis Fatty Acid Amide 

Hydrolase (FAAH1). 
2. Identify and Characterize Alternative/ Additional Amidases Important in the Regulation of 

NAE Metabolism. 
3. Detail the Interaction(s) between the NAE and ABA Signaling Pathways under Different 

Developmental/ Stress Conditions. 

References to work supported by this project 2006-2008: 
1. Motes CM, Pechter P, Yoo CM, Wang, YS, Chapman KD, Blancaflor EB (2005) Differential 

effects of two phospholipase D inhibitors, 1-butanol and N- acylethanolamine (NAE), on in vivo 
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2. Shrestha R, Kim S-C, Dyer J, Dixon RA, Chapman KD (2006) Plant Fatty Acid (Ethanol) Amide 
Hydrolases. Biochimica et Biophysica Acta (BBA)- Molecular and Cell Biology of Lipids, 
1761(3):324-334.  

3. Wang Y-S, Shrestha R, Kilaru A, Wiant W, Venables BJ, Chapman KD, Blancaflor EB (2006) 
Manipulation of Arabidopsis Fatty Acid (Ethanol) Amide Hydrolase Expression Leads to Plants with 
Modified Growth Characteristics and Altered Sensitivity to N-Acylethanolamines. Proc Nat Acad  
Sci, 103(32): 12197-12202.  
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systems and N-acylethanolamine metabolism in higher plants. In Communication in Plants, F. 
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5. Blancaflor EB, Motes CM, Wang Y-S, Kang L, Mysore KS, Chapman KD (2006) N-
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innate immunity in Arabidopsis. Plant J. (on line early) doi: 10.1111/j.1365-
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The Rhizobial Nitrogen Stress Response and Effective Nitrogen Fixation  
Michael L. Kahn, Principal Investigator 
Svetlana N. Yurgel, Co-Principal Investigator  
Institute of Biological Chemistry, Washington State University, Pullman, WA 99164-6340 
Email: kahn@wsu.edu;  Web:  http://www.wsu.edu/~syurgel/  

Overall research goals: The production of reduced nitrogen within a nitrogen-fixing symbiotic 
relationship between bacteria and legumes is an important contributor to the productivity of these 
plants and also is a substantial input of fixed nitrogen to natural and agricultural ecosystems.  
Symbiotic nitrogen fixation is supported by a cooperative metabolism between the plant and bacteria. 
We want to understand how this metabolism works. 

Significant achievements in 2008: (Direct funding for this objective was initiated in summer, 2008, 
but the project continues research funded by the Energy Biosciences Program several years ago.)   

While studying Sinorhizobium meliloti mutants with defects in energy metabolism, our screening 
procedure identified a transposon mutant with a very unusual symbiotic phenotype. In symbiosis, the 
mutant appeared to reduce nitrogen at normal rates, as indicated by acetylene reduction activity and 
15N2 incorporation into non-volatile compounds (it was Fix+), but the interaction did not stimulate 
plant growth to the level that would be expected (it was not effective, Eff¯). Subsequent work 
showed that the lesion leading to the Fix+Eff¯ phenotype was in glnD, a gene thought to encode the 
primary sensor of bacterial nitrogen status (Fig 1). GlnD initiates a signal cascade that controls  the 
transcription and post-translational modification of diverse enzymes involved in responding to 
nitrogen stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. A generalized bacterial nitrogen stress response circuit with features specific to S. meliloti. GlnD uridinylylates 
two PII proteins, GlnK and GlnB, which in turn control the levels of many nitrogen stress response related proteins by post 
translational modification (glutamine synthetase GSI, transcriptional regulator NtrC) or direct protein-protein interaction 
(ammonium importer AmtB).  There may also be other levels of control, indicated by the question marks. 

The existence of the mutant was somewhat surprising since earlier work, which we confirmed, 
reported that glnD was essential for viability.  We therefore believe that the mutation has some 
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residual GlnD activity. The transposon insertion was predicted to remove the N terminus of 
GlnD and detach the remaining part of the protein from the regulatory signals that would 
normally control it.  We constructed a “clean” mutant missing the N terminus and found this 
mutant was also Fix+Eff¯. We have studied the free-living phenotype of the glnD mutants and of 
other mutants with defects in the hypothesized nitrogen stress response regulation cascade. The 
glnD mutants have a severe defect in using many different nitrogen sources (amino acids, nucleic 
acid bases, amino sugars) for growth.  This is consistent with the idea that, because of the defect, 
the bacterial circuitry was reporting that there was sufficient nitrogen for growth, a condition that 
blocks the induction of nitrogen salvaging catabolic pathways that use these compounds.  
Previous characterization of the S. meliloti mutants had not revealed such a strong level of 
control.  

The results show that the nitrogen stress response can influence the interaction and we propose 
that this may indicate a role for nitrogen signalling in coordinating the interaction between S. 
meliloti and the host plant. Additional data will be presented to examine some of the fundamental 
questions raised by the symbiotic phenotype. 

Science objectives for 2008-2011:  

• Determine the fate of nitrogen fixed in the glnD symbiosis.  

• Understand how the mutant GlnD variants are controlling the rhizobial nitrogen stress response, 
in particular how the nitrogen stress response circuitry in S. meliloti differs from the stereotype 
represented in Fig 1. 

•  We speculate that nitrogen is being sequestered either physically or physiologically. We want to 
understand how this sequestration works and whether the relevant enzymes play a role in a wild-
type symbiosis. 

References to work supported by the previous related project 2004-2007: 
1. House, B. L., Mortimer, M. W. and M. L. Kahn. 2004. New recombination methods for Sinorhizobium 

meliloti genetics. Applied Environ Microbiol 70:2806-15 
2. Barnett, M. J.  and  M. L. Kahn. 2004. Sinorhizobium meliloti pSymA: Nitrogen fixation and more. In 

"Genomes and Genomics of Nitrogen Fixing Organisms", R. Palacios and W. Newton, eds. pp.113-132. 
3. Parra-Colmenares, A and M L. Kahn. 2005. Determination of nitrogen fixation effectiveness in selected 

Medicago truncatula isolates by measuring nitrogen isotope incorporation into pheophytin. Plant and Soil. 
270:159-168  
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Molecular Plant Microbe Interactions 18:134-141 
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The Structure of Pectins  
Andrew Mort, Principal Investigator  
Yun Zheng and Xiangmei Wu, Postdoctoral Research Associates  
Purvi Patel, Graduate Student 
246 NRC, Department of Biochemistry and Molecular Biology, Oklahoma State University, 
Stillwater, Oklahoma 74078. 
Email: andrew.mort@okstate.edu  

Collaborators:  Dr. Rolf Prade, Department of Microbiology and Molecular Genetics, Oklahoma 
State University  
Dr. Chris Somerville, Carnegie Institute, Stanford, CA 

Overall research goals: The research objectives are: 1) To determine how, and if, the various 
structurally distinct regions of pectins are linked together and what range of sizes each region has, 
and 2) To characterize the linkage between pectin and xyloglucan. 

Significant achievements in 2006-2008: The main approach to achieving the objectives is to 
selectively digest the pectin with cloned enzymes to allow isolation of fragments containing the 
linkages between two different regions of pectin for their characterization by mass spectrometry and 
NMR spectroscopy.  Isolation of individual fragments requires various forms of HPLC separations.  
With much help from Chris Somerville’s lab we have collected together a large number of Pichia 
pastoris clones each expressing a different enzyme sequence derived from Aspergillus nidulans or 
in a few cases other fungi.  We have determined the mode of action of many of these enzymes on 
model substrates and have tested various sequences of application of the enzymes for generation of 
the desired small fragments containing two or more regions of pectin.  An important enzyme 
activity, endoarabinanase, does not seem to be stably expressed in the Pichia system.  However, 
Rolfe Prade’s group has expressed a thermotolerant endoarabinanase in E.coli  Thus, we should 
now have available all of the enzyme activities we need 

We have fully characterized oligosaccharides oligosaccharides from the xylogalacturonan (XGA) 
region of watermelon pectin by NMR and mass spectrometry.  An oligosaccharide was obtained 
and characterized from cotton cell wall pectin which indicates that the link between arabinan and 
rhamnogalacturonan is via a single galactose residue on rhamnose.  (See figure 1)  We have also 
isolated oligosaccharides indicating that the (1-4) linked galactan in rhamnogalacturonans is linked 
directly to rhamnose O-4  as has been previously believed. 

 
Figure 1. 

Science objectives for 2008-2009:  

• Follow up on the observation that xylogalacturonase allows separation of 
homogalacturonan (HG) fragments from the rhamnogalacturonan of apple pectin.  This 
indicates that HG could be linked to RG via  xylogalacturonan. 
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• Develop the use of nanospray/ MS/MS for rapid screening of fractions off HPLC 
columns.  

• Continue efforts to obtain small characterizable fragments containing both RG and HG 
or XGA regions.. 

• Continue to try to obtain small characterizable fragments containing both xyloglucan 
and a region of pectin. 

 
 
References to work supported by this project 2006-2008:  
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them during cotton cotyledon expansion. Phytochemistry 68: 1094-103 

6. Zheng Y, Mort A. 2008. Isolation and structural characterization of a novel oligosaccharide 
from the rhamnogalacturonan of Gossypium hirsutum L. Carbohydr. Res. 343: 1041-9 
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Functional analysis of plant sucrose transporters 
John M. Ward, Principal Investigator 
Anke Reinders, Postdoctoral Research Associate; Alicia Sivitz (graduated), Ye Sun, Graduate Students 
Department of Plant Biology, University of Minnesota. 250 Biological Sciences Ctr., 1445 Gortner Ave. 
St. Paul, MN 55108 
Email: jward@umn.edu  Web: http://wardlab.cbs.umn.edu/ 

Collaborators:  Drs. J. Stephen Gantt and Adrian Hegeman, University of Minnesota 
Drs. Christopher Grof and John Patrick, University of Newcastle, Australia.  

Overall research goals: To understand the mechanism of carbohydrate transport in vascular tissue 
and to control the rate and selectivity of phloem loading by modifying transporter activities or 
regulation. We are interested in extending the range of transport activities by mutagenesis and to 
modify phloem loading in plants by replacing companion cell-expressed sucrose transporters. 

Significant achievements in 2006-2008: Sucrose transporters (SUTs, also called SUCs) in plants 
belong to the glycoside-pentoside-hexuronide (GPH): cation symporter family. These are 
membrane proteins with twelve transmembrane spanning domains and cytosolic N- and C- termini. 
SUTs catalyze the coupled transport of glucosides with H+ and are essential for the long-distance 
transport of sucrose in the phloem (vascular tissue). Plants have several SUT genes (nine in 
Arabidopsis, five in rice) that encode transporters with distinct physiological functions. The 
immediate objectives of this project are: 1) to analyze the biochemical transport activity of SUTs in 
plants; 2) to study the physiological function of SUTs; and 3) to modify phloem loading in plants 
using transgenic approaches.  

 Arabidopsis SUTs are classified as type I, II and III based on phylogeny. AtSUC2 is a type 
I SUT expressed in companion cells of the phloem, it is localized to the plasma membrane, and is 
required for phloem loading. AtSUC2 has a moderate affinity for sucrose (K0.5 = 1.4 mM) and 
transports a wide range of glucosides. All other type I SUTs have a similarly wide substrate 
specificity. We determined that AtSUC9 has a high substrate affinity (K0.5 = 0.066 mM), 
approximately 20-fold higher than AtSUC2 (2). AtSUC9 shares 67% aa identity with AtSUC2 and 
is therefore a good candidate to determine structural changes that affect substrate affinity.  

 AtSUC1 (type I transporter) from Arabidopsis has similar transport activity as AtSUC2 
but has distinct function in the plant. AtSUC1 is expressed in the plasma membrane in roots, pollen 
and trichomes. Analysis of atsuc1 mutants revealed defective pollen germination and reduced 
sucrose-induced anthocyanin accumulation in seedlings (3). This indicated that sucrose uptake is 
required for sucrose sensing in this pathway and that no other SUT can compensate for defects in 
AtSUC1.  

 In contrast to eudicot species, monocots lack type I SUTs and utilize type II transporters 
for sucrose uptake across the plasma membrane and in particular for phloem loading. Type II SUTs 
have a moderate to low affinity for sucrose (K0.5 = 2-10 mM) but are much more specific for sucrose 
(1) compared to type I SUTs. We are testing the hypothesis that in eudicots, glucosides in addition 
to sucrose are loaded into the phloem by SUTs. The implication is that in monocots phloem loading 
is more specific for sucrose.  

 We identified the function of type III SUTs. Each monocot and eudicot plant has one type 
III SUT gene. We analyzed LjSUT4 (type III) from the model legume Lotus japonicus. LjSUT4 is 
induced during nodulation and is expressed in nodules. LjSUT4 is a H+-coupled symporter and has 
a wide substrate specificity similar to type I SUTs and a low affinity for sucrose (K0.5 = 12.9 mM). 
In the cortex of nodules we localized LjSUT4 to the vacuole membrane (4). The results indicate 
type III SUTs transport sucrose and other glucosides into the cytoplasm from the vacuole lumen. 
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Science objectives for 2008-2009:  

• Determine whether phloem loading in eudicots via type I SUTs is less selective than phloem 
loading in monocot species. We are utilizing Arabidopsis atsuc2 mutants complemented with 
sucrose transporters from monocot species. atsuc2 mutants are severely stunted due to a lack of 
phloem loading of sucrose and the plants accumulate starch and soluble sugars in leaves. In 
collaboration with Dr. Adrian Hegeman, we are comparing sugar content in phloem sap from  
atsuc2 mutants complemented with wild-type AtSUC2 vs. mutants complemented with monocot 
SUTs.  

• Analysis of the five rice sucrose transporters by heterologous expression and two-electrode 
voltage clamping.  

• Determine if SUT4 is required for nodulation and nitrogen fixation in Medicago truncatula. This 
is in collaboration with Dr. J. Stephen Gantt, University of Minnesota. 

• PsSUF4 is a sucrose transporter homolog from Pisum that has been reported totransport sucrose 
by facilitated diffusion. In collaboration with Drs. Grof and Patrick (University of Newcastle), 
we will determine whether PsSUF4 is H+ coupled or is a facilitator.  

References to work supported by this project 2006-2008: 
1. Reinders A, Sivitz AB, Hsi A, Grof CP, Perroux JM, Ward JM (2006) Sugarcane ShSUT1: analysis 

of sucrose transport activity and inhibition by sucralose. Plant Cell Environ 29: 1871-1880 
2. Sivitz AB, Reinders A, Johnson ME, Krentz AD, Grof CP, Perroux JM, Ward JM (2007) 

Arabidopsis sucrose transporter AtSUC9. High-affinity transport activity, intragenic control of expression, 
and early flowering mutant phenotype. Plant Physiol 143: 188-198  

3. Sivitz AB, Reinders A, Ward JM (2008) Arabidopsis sucrose transporter AtSUC1 is important for 
pollen germination and sucrose-induced anthocyanin accumulation. Plant Physiol 147: 92-100 

4. Reinders A, Sivitz AB, Starker CG, Gantt JS, Ward JM (2008) Functional analysis of LjSUT4, a 
vacuolar sucrose transporter from Lotus japonicus. Plant Mol. Biol. 68: 289-299 
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Functions of HKT Transporters in Protecting Plant Leaves from Salinity Stress and in  
Sodium Uptake into Roots. 

 
Julian Schroeder, Principal Investigator 
 
Laboratory members: Tomoaki Horie, Ho-Yin Leung, TaeHoun Kim, Waiyin Chan, and 
Xuan Yao  

Division of Biological Sciences, Cell and Developmental Biology Section, and Center for 
Molecular Genetics, University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 
92093-0116, USA  
 
Collaborators:   
Nobuyuki Uozumi, Department of Biomolecular Engineering, Tohoku University, Aobayama 
6-6-07, Sendai 980-8579, Japan 
Gynheung An,  Director National Research Laboratory of Plant Functional Genomics, 
Department of Life Science, Pohang University of Science and Technology, San 31 
Hyojadong, Namgu, Pohang, Kyungbuk 790-784, Republic of Korea 
 
Overall Research Goals:   
As desertification and water limitation progressively develop worldwide, increasing basic 
knowledge in plant responses to environmental challenges is needed to cope with these 
constraints in plant growth and biomass production. In this regard, salinization of soils has 
become a major and increasing concern.  Our DOE-supported research has shown that HKT 
transporters mediate a major mechanism for protection of plants from salinity stress.  Our 
DOE research focuses on the biophysical, physiological and genetic mechanisms through 
which a class of HKT sodium cation transporters plays central roles in mediating salt 
tolerance in plants. 
 
Significant Achievements: 
AtHKT1 Mediates Protection of Leaves from Salinity Stress:  Salt over-accumulation in 
leaves causes major damage to plants by inhibiting photosynthesis and metabolic enzymes.  
Our previous research has shown that AtHKT1 is a sodium (Na+) transporter that functions in 
mediating tolerance to salt stress.  To investigate the membrane targeting of AtHKT1 and its 
expression at the translational level, antibodies were generated against peptides 
corresponding to the first pore of AtHKT1. Immunoelectron microscopy studies using anti-
AtHKT1 antibodies demonstrated that AtHKT1 is targeted to the plasma membrane in xylem 
parenchyma cells in leaves. AtHKT1 expression in xylem parenchyma cells was also 
confirmed by AtHKT1 promoter GUS reporter gene analyses. Interestingly, AtHKT1 
disruption alleles caused large increases in the Na+ content of the xylem sap (Sunarpi et al., 
2005; Horie et al., 2006).  Our findings show that AtHKT1 selectively unloads sodium 
directly from xylem vessels to xylem parenchyma cells. Thus AtHKT1 reduces the sodium 
content in xylem vessels and leaves, thereby playing a central role in protecting plant leaves 
from salinity stress (Sunarpi et al., 2005; Horie et al., 2006; Horie et al., 2008).  Recent 
research suggests that the close orthologs of AtHKT1 in the grasses rice and wheat also 
mediate salinity stress protection via an analogous mechanism, indicating that this subclass of 
HKT transporters provide a central salinity resistance mechanism in plants.  
 
OsHKT2;1 Mediates a Major Sodium Influx Mechanism in Rice Roots:  Excessive 
accumulation of sodium in plants causes salt toxicity. No mutation that greatly diminishes 
sodium (Na+) influx into plant roots had been isolated.  The OsHKT2;1 (previously named 
OsHKT1) transporter from rice functions as a relatively Na+-selective transporter/channel in 
heterologous expression systems, but the in vivo function of OsHKT2;1  remained  unknown.  
We isolated and analyzed transposon-insertion rice lines disrupted in OsHKT2;1. 
Interestingly, three independent oshkt2;1 null alleles exhibited significantly reduced growth 
compared to wildtype plants under low Na+ and K+ starvation conditions (Horie et al., 2007). 
The mutant alleles accumulated less Na+, but not less K+, in roots and shoots. OsHKT2;1 was 
mainly expressed in the cortex and endodermis of roots. 22Na+ tracer influx experiments 
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revealed that Na+ influx into oshkt2;1 null roots was dramatically reduced compared to 
wildtype plants (Horie et al., 2007).  A rapid repression of OsHKT2;1-mediated Na+ influx 
was found when wildtype plants were exposed to 30 mM NaCl or a protein kinase inhibitor, 
suggesting post translational regulation of OsHKT2;1. These analyses demonstrate that Na+ 
can enhance growth of rice under K+ starvation conditions, and that OsHKT2;1 is the central 
transporter for nutritional Na+ uptake into K+-starved rice roots (Horie et al., 2007).  
This research was supported by a grant from the Department of Energy to J.I.S. 
 
Science objectives for 2008-2009: 
 

- Biophysical transport analyses of two highly homologous rice HKT family members, 
OsHKT1 and OsHKT2, expressed in animal and yeast cells have previously pointed 
to differential ion selectivities of these transporters.  These two transporters will be 
expressed in plant cells to examine their cation selectivities and transport kinetics 
directly in plants. 

- Two families of HKT transporters from plants have been characterized which differ in 
their ion selectivities. But plant disruption mutants have not yet been isolated and 
analyzed in the second HKT2 class of HKT transporters.  Two highly homologous 
HKT2 class transporters are expressed in rice. In the following year, we will isolate 
rice double mutant alleles in these two homologous genes, for future functional 
genomic and physiological transport analyses. 

- Our research on HKT transporters provides evidence for rapid regulation of Na+ 
transport activities in planta (Horie et al., 2007; Horie et al., 2006; Horie et al., 2008).  
However, no HKT protein interactors or regulators of plant HKT transporters are 
known. Strategies are being developed, similar to those we have recently applied with 
collaborators  (Bregante et al., 2008), to identify HKT protein interactors. 
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Michael F. Thomashow, Principal Investigator  
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PRL Faculty: Federica Brandizzi, Sheng Yang He, Gregg Howe, Jianping Hu, Kenneth Keegstra, 
Robert Larkin, Beronda Montgomery-Kaguri, Markus Pauly, Michael 
Thomashow, Jonathan Walton, Peter Wolk. 
 

Overall research goals: Plants are the major energy transducers in the biosphere, using solar energy 
to convert carbon dioxide and water into chemical energy and biomass that humans use for food, 
fiber, pharmaceuticals and fuel.  The mission of the PRL is to conduct basic plant biology research 
to better understand this energy conversion and to train graduate students and postdoctoral 
associates in this area of science.  The research currently conducted by the PRL faculty focuses on 
three areas germane to energy capture, flow, and deposition: the cell biology of chloroplasts and 
other organelles involved in energy flow; understanding how plants cope with environmental 
factors that affect plant growth and development; and the synthesis and functions of plant cell walls.    

Significant achievements in 2006-2008: A major finding was the identification of the jasmonic acid 
receptor and a family of proteins involved in the regulation of the jasmonic acid signaling pathway.  
The F-box protein COI1 was identified as a component of the jasmonate receptor; proteins that 
repress the jasmonic acid signaling pathway were discovered, the JAZ proteins; and the coronatine- 
and jasmonate-dependent formation of the COI1-JAZ receptor complexes was demonstrated 
(studies in collaboration with John Browse, Washington State University).  In addition, novel 
peroxisomal enzymes involved in the biosynthesis of the plant hormone jasmonate were discovered.   

In regard to energy capture, results indicate that the plastid is a major regulator of a light signaling 
network that controls both photosynthesis-related gene expression and photomorphogenic 
development.  Also, phytochrome A was found to have distinct and opposing roles in the 
photoregulation of cell expansion in response to far-red light exposure in Arabidopsis and the 
phytochrome-class photoreceptor RcaE was shown to regulate cell elongation and cell shape in the 
cyanobacterium Fremyella diplosiphon.  These results imply evolutionarily conserved roles for 
phytochrome-class proteins in the photoregulation of cell elongation or expansion and provide 
fundamental new information about spatial-specific roles for phytochromes in higher plant 
development. 

Several proteins of the plant peroxisome proliferation machinery were identified and revealed a 
signaling pathway that induces peroxisome proliferation in the light.  In an in-depth analysis of the 
Arabidopsis leaf peroxisomal proteome, low-abundance proteins were identified that have novel 
functions in plant peroxisomes.  It was demonstrated that a key component of the retrograde 
transport machinery that operates at the Golgi/ER interface, the small GTPase ARF1, is also 
involved in post-Golgi protein transport and that it recruits specific effectors on post-Golgi 
organelles which are different from those recruited on the Golgi. This is a novel finding that has not 
been previously reported in any biological system.  

Through various biochemical and genetic approaches, genes were identified that have important 
roles in the synthesis of nucleotide sugars and cell wall polysaccharides.  The Arabidopsis CBF 
transcription factors which control freezing were demonstrated to increase freezing tolerance in 
potato and a family of transcription factors were identified that potentially provide the long sought 
after link between calcium signaling and low temperature gene regulation.  By screening transposon 
mutants unable to fix N2 in air, A series of signal transduction genes required for heterocyst 
maturation in Anabaena were identified as were genes involved in the synthesis of glycolipids, 
molecules that are critical in establishing and maintaining the micro-oxic character of the interior of 
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heterocysts, a process essential for Anabaena to fix N2 in air.  It was also discovered that Amanita 
toxins are synthesized by a novel pathway.  Unlike all other known cyclic peptides from fungi, the 
Amanita toxic peptides are synthesized on ribosomes as proproteins.  α-amanitin, for example, is 
synthesized on ribosomes as a 35-amino acid proprotein from which the eight amino acids of the 
final peptide are subsequently proteolytically excised, cyclized, and hydroxylated. The amino acid 
sequences surrounding the eight amino acid α-amanitin peptide are present in many fungal genes 
suggesting that these might serve as cassettes into which many different peptide sequences are 
inserted and processed to become cyclic peptides, some with toxic activities.   

Science objectives for 2008-2009:  

• Efforts will continue to identify genes involved in the biogenesis and function of intracellular 
organelles and determine the mechanisms of signaling between organelles.  

• Biochemical and genetic approaches will be used to continue study of the synthesis and function 
of cell wall polysaccharides. 

• Plant signaling pathways related to light and both abiotic and biotic stress will continue with the 
long term goal of building a map of the transcriptional regulatory networks involved in plant 
responses to the environment. 

• A new line of research, project PlaNet (Plant Energy Bionetwork) will be initiated to build the 
transcriptional regulatory network for genes involved in photosynthesis. 

References to work supported by this project 2006-2008 (Examples from more that 115 papers;  for 
full list see http://www.prl.msu.edu/publications.html): 
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105: 7100-7105. 
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chromaic adaptation required sensor-kinase class protein RcaE in Fremyella diposiphon. J Bacteriol 190: 
4096-4074. 

3. Cocuron J-C, Lerouxel O, Drakakaki G, Alonso AP, Liepman AH, Keegstra K, Raikhel N, Wilkerson CG 
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Plant Physiol 141: 1035-1044 

10. Nomura K, DebRoy S, Lee YH, Pumplin N, Jones J, He SY (2006) A bacterial virulence protein 
suppresses host innate immunity to cause plant disease. Science 313: 220-223. 
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Figure 1.  The acetyl-CoA metabolic network.  Three metabolic pathways generate 
distinct pools of acetyl-CoA.  The plastidic and cytosolic acetyl-CoA pools (capitalized 
and boxed) are precursors for the biosynthesis of high-energy metabolites.  Enzymes 
that are the focus of this project are labeled, and the figure in brackets after each 
enzyme acronym indicates the number of genes encoding that enzyme in the 
Arabidopsis genome. 

The structure and regulation of the acetyl-CoA metabolic network: the fundamental 
underpinning of high-energy biorenewable metabolites 

 
Basil J. Nikolau = Principal Investigator; Dept. Biochemistry, Iowa State University and Ames 
Lab, Ames, Iowa 
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David Oliver = Co-Principal Investigator, Iowa State University 
Eve Syrkin Wurtele = Co-Principal Investigator, Iowa State University 
Jackie Shanks = Co-Principal Investigator, Iowa State University 
Fang Ning = Co-Principal Investigator, Ames Lab, Ames, Iowa 
 
Overall research goals:  The research objectives are to elucidate the structure and regulation of 
the acetyl-CoA metabolic network that generates high-energy metabolites, such as oils, 
hydrocarbons, waxes, and terpenoids; integrate genetic, biochemical and physical methods to 
characterize metabolic flux and single molecule dynamics, which regulate the metabolism of 
acetyl-CoA; optimize the genetic network for enhancing the synthesis of high-energy, acetyl-
CoA-derived biorenewable metabolites.  
Significant achievements in 2006-2008:  Using Arabidopsis as the model genetic organism we 
have identified three metabolic pathways that generate distinct acetyl-CoA pools (Fig. 1) (1, 2, 5-
10, 13).  Plants utilize this metabolic network to biosynthesize metabolites that serve a number of 

distinct processes, 
including growth 
regulation and carbon and 
energy storage. Therefore, 
it is essential to understand 
the regulation and 
interactions of this 
metabolic network if we 
are to rationally modify 
plant systems to maximize 
the biosynthesis of the 
high-energy containing 
metabolites, while 
minimally affecting plant 
growth and development.   
Our biochemical and 
genetic research has 
established how these 
distinct pools of acetyl-
CoA are generated.  The 
plastidic pyruvate 
dehydrogenase complex 
(ptPDHC) is primarily 

responsible for the generation of plastidic acetyl-CoA, and ATP-citrate lyase (ACL) generates 
the cytosolic pool.  The role of acetyl-CoA synthetase (ACS) in this metabolic network is one of 
the issues that we are now elucidating (7).  We propose to build on our previous studies by 
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focusing on the coordination between the acetyl-CoA-generation and acetyl-CoA-utilizing 
portions of the network. This research will utilize the extensive mutant collection we have 
generated in the genes that encompass the acetyl-CoA network.  We envision this research will 
generate new physical and chemical analytical methods for measuring metabolic flux in vivo (4, 
11) and for visualizing dynamics of single metabolite and protein molecules in cells (3, 12) as 
they respond to changes in metabolic flux.  The resulting data should be the basis for the 
formulation of a rational design approach to improve the biosynthesis of high-energy acetyl-
CoA-derived metabolites.   

Science objectives for 2008-2009: 
• Continue the molecular genetic and biochemical characterizations of Arabidopsis mutants 

in the acetyl-CoA network. 
• Develop new NMR- and mass-spec-based methods for analyzing metabolic flux in 

Arabidopsis mutants for deciphering the acetyl-CoA network 
• Develop new physical methods for visualizing the dynamics of single molecules (proteins 

and metabolites) as they regulate the acetyl-CoA network.  
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Asparagine synthetase gene regulatory networks and plant nitrogen metabolism

Gloria M. Coruzzi, Principal Investigator
Center for Genomics & Systems Biology, Department of Biology, New York University
100 Washington Square East, 1009 Silver Center, New York, NY 10003
Email: gloria.coruzzi@nyu.edu; Web: http://coruzzilab.bio.nyu.edu/home/

Overall Research Goals: Our long-term goals are to identify the regulatory components that coordinate
metabolic, energy, and developmental processes affecting N-use efficiency in plants. Using a
combination of genetics, genomics and systems biology we aim to model and alter gene regulatory
networks affecting N-assimilation into asparagine (Asn) a key N-transport/storage amino acid (e.g. in
seeds). Studies performed under this DOE grant, have shown that N-assimilation into asparagine,
mediated via changes in transcription of the asparagine synthetase (ASN1) gene, can be used to effect
increases in N-content of seed in Arabidopsis and also in field trials of corn. Our goal is to now alter gene
regulatory networks affecting Asn metabolism to effect changes in N-use efficiency, an energy issue
whose importance has grown in the era of biofuels. Thus, this renewal application relates to the DOE
mission in two main areas, energy-use efficiency & systems biology predictive modeling.

Significant achievements from 2004-2008: Using a combination of genetics, genomics and systems
biology, we identified components of a putative “energy conservation” mechanism that regulates N-
assimilation into asparagine (Asn), a “carbon-efficient” amino acid (C4:N2) used to transport & store
nitrogen (N) when carbon-skeletons are limiting or when levels of assimilated N are high. In previous
studies, we showed that N-assimilation into Asn is controlled by the asparagine synthetase (ASN1) gene
in Arabidopsis, and using transgenic plants overexpressing ASN1 we demonstrated increased N-content
of seed. This finding resulted in patents and commercial licensing agreements with two major US
companies, whose field tests have demonstrated increases in grain protein and N-use efficiency in crops
such as corn. In the most recent cycle of this DOE grant, we developed genetic, genomic and systems
approaches to identify and manipulate the regulatory components that control N-assimilation into Asn via
ASN1 in response to changes in Carbon (C), Light (L) and Nitrogen (N) “energy” status. We have shown
that these identified regulatory hubs act at the level of histone modification and transcription to coordinate
ASN1 expression with related metabolic processes including C-metabolism, energy & photosynthesis.
Thus, this systems approach has enabled us to take a step up in the hierarchy to modify regulatory hubs to
coordinate changes in ASN1 regulation to be coupled to changes in related metabolic and developmental
pathways including seed development, to increase N-use efficiency.

Science objectives for 2008-2011: This plan employs a combined genetic, genomic and systems approach
to model and investigate the regulatory mechanisms coordinating the response of gene networks linking
regulation of N-assimilation into the N-transport/storage amino acid Asn with related metabolic, energy
and developmental processes in response to changes in light, carbon and nitrogen status. These studies
will uncover the mechanisms underlying basic regulatory processes including mediation of C+L and/or
energy signaling via histone modifications and TFs hubs controlling seed development which may have
practical aspects for agriculture. As this regulatory network affects the ASN1 gene shown to affect N-
content in seed, this work should have practical implications for coordinating increases in C/N-use
efficiency and seed nitrogen content with related biological processes required for seed development.

The specific aims are as follows: Aim 1. Identify mechanisms by which histone modification
and TFs mediate the C+L regulation of an Asn gene regulatory network. Studies of cli186, an
Arabidopsis mutant impaired in C+L regulation of ASN1, indicate that histone methylation (H3K4/36) is
involved in coordinating the C+L responses of a network of genes involved in N and C metabolism,
energy, and photosynthesis with developmental processes including flowering. Our planned studies will
identify how this histone modification integrates C+L signals and controls C-regulation of flowering and
also test whether an “energy” sensing component is involved in C+L sensing. Genetic and reverse-genetic
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studies will test transcription factor (TF) hubs in this network (including an HD-Zip TF) and identify
additional components of this C+L signaling pathway. Aim 2. Define mechanisms regulating Asn by C
and N status during seed development. Manipulation of ASN1 expression in transgenic plants leads to
increased N-content of seed [1]. Here, transcription factor (TF) hubs predicted to mediate the 140-fold
induction of ASN1 during seed development and in response to CN signaling, will be tested in vivo. A
prioritized set of 8 putative TF hubs in this seed regulatory network will be tested in vivo using mutants
and transgenics. Of special interest is a bZip TF pair for their postulated role in mediating transcription of
ASN1 during seed development and in response to changes in C and N status. Aim 3. Improving N-use,
seed N and yield via manipulations of Asn regulatory network in transgenic plants. Mutants and
transgenic lines overexpressing TF hubs regulating the ASN1 seed network defined in Aim 2 will be
tested for alterations in N-use, seed-N and yield. Combined, these three aims will uncover the
mechanisms underlying basic regulatory processes for chromatin level mediation of C+L signaling via
histone modifications and identify mechanisms and TFs that coordinate C+L and C+N regulation of Asn
synthesis with related metabolic and developmental processes. As these regulatory mechanisms
coordinate the regulation of gene networks involved in N-assimilation into Asn for N-storage in response
to C, L and N status, these regulatory hubs will be targeted for tests in transgenic plants to manipulate
increases in C/N-use efficiency, seed-N content and yield in concert with related biological processes
required for seed development.

[1] Lam, H.M., Wong, P., Chan, H.K., Yam, K.M., Chen, L., Chow, C.M., and Coruzzi, G.M.,
Overexpression of the ASN1 gene enhances nitrogen status in seeds of Arabidopsis. Plant Physiol, 2003.
132(2): p. 926-35.

Publications and patents from this project 2004-2008:
 Thum K, Shin M, Palenchar P, Kouranov A, Coruzzi G (2004) Genome-wide investigation of light &

carbon signaling interactions in Arabidopsis. Genome Biology 5:R10.1- R10.20. (Faculty of 1000 &
Review by Reyes & Chua (2004) Genome Biology 5:213)

 Wong HK, Chan HK, Coruzzi GM, Lam HM (2004) Correlation of ASN2 gene expression with
ammonium metabolism in Arabidopsis. Plant Physiology 134: 332-338.

 Gutierrez R, Shasha S and Coruzzi G. (2005) Systems Biology for the Virtual Plant. Plant Physiology
138: 550-554.

 Thum KE, Shin MJ, Gutierrez R, Katari M, Nero D, Shasha D, Coruzzi GM (2008) “An integrated
genetic, genomic and systems approach defines gene networks regulated by the interaction of light
and carbon signaling pathways”. BMC Systems Biology 4; 2 (1): 31.

 Gutiérrez R, Stokes T, Thum K, Xu X, Obertello M, Katari M, Tanurdzic M, Dean A, Nero D,
McClung R and Coruzzi G (2008) “Systems approach identifies an organic nitrogen-responsive gene
network that is regulated by the master clock control gene CCA1” Proc. Natl Acad Sci USA Vol
105, 4939-4944.

 Patent #60/919,818 “Methods of affecting nitrogen assimilation in plants”. Inventors: Gloria Coruzzi,
Damion Nero and Rodrigo Gutierrez. Filed: March 23, 2007.

 Patent #5,256,558 “Genes encoding plant asparagine synthetase”. Inventors: Coruzzi and Tsai.
Issued: Oct 1993.

 Patent #5,955,651 “Transgenic plants that exhibit enhanced nitrogen assimilation”. Inventors: Coruzzi
and Brears. Issued: September 21, 1999.

The patents related to this grant include a new one on TFs regulating the CN response of the ASN1
network. Studies covered in these patents have shown that alterations in the ASN1 gene, can be used to
effect increases in N-content of seed in Arabidopsis and in field trials of corn. The technology covered by
these patents has been commercially licensed by two major US agricultural companies for crops including
corn, a major biofuel crop.
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Overall research goals: Deficiencies of micronutrients such as Fe and Zn commonly limit plant 
growth and crop yields. The long-term goals of our program are to understand how plants 
acquire metal micronutrients from the soil and distribute them throughout while protecting 
themselves from the potential damage metals can cause to living tissues.  With an increased 
emphasis on growing plants for biofuel production, our studies are helping to illuminate how to 
improve seedling growth in soils with limited micronutrient availability.  Our lab has previously 
identified the major Fe transporter responsible for Fe uptake from the soil, IRT1, a founding 
member of the ZIP family of metal transporters. Arabidopsis is predicted to have 16 ZIP genes 
and we are systematically characterizing all the family members.  In addition to the ZIP 
transporters, we are also exploring the function of a Fe transporter, VIT1, that localizes to the 
vacuolar membrane. We are particularly interested in determining how various ZIP transporters 
and VIT1 influence the metal content of the seed.  
 
Significant achievements in 2006-2008:  At the start of our project, we had just used 
synchrotron x-ray fluorescence (XRF) microtomography to show that the vacuolar membrane 
transporter VIT1 determines the spatial distribution of iron in Arabidopsis seed, with most of 
the iron stored in the pro-vascular strands in the embryo (Kim et al., 2006).  Such storage is 
critical for seedling development as vit1-1 seedlings grow poorly compared to wild type 
seedlings when iron is limiting.  Taken together, our results demonstrate that proper localization 
of iron as well as an ability to access this store play important roles in iron homeostasis. Our 
study also demonstrates the power of combining mutant analysis with a technique that can 
image the elemental composition of living plant material in 3-D.  Most importantly, we have 
uncovered a fundamental aspect of seed biology that will ultimately aid the development of 
nutrient-rich seed, benefiting both human health and agricultural productivity. We are now 
examining what form of iron is stored in the vacuole.  We have examined the localization of 
iron in seeds from plants that no longer have phytate in their seeds or no longer express the 
major seed ferritin, FER2.  Neither mutant showed any changes in iron abundance or 
distribution when examined by XRF.  We are also using ion exchange chromatography 
followed by ICP-MS to identify iron-containing fractions from embryos.  We have also 
overexpressed VIT1 using promoters that drive different patterns of gene expression and are in 
the process of characterizing these lines.  We are continuing to examine metal distribution using 
XRF in seeds from a variety of metal transporter mutants. The zip9 loss of function mutant has 
more zinc in the radicle than in the cotyledons, suggesting a role for ZIP9 in loading the 
cotyledons.  We have been awarded beam time at three different DOE-supported facilties: the 
National Synchrotron Light Source (NSLS) at Brookhaven National Lab, the Advanced Photon 
Source at Argonne National Lab and the Stanford Sychrotron Radiation Laboratory.  We have 
just started to analyze the images from our first session using the APS.  We can easily see 
individual cells and can actually image metals inside of cells. Use of this beam line will allow 
us to look at intracellular distribution of metals in various mutants.  Shown in the figure is a 
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section of the embryonic cotyledon of a wild type plant.  You can easily see that Fe is localized 
to the vasculature and that manganese is accumulated in a particular layer of cells near the 
abaxial surface.  
Ca and Zn are 
uniformly 
distributed, 
allowing us to 
“see” all the cells. 
 
We now believe 
that the main 
function of  ZIP2 
and ZIP5 is to take 
up zinc from the soil, as we see strong expression of both in the epidermis.  a zip5zip2 double 
mutant does not grow well under zinc limiting conditions, whereas either of the single mutants 
grows as well as wild type. We have also continued to characterize ZIP3, a close paralog of 
ZIP5.  ZIP3 has a unique pattern of expression among the 16 members of the ZIP family in that 
its mRNA accumulates in response to zinc deficiency predominantly in the roots. ZIP3 is 
mainly expressed in the pericycle and vasculature of the root elongation zone.  zip3 mutants 
have a growth defect when zinc is limited.  They also accumulate less zinc than wild type plants 
both in the roots and shoots when zinc is sufficient.  zip3 mutants are more resistant compared 
to wild type plants when challenged with high levels of zinc.  Consistent with its localization to 
the pericycle and vascular tissue, zip3 mutants accumulate less zinc in the pericycle and 
vasculature as shown by staining with a zinc fluorophore.  Additionally, zip3 loss of function 
mutants showed up-regulation of many ZIP family members when plants were transferred to 
zinc limited conditions.  Using grafting experiments, we can show that this response in the 
shoots in mediated by loss of ZIP3 expression in the roots.  

Science objectives for 2008-2009:  

• Continue to capture images using X-ray fluorescence spectroscopy at NSLS, APS and SSRL. 

• Continue characterization of zip loss of function lines, including triple and quadruple mutants. 

• Continue characterization of VIT1 overexpression lines including lines where VIT1 expression is 
being driven by a seed-specific promoter. 

References to work supported by this project 2006-2008: 
[1]  Grotz, N.M. and M.L. Guerinot.  2006. Molecular aspects of Cu, Fe and Zn homeostasis in plants. 

Biochim. Biophys. Acta  1763: 595-608. 
[2]  Hall, B. and M.L. Guerinot.  2006.  The role of ZIP family members in iron transport.  pp. 311-326.  

In Iron Nutrition in Plants and Rhizospheric Microoganisms.  L.L. Barton and J. Abadia (eds.), 
Kluwer Academic Publishers, Dordrecht.   

[3]  Kim, S.A. and M.L. Guerinot.  2007.  Mining iron: Iron uptake and transport in plants.  FEBS Lett.  
581: 2273-2280. 

[4]  Guerinot, M.L., I. Baxter and D.E. Salt.  2008.  From the ionome to the genome: Identifying gene 
networks that control the mineral content of plants.  In Plant Systems Biology.  G. Coruzzi and 
R. Gutierrez (eds.), Blackwell Publishing.  In Press. 

[5]  Punshon, T., A. Lanzirotti and M.L. Guerinot.  2008. Using synchrotron x-ray fluorescence 
microprobes to study metal(loid) homeostasis in plants.  Annal. Bot.  In Press. 
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